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ABSTRACT 

The shik imate pathway, responsib le for the biosynthesis of aromatic compounds, i s  

found in microorganisms and p lants but absent in h igher organisms. This makes the 

enzymes of t his  pathway attractive as targets for the development of  ant ibiot ics and 

herbic ides. Recent gene disrupt ion studies have shown that the operation of the 

shikimate pathway is essent ial for the viab i l ity of  M tuberculosis , val idat ing the cho ice 

of enzymes from this pathway as targets for the development of novel anti-TB drugs. 

3-Deoxy-D-arabino-heptu losonate 7-phosphate synthase (DAH7PS) catalyzes the first 

comm itted step of the shik imate pathway. Two dist inct c lasses of DAH7PS have been 

defined based on sequence simi larity. The type I DAH7PSs are wel l  characterized, 

however prior to this project there was l i mited mechanistic and no structural 

informat ion about type I I  enzymes. Sequence ident ity between type I and type I I  

enzymes is less than 1 0% raising the possibi l ity  that they represent d ist inct protein 

fami l ies, unrelated by evo lut ion. 

We have fu nct iona l ly characterized the type I I  enzyme from Helicobacter pylori, and 

have shown that type I and type I I  e nzymes catalyze a metal-dependent ordered 

sequent ial react ion fo l lowing the same stereochemical course. We have so lved the 

structure of  the type IJ DAH7PS from M tuberculosis using single-wavelength 

ano malous d iffract ion ( SAD) methods and the structure reveals a t ight ly assoc iated 

dimer of (p/a)8 TIM barre ls. The mono mer fo ld, the arrangement of key residues in the 

act ive site, and the bind ing modes of PEP and Mn2+, a l l  match those of the type] 

enzymes. This s imi larity o f  protein fo ld and catalyt ic architecture makes it unequivoca l 

that type I and type I I  enzymes are related by divergent evo lution from a common 

ancestor. I nterestingly, there are s ignificant differences in the add it ional structural 

e lements that extend from the core (p/a)8 barrel and in the quaternary structure. Further 

structural and funct ional analysis of M tuberculosis DAH7PS revealed that the two 

major add it ions decorating the barrel are invo lved in the binding of the aromat ic amino 

acids. Two d ist inct inhibitory binding sites for Trp and Phe have been ident ified 

providing an explanat ion for the synergist ic inhibit ion d isplayed with Trp and Phe. The 

ro le of several act ive site residues of Mt-DAH7PS in enzyme catalysis has a lso been 

invest igated. 
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CHAPTER ONE INTRODUCTION 

1 . 1  The Shikimate Pathway 

The shikimate pathway is a series of seven enzyme catalyzed react ions responsible for 

the biosynthesis of  chorismate ( figure 1 . 1 ), a precursor for many essent ial aromatic 

compounds, inc luding the aromatic amino ac ids, v itamins E and K, fo lic acid and 

various quinones. 1 ,2 I n  Mycobacteria chorismate is a precursor for salicylate, used in  

the biosynthesis of siderophores ( iron-chelat ing compounds) through which bacteria 

acquire iron.3 .4 

OH 0 
2·0 PO ' 11 3 �H 

HO/, CO2- iiHO/,. CO2- COr 
OAH7PS .]5. 3-dehydroquin�te dehYdroQUinaSen 

OH 3 : OH synthase 0 .0. OH 0 :  OH 
D-E4P 

( 2-0PO -

2-03PO CO2- OH OH OH 

chorismate 

, 
; 

Phenylalanine 

Fig ure 1.1 

OH 
Tyrosine 

Y DAH7P 
3-dehydroquinate 3-dehydroshikimate 

KNADPH 
PEP shikimate 

dehydrogenase 

5-enolpyruvate 
shikimate-3-phosphate 

Tryptophan 

shikimate-3-phosphate 

NADP+ 

shikimate 

The seven enzyme-catalyzed reactions col lectively known as the 

sh ikimate pathway 



The shik imate pathway is responsible for up to 3 0  % of the total carbon flux with in the 

cel l  reflect ing i ts  i mportance in  contro l l ing ce l lu lar carbon flux.5 The shik i mate 

pathway has attracted significant interest over the past thirty years as this pathway i s  

present in p lants, fungi and bacteria, but not mam mals. This makes the enzymes of  th is  

pathway attractive as targets for the deve lopment of novel herbic ides, fungic ides and 

ant ibio t ics. The shikimate pathway is the target for the successfu l  broad spectrum 

herbic ide glyphosate (N-[phosphonomethy l]-glyc i ne), which inhibits the sixth  enzyme 

of the pathway, 5-eno lpyruvy lshikimate 3-phosphate ( EPSP)  synthase.6,7 

The discovery of the shikimate pathway 

Shikimic ac id was the first intermediate of this pathway to be ident ified and predictab ly  

led to  t he name of the pathway. Shik imic ac id was first iso lated in 1 885 by Eyk mann 

from t he p lant Illicium religiosum, 8 and the name was derived from the Japanese name 

of this p lant, shikimi-no-ki. 9 Approximate ly fifty years later Freudenberg and Fischer 

establ ished the correct structure and stereochemistry of  shik imic ac id. l o- 1 3  However, it 

was not unt i l  the 1 950s when Davis  et al showed that a cu lture of an Escherichia coli 

mutant-strain, requiring aromat ic amino ac ids for growth, accumulated shikimic ac id. 1 4 

I t  was this experiment that revea led shikimic acid as an intermed iate of aromat ic  

biosynthesis. 1 4, 1 S  S imi lar experiments have shown that 5-dehydroquin ic ac id 1 6 and 5 -

dehydroshik imic ac id 1 7  are successive precursors of  shikimic acid. The rest of the 

intermediates of the pathway were iso lated and ident ified from mutants of E. coli and 

Aerobacter aerogenes: chorismic ac id, 1 8  5-eno lpyruvylshik imic  acid 3 -phosphate, 1 9 

shikimic ac id 3-phosphate,2o 2-dehydroshikimic acid l 7 and 3-dehydroquinic ac id. 1 6 

I sotope tracer incorporation stud ies using 1 4C-D-glucose indicated that shikimic acid i s  

derived from a three-carbon intermediate of g lyco lysis and a four-carbon sugar from the 

pentose phosphate pathway.2 1  These were later ident ified as D-erythrose 4-phosphate 

( E4P)  and phosphoeno lpyruvate ( PEP) by the conversion of t hese two sugars into 

shikimic ac id in extracts of E. coli. 22 

Organization of the enzymes of the pathway 

The seven enzymes required for the conversion of PEP and E4P to chorismate are 

organized d ifferent ly in various organisms. I n  E. coli the seven reactions are catalyzed 
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by d iscrete enzymes, al l  independent ly  transcribed and widely  scattered across the 

23 24 I S h  
. .  25 d fu ' h A '11 'd I 26 

genome. ' n ace .aromyees eereVlSlae, an ngl suc as spergz us nz u ans 

and Neurospora erassa,27 t he second through to the sixth react ion o f  the shikimate 

pathway are catalyzed by a pentafunct ional po lypept ide referred to as the 'Arom 

comp lex',  encoded by a single structural gene. 1 I n  Bacillus subtilis 3-deoxy D-arabino 

heptulosonate 7-phosphate synthase ( DAH7PS)  is expressed as a bifunct ional enzyme 

possessing both DAH7PS and chorismate mutase (CM)  act iv ity ( described in further 

detail in Sec t ion  1 . 3 . 1 ). There has been a long-standing debate as to whether the CM 

activity is genuine, as earl ier studies by L lewe l lyn et al suggested DAH7PS was 

monofunctional .28 More recent studies by Woodard et al have prov ided significant 

evidence for the bifunct ional enzyme and have c leared up any confusion by showing B. 

subtilis possesses a second independent monofunct ional CM.29 I n  the case of the B. 

subtilis bi funct ional enzyme there is debate as to whether dual act iv ity arose from gene 

fusion3o or less l ikely, through mutat ion of the a l losteric binding s ite of a pre-exist ing 

monofunctional DAH7PS.28 The fusion of the two enzyme act ivit ies i s  bel ieved to be 

for the purpose of feedback- inhibit ion ( refer to Section 1 . 3 . 1 for further detail ) .  

I n  h igher p lants dehydroquinase-shikimate dehydrogenase act ivit ies are present as  a 

b i functional po lypept ide and l ike the other multifunct ional po lypeptides the individual 

activit ies are catalyt ical l y  independent . 3 1  It has been suggested that the plant 

b i funct ional enzyme and the pentafunct ional arom enzyme evo lved by the fusion of 

ind iv idual genes simi lar to those in E. coli. 32 The amino ac id sequence of t he 

pentafunct ional arom enzymes from S. cerevisiae and A. nidulans show homology with  

t he five correspond ing E. coli enzymes.31 

The shikimate pathway in plants 

Evidence for the operat ion of the shikimate pathway in higher p lants has been obtained 

main ly fro m  isotope tracer experiments.  These have shown that not only do the 

pathways of biosynthesis of  phenylalanine ( Phe), tryptophan ( Trp) and tyrosine ( Tyr) 

invo lve the same intermediates as in bacteria and fung i, but that h igher plants can a l so 

convert the aromat ic amino acids into natural products or secondary metabo l ites.9,33 

In p lants the shikimate pathway enzymes are synthesized as precursors in the cytosol 

and t hen targeted to the c hloroplast by a s ignal sequence which is subsequent ly c leaved 
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to produce mature proteins. 34 There is evidence for a separate cytoso l ic pathway which 

may be invo lved in secondary metabo l ite b iosynthesis. 35 

1 .2 3-Deo xy D-arabino-H eptuloson ate 7-P bosp bate Synthase ( DA H 7PS ) 

3 -Deoxy D-arabino-heptulosonate 7-phosphate synthase ( DAH7PS)  ( E C  2 . 5 . 1 . 54)  

catalyzes the first committed step of the shikimate pathway ( figure 1 . 2 ) .  This  is an 

a ldo l- l ike condensat ion reaction between PEP and E4P to  generate a seven carbon sugar, 

DAH7P, with the release of inorganic phosphate. PEP is a product of the glyco lytic 

pathway and E4P is derived from the pentose phosphate pathway.9 One of  the 

object ives of this project is to exp lo it the simi larit ies and d ifferences between DAH7PSs 

from various o rganisms to aid in the future design of type-specific inhibitors of this 

enzyme. 

OH 
, 0 2-03PO�� 

OH 

Erythrose 4-phosphate 

(E4P) 

+ 

Phosphoellol pyruvate 

(PEP) 

DAH7PS 

3-deoxy-D-arabino-heptulosollate 7 -phosphate 
(DAH7P) 

Figure 1.2 Reaction catalyzed by DAH7PS 

Classification of DA H7 PS 

DAH7PSs can be c lustered into two dist inct homo logy fami l ies based on  amino ac id 

sequence and mo lecu lar weight. 36,37 These have been denoted type T and type TT by 

Walker et al37 and more recently they have been referred to as AroA1 and AroAI I  by 

Gosset et al. 38 Type I DAH7PSs are smal ler than their type 1I counterparts, with 

mo lecu lar masses less than 40 kDa. Type I DAH7PSs can be further d ivided on the 

basis of sequence simi larity into two subfami l ies: la and I �. 36.39 DAH7PSs of the I �  

subfamily are more c losely re lated to 3-deoxy D-manno-octulosonate 8-phosphate 
' 9 synthases ( KD08PS) ( EC 2 .5 . 1 . 55 )  than to members of subfamily Ia. � KD08PS 

catalyzes an analogous reaction to DAH7PS invo lving the condensat ion of PEP with D-
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arabinose 5 -phosphate ( A5 P )  to form KD08P. KD0 8 PS IS  invo lved III 

l ipopo lysaccharide biosynthesis in G ram-negat ive bacteria.4o 

Type 11 DAH7PSs are larger than the type I enzymes ( arou nd 54 kDa), and were 

original ly ident i fied in higher p lants where they were bel ieved to  p lay an addit ional ro le 

in  secondary metabo l ism.9,33 The type 1 1  enzymes were t hought to incl ude a l imited 

number of microbial proteins,37 however as more microbial genomes have been 

sequenced it has been shown that th is type of DAH7PS consists of a subset of plant 

enzymes c lu stered within a more divergent set of microbial enzymes.38 I n  some 

orgarusms, such as Amycolatopsis mediterranei, Amycolatopsis methanolica, 

Xanthomonas campestris, Pseudomonas aeruginosa and Stigmatella aurantiaca, both 

type I and type I I  DAH7PSs have been ident ified.4 1 .42 Several o f  these type I I  enzymes 

have been shown to be required for the biosynthesis of speci fic secondary 

metabo l ites.42.43 However, the presence of only type I I  DAH 7 P  synthases in a number 

of spec ies, inc luding Streptomyces, Corynebacterium diphtheriae, Campylobacter je juni ,  

Agrobaclerium lumefaciens, No vosphingobium aromaticivorans, Helicobacter pylori 

and several Mycobacteria, is consistent with type I I  DAH7PSs functioning in aromatic 

amino ac id b iosynthesis. 

Sequence ident ity between the type I and type n DAH7PSs is less than 1 0  %, raising the 

poss ib i l ity  that they represent dist inct protein fami l ies, unrelated by evo lution. Jensen et 

al suggested that structural informat ion about type I I  DAH 7 PSs may reveal the two 

types arose from divergent evolution with the order and spac i ng of act ive site residues 

essential ly superimposable.36 Interest ingly,  the third enzyme o f  the shikirnate pathway, 

dehydroquinase ( DHQase), simi larly exists as two dist inct protein fami l ies that are 

unrelated at the sequence level. The two types of DHQase exhibit altered catalyt ic 

mechanism and are dist inct ly d i fferent in structure ind icat i ng that despite common 

overal l  react ion chemistry, the two groups arose via convergent evo lut ion.44.45 

1 .3 Regulation of M icrobial  DAH7PSs 

1 .3 .1 Feedback-inhibition 

Regu lat ion of DAH7PS is essential for maintain ing contro l of cel lu lar leve ls of aromatic 

compounds in microorganisms and p lants.  1 3C-NMR studies using who le cel ls of  E. 
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coli have shown that feedback-inhibit ion of  D AH 7PS is the mam mechanism for 

contro l l ing carbon flow into the shikimate pathway.46 Different spec ies contain fro m  

one to three isoenzymes which are inhibited b y  feedback contro l, by end-products o r  

intermed iates of the pathway, o r  a combinat ion of the two. I n  some cases, the e nzymes 

may be unregulated by feedback- inhibit ion.37,47 

There are three isozymes of DAH7PS in  E. coli designated DAH7PS(Tyr), 

DAH7PS(Phe) and DAH7PS(Trp). These proteins are encoded by the genes aroF, 

aroG, and aroH respect ive ly, which are found scattered over the E. coli genome.34 The 

isozymes are each subj ect to feedback-inhibit ion by their  respect ive aromat ic amino 

ac id. DAH7PS( Phe) and DAH7PS(Tyr) account for approximate ly 80 % and 20 % of 

the total DAH7PS act ivity in E. coli , with the Trp-sensit ive enzyme contribut i ng less 

than 1 %.48 Salmonella Iyphimurium and N crassa also possess t hree isoenzymes of 

DAH7PS, whereas in S. cerevisiae there are only two isoenzymes regu lated by Phe and 

Tyr.49 

S l ightly d ifferent patterns of contro l  have been adopted by other organisms. In B. 

subtilis a single DAH 7 PS is feedback regulated through an N-terrninal fusion to 

CM.29.3D This is further supported by the presence of a DAH7PS-CM fusion protein in 

Porphyromonas gingivalis, in which a CM domain is fused to the C-terminus of the 

DAH7PS domain. 3D I n  both these cases CM provides the regulatory domain and is  

inhibited by chorismate and prephenate. The truncated DAH7PS domain is ab le to  

catalyze the condensat ion reaction but i t s  act ivity is insensit ive to  the presence of 

feedback inhibitors. The fusion of DAH7PS and CM is be l ieved to be for t he purpose 

of feedback-regulat ion and not for the creat ion of a true bi-funct ional enzyme. It has 

been suggested that "feedback-regulat ion" may be the evolut ionary l ink between la and 

I �  enzymes.3D 

Dual act ivity of  a DAH7PS and C M  has been reported in A.  methanolica.41,5D 

Biochemical studies have shown that A. methanolica possesses two DAH7PSs, a type I I  

and a type la, and a single C M  enzyme. The type 11 DAH7PS is sensitive to feedback­

inhibit ion by all three aromatic amino ac ids, whereas the type la enzyme is  only 

sensit ive to Tyr feedback- inhibit ion. The type I l  DAH7PS is found in complex wit h  

CM, rendering CM sensit ive to feedback- inh ibit ion b y  Phe and Tyr. Separat ion o f  C M  
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from the type I I  enzyme, usmg chromatographic techn iques, yie lds a C M  protein 

i nsensit ive to feedback- inh ibition. 

A l l  DAH7PSs with their crystal structures solved share a basic ( �/a)8 barrel mono mer­

fo ld. However, there are sign ificant d ifferences in t he add itional structural e lements 

t hat decorate the core barrel .  All except the Pyrococcus furiosus enzyme ( Pj-DAH7PS) ,  

which is unregu lated, possess extra structural moti fs ( do mains or  subdomains) that are 

impl icated i n  a l losteric regulat ion. The type T �  DAH7PS from Thermotoga maritima 

( Tm-DAH7PS),  which is very simi lar in basic structure to Pj- DAH7PS, has a 

ferredoxin- l ike domain attached to the N-terminus o f  the barre l . s l I n  contrast to Pf­

DAH7PS, Tm-DAH7PS is  regu lated by Phe and Tyr, and this inhibit ion depends on t he 

presence of this -terminal domain.5 1 The crystal structmes of the type la  Phe­

regulated E. coli DAH7PS ( Ec-DAH 7 PS( Phe» and the Tyr-regulated S. cerevisiae 

DAH7PS (Sc-DAH7PS(Tyr» in comp lex with Phe and Tyr, respective ly, have been 

solved. Both amino acids bind in  very simi lar locat io ns in both crystal structmes with 

the N-tenninal region ( fro m  a neighboring subunit) and extended a5-�6 loop associat i ng 

to form a s ing le Phe ( or Tyr) b inding site.49.52-54 At present there are no known crystal 

structures for Ec-DAH7PS( Tyr) and Ec-DAH7PS( Trp) .  However, exc ision of the seven 

N-terminal residues of Ec-DAH7PS( Tyr) generates a Tyr-resistant enzyme, stro ngly 

suggesting t hat the -terminus of Ec-DAH7PS(Tyr) is invo lved in the feedback­

i nhibit ion mechanism.55 Equil ibrium binding studies of Ec-DAH7PS(Trp) with 

radio labe l led Trp have indicated the presence of two i ndependent Trp binding sites per 

Ec-DAH7PS(Trp) dimer.56 The exact locat ion of t he regulatory binding sites of Ec­

DAH 7PS(Tyr) and Ec-DAH7PS(Trp), and the mechanism of inhibit ion, await structmal 

informat ion. 

Mutagenesis studies with the two isoenzymes from S. cerevisiae have shown t hat a 

s ingle mutat ion of a conserved g lyc ine ( G ly226) ( conserved in Tyr-regulated DAH7 PSs) 

to a serine ( conserved in Phe-regu lated DAH7PSs) and vice versa, leads to a complete 

change in the regulation pattern without affect ing enzyme k inet ics.49 The crystal  

structure of  the Sc-DAH7PS(Tyr) G226S mutant in  complex with Phe has been 

determined ( structure unpublished but deposited in the Protein Data Bank) .  The 

comparison of this structure with the wi ld-type S. cerevisiae structure ( in comp lex with 

Tyr) shows that the G226S mutation significantly reduces the size of the inhibitory 
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binding cavity favoring Phe-binding over Tyr ( figure 1 . 3 ) .  I t  shou ld be noted that 

Ser226 is bui lt in as an alanine in all subunits of the 0226S structure, as seen in figure 

1 . 3 .  The superposit ion of the 0226S structure onto the Phe-regu lated E. coli enzyme ( in 

complex with Pheny lalanine, PDB code 1 KFL),  al lows one to estimate where the serine 

s idechain shou ld be placed. 

Fig u re 1 . 3 Overlay of Sc-DAH7PS(Tyr) G226S mutant in  complex with Phe (PDB code 

1 0GO) (unpublished ) and wild-type Sc-DAH7PS(Tyr) in complex with Tyr 49 

(PDB code 1 0F6). The Tyr molecule and Gly226 of Sc-DAH7PS(Tyr) are in yellow. 

The Phe molecule and residue Ser226 of the G226S structure are in pink. Note: the 

sidechai n of S226 has been bui lt in  as an alanine in all subunits of the G226S 

mutant structure. 

1 .3.2 Transcription Level Control 

The three DAH7PS isoenzymes from E. coli are also regu lated, to a lesser extent, 

through repression at the transcr iptional
. 
leve l. The express ion of aroF and aroG is 

repressed by the Tyrosine repressor, TyrR gene product,57,5
8 

in complex with either Tyr 

or Phe, respectively.4
8 

The expression of aroH is under the control of  the Trp repressor, product of  the TrpR 

gene, and Trp.59 When intrace l lu lar levels of Trp are low, the Trp repressor exists 

predominately in the aporepressor form that has low affinity for operator DNA.6o I f  the 

intracel lu lar levels of Trp are elevated the Trp aporepressor b inds its corepressor, Trp, 
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which subsequent ly binds the respect ive operator ON As to repress Trp, TrpR and aroH 

expression.59  The Trp repressor is bel ieved to bind at the regulatory region upstream of 

the aroH gene,59,6 1  and prevent transcription of  the OAH7PS(Trp) gene by interfering 

with RNA polymerase binding.62 

I n  S. cerevisiae the biosynthesis of  aromatic amino acids is part of a complex regulatory 

network which regulates the derepression of over thirty structural genes invo lved in 

mult iple amino ac id biosynthet ic pathways u nder amino acid starvat ion.63 The fmal  

step in  this general control system is  the binding of GCN4 to the promoters of the target 

genes resu lt ing in elevated transcription. A GCN4-binding site has been located 

upstream of both S. cerevisiae OAH7PS isoenzymes.64,65 The expression of the amino 

acid b iosynthet ic genes is  never completely  shut down, al lowing a basal leve l of 

t ranscription of these genes to be maintained at al l  t imes. I n  the case of Sc­

OAH7PS(Phe) and Sc-OAH7PS(Tyr), the basal transcript ion of only the P he-regulated 

enzyme is enough to maintain levels of aromatic amino acids in the ce l 1 .66 

1 .4 Regulation of Plant DAH7PSs 

The regulat ion of plant OAH7PSs is somewhat different to that observed for bacterial 

DAH7PSs.  Studies have shown p lant OAH7PSs are regulated at the transcript ional 

level, although exact ly how sti l l  remains unc lear. None of the DAH7PSs t hat have been 

characterized to date appear to be sensit ive to feedback-regu lat ion by any o f  the 

aromat ic amino ac ids.67 I n  some cases aromat ic amino acids have been reported to 

enhance enzyme act ivity, for example Trp has been found to activate OAH7PS from 

carrot (Daucus caro/al8 and potato (Solanum tuberosum ) .  The d ifferences in  

regu lat ion between bacterial and p lant enzymes may reflect the vital ro le OAH7PSs 

have in the synthesis of aromat ic secondary metabo lites in plants.42,43 

I nt race l lu lar metabol ites have been shown to regulate the levels of OAH 7 PS synthes is 

in plants . Exposure of potato cells to hjgh levels of g lyphosate, a specific inJ,ibitor of 

EPSP synthase, induces an increase in DAH7PS activity in  vivo. This increase in 

act iv ity is  not from the d irect interaction between OAH7PS and glyphosate as in vitro 

studies with the herbic ide have no effect on OAH7PS act ivity.69 The nature of the 

s ignal remains unknown. 
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1 .5 P roperties of Type la DAH7PSs 

1 .5. 1 Biochemical Studies 

Molecular mass 

The most extens ively invest igated DAH7PS is the Phe-regulated isoenzyme from E. coli. 

The three DAH 7PS enzymes from E. coli have po lypept ide chains of s imi lar length with 

DAH7PS( Phe) having 3S0 residues, DAH7PS(Trp) 348 residues and DAH 7PS(Tyr) 

3S6 residues. An al ignment of the amino ac id sequences indicate that they are 

homo logs, arising from gene dupl icat ions and divergent evo lut ion of a commo n 

ancestral gene. 70 The proteins share 4 1  % ident ity in their amino acid sequences and 

another I S  % represent conservat ive subst itut ions. 7 1 .72 The identical residues are 

located in central regions of the sequences whereas less simi larity is found in the C- (46 

identical res idues of I S7 )  and N-terminus ( 6  of 4 1  ) . 73 

Ec-DAH7PS( Phe) is a tetramer in so lut ion with a monomer mass of 380 1 0  Da,74 

whereas Ec- DAH7PS( Tyr) and Ec-DAH7PS(Trp) are both dimeric, with subunit masses 

of 38804 Da and 387 1 9  Da, respective ly .75.76 Sc-DAH 7PS( Phe ) and Sc- DAH 7PS( Tyr) 

have been reported to be monomeric66 and dimeric65 in so lution, with molecular masses 

of 4 1  070 Da and 39749 Da, respect ive ly. It should be noted that there is inconsistency 

between the quaternary structure observed for Sc- DAH7PS( Tyr) in so lution co mpared 

with the crystal- form as the protein crysta l l izes as a tetramer ( refer to Section I . S .2  for 

further detai ls) . There is 76 % sequence simi larity between the two S. cerevisiae 

isoenzymes and 66-73 % similarity between Sc- DAH7PS( Tyr) and the three E. coli 

DAH7PSS.66 

Substrate spec(jicity 

The most extensive substrate specificity study of  a type l a  enzyme has been performed 

with Ec-DAH7PS( Phe) .  I n  addition to i ts  natLU"al substrate, E4P,  th is  enzyme a lso 

shows l imit ed enzymatic act ivity with a range of five-carbon monosaccharides, 

inc luding ASP, 2-deoxy-D-ribose S-phosphate (2dRSP) ,  and D-ribose S-phosphate 

( RSP) .77 It has also been shown that DAH7PS from Neisseria gonorrhoeae can uti l ize 

AS P as a substrate as wel l  as E4P.7
8 

More recent studies by members of our research 

group have found that 2-deoxyE4P (2dE4P), where the C2 hydroxyl group of E4P is 

removed, is a re lat ively poor substrate for Ec-DAH 7PS(Phe) .  79 D-Threose 4-phosphate 
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(T4P), which has the opposite stereochemist ry at the C2 pos it ion of E4P, is also uti l ized 

by the E. coli enzyme.80 

Metal activation 

All DAH7PSs, that have been character ized to date, require a d ivalent metal ion for 

catalysis .65 ,8 1 ,82 Earl ier work showed that some enzyme preparations were inhibited by 

chelat ing agents and activated by d ivalent metals,83 .84 while others were unaffected by 

chelat ion or addit ional metal ions.75,85 Recent studies by Woordard et al have shown 

that the type of chelat ing agent and the incubation t ime with the enzyme are crucial in 

determining the metal requirement of various DAH7PS enzymes. The majority of  

earl ier work used EDTA as a che lating agent, however this has  been shown to  be 

ineffect ive in  removing bound metal in B. subtilis DAH7PS. Woodard and co-workers 

found that a stronger metal chelato r, dipico l in ic acid ( DPA), was required to remove 

enzyme-bound metal ( refer to Section 1 .6 . 1 . 1  for further detai ls)?9 

The in vivo metal ion of Ec-DAH7PS(Phe) is st i l l  unknown. Earlier studies suggested 

C02+, as a s ignificant increase in enzyme act iv ity was observed in the presence of t his  

divalent metal.83 However, work by S impson and co-workers report the E coli enzyme 

to be i nsensit ive to C02+, with purified enzyme containing less t han 0.02 mol of C02+ 

per mole of mono mer.85 More recent work has indicated that the E. coli DAH7 PSs are 

Fe2+ or Zn2+ enzymes, with the iso lated isoenzymes containing 0 .2-0.3 moles of Fe2+ per 

mo le of monomerY The three E coli enzymes were stripped o f  act ivity by treatment 

with EDT A and then react ivated with a variety of metal ions, giving the fo l lowing order 

of activity:  M n2+ >Cd2+ >Fe2+ >C02+ >Ni2+ >Cu2+ >Zn2+ » Ca2+. A lthough Mn2+ showed 

h ighest activ ity this divalent metal was found to be easily displaced from the enzyme by 

other metal ions. In contrast, Fe2+ and Zn2+ were not easily disp laced i1-om the enzyme 

ind icat ing a high affinity and stable enzyme-metal complex had been formed. From 

these results Stephens proposed Fe2+ or Zn2+ as the preferred metal cofactor in vivo. 

Other ev idence has favored Cu2+ as t he in vivo metal for Ec-DAH7PS(Tyr). 82 Baasov 

and co-workers found 0.5 mo les o f  Cu2+ per mole of enzyme subunit ,  in the ir nat ive 

enzyme preparat ion. The Cu2+ was removed by d ialysis with cyan ide ion reducing the 

catalyt ic  act iv ity to 6 % of the nat ive enzyme. The enzyme was then react ivated by 

Cu2+ with  a stoichiometry of one C u2+ per enzyme monomer. Zn2+ was also able to 

react ivate t he enzyme, however reac t ivat ion was not seen with Fe2+. 
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Studies with Sc-DAH7PS(Phe)  proposed that Fe2+ is the in vivo metal for this DAH7PS 

with 0 .6  mo les of Fe2+ per enzyme monomer found in an enzyme preparat ion. 86 

However, there is considerable variat ion in the abi l ity of different metals to act ivate the 

E. coli and S. cerevisiae DAH7PSs. Sc-DAH 7PS( Phe) showed a metal react ivat ion 

series as fo l lows: C02+ >Mn2+ >Fe2+ >Zn2+ while, Ca2+, Mg2+, Cu2+ and K2+ were unable 

to restore act ivity.86 I nterest ingly, Sc-DAH7PS(Tyr) has been shown to have a sl ight ly 

different reactivation series of: C02+ > Zn2+, Cu2+, Fe2+ » Cd2+, Ni2+ » Mn2+, Mg2+.65 

Ec-DAH7PS( Phe) was found to be prone to metal-catalyzed oxidat ion in the absence o f  

PEP.  Cu2+ and Fe2+ were the only divalent meta ls  that great ly increased the rate o f  

inact ivat ion and subunit d issoc iat ion. Spontaneous inact ivat ion of the enzyme is 

associated with the loss of two thio ls, which can be completely restored upon the 

add it ion of d ithiothre ito l  ( DTT). 87 Mutat ion of ei ther of the two act ive-site cysteines, 

Cys6 1 and Cys328, resu lted in enzyme that was insensit ive to the metal attack, as 

judged by the lack o f  subunit d issoc iat ion upon Cu2+ treatment .  Pept ide mapping of the 

inact ive enzyme revealed a disulfide l inkage between these two cysteine residues.87 I t  

has long been known that PEP stabi l izes DAH 7PS during purificat ion and storage, 

however, E4P has the opposite effect and increases the rate of spontaneous inact ivat ion 

through a Schiff-base format ion between the aldehyde funct ional ity  of E4P and an 

active site lysine.
88 

Site-directed mutagenesis, chemical mod i ficat ion, spectroscopic 

analysis and structural stud ies have shown that the invariant cyste ine and h istid ine 

residues, Cys6 1
89 

and H is26890 of Ec-DAH7PS( Phe), are invo lved in metal bind ing and 

are essent ial for enzyme catalysis. 

1 .5.2 Struct u ra l  C h a racte rization 

Monomer 

7 1  . -3 The crystal structures of Ec-DAH7PS( Phe) and Sc-DAH7PS(Tyr)) have been 

determined. Both proteins fo ld as a ( �/a)8-barrel decorated with an N-terminal 

extension ( strand �O fo l lowed by he l ices aOO and aO), and an extra �6a/�6b sheet 

inserted before the �6 strand of the barrel7 1  ( figure 1 .4) .  I n  both enzymes there is an a­

hel ix that c loses off t he N-terminal end of the barre l. The structures are very simi lar 

( rmsd 0 .6  A for 329 equivalent Ca atoms53 ) despite the fact that they originate from 

different organisms and possess differcnt patterns of regu lat ion. 
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F ig u re 1 .4 E. coli (PDS code 1 KFL) and S. cerevisiae (PDB code 1 HFB) DAH7PSs 

su perimposed, with a-helices of the basic (p/a)s barrel labeled. Extra 

structural elements are colored yel low for the N-terminal  extension , and red for 

the respective i nh ibi tor binding  site. 

Quaternary Structure 

The crystal structures of both Ec-DAH7PS(Phe) and Sc-DAH7PS(Tyr) consist of t wo 

t ight d imers making up a tetramer ( figure 1 . 5 ) .  Within the d imers, the N-terminus of o ne 

monomer (e .g A)  entwines the second monomer ( e.g 8 )  and forms an intermo lecular �­

sheet between �O of one mono mer and �6b from the neighbouring subunit . Although 

one of the d imers is essential ly superimposable between the E. coli and S. cerevisiae 

enzymes, the assoc iat ion o f  the two dimers into a tetramer is significant ly d i fferent . I n  

S. cerevisiae t he tetrameric association is purely hydrophobic, whereas in E. coli cont act 

is through e lectrostatic and hydrogen bonding interact ions. In both enzymes, the 

contribut ing residues are located at the N-terminal extension and the additional two­

stranded ant iparal le l  �-sheet,  �6a and �6b strands.53 .9 1 It is sti l l  not understood whether 

t he difference in quaternary structure between the type la enzymes corresponds to 

d ifferences between spec ies or whether it is related to the d ifferent regulatory 

behaviours o f  the Tyr- and Phe- regulated enzymes. Further studies are requ ired to 

determine whether there is any communicat ion between t he two t ight dimers that make 

up t he tetramer. 
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It is possible that the conserved dimer found in both type l a  enzymes is a c lose 

structural analogue of the other two dimeric E. coli isoforms. Both Ec-DAH7PS(Tyr) 

and Ec-DAH7PS(Trp) have subst itut ions that e l iminate the polar interact ions 

co ntributing to the Ec-DAH7PS(Phe) tetramer. The mutation of a key residue (Glu24) ,  

speculated to be essent ial for tetrameric associat ion of  Ec-DAH7PS( Phe) ,  generates a 

dimeric protein ( in solution) with simi lar catalyt ic efficiency as the wi ld-type protein. 

It should be noted that the Ec-DAH7PS( Phe)-E24Q protein st i l l  crystal l izes as a 

tetramer.92 

F ig u re 1 .5 Comparison of quatern ary structures of Ec-DAH7PS(Phe) (PDB code 

1 KFL) and Sc-DAH7PS(Tyr) (PDB code 1 HFB).  The shared d i mer (A and B) 

is in blue, and the tetrameric association (the second dimer) of the type la  

enzymes is shown in  red for  Ec-DAH7PS( Phe) and blue for Sc-DAH7PS(Tyr). 

1 4  



A ctive site architecture 

As is typ ical for W/a)g barrels, t he act ive s ite is located at the C-terminal e nd of t he 

barre l, and the residues mak ing up the act ive site belong to t he C-terminal e nds of t he 

�-strands and �-a loops. The �-a loops located at the C-terminal side of  the barrel are 

more flexible than the a-� loops at the -terminal s ide of the barre l .  Co-crystal l isat ion 

wi th  P E P  or meta l  ion is essent ial for defmit ion of the �-a loops in t he crysta l  

structure.53 The act ive sites of  Ec-DAH7PS(Phe) and Sc-DAH 7PS(Tyr) are very s imi lar 

in  terms of  arrangement and conservat ion of protein residues invo lved in metal and 

substrate bind ing. 

(a) PEP and metal-binding sites 

I n  both structural ly characterized type la DAH7PSs the metal ion is found in a trigonal 

bi-pyramidal coordinat ion ( figure 1 .6) ,  with a cysteine ( Cys76 and Cys6 1 in S. 

cerevisiae and E. coli, respective ly)  and histidine ( H is282 and H is268 ) occupying t he 

axial posit ions and a g lutamate ( Glu3 1 6  and G lu302) and aspartate (Asp342 and 

Asp326)  as the equatorial l igands. The third equatorial posit ion is occupied by a water 

mo lecule that hydrogen bonds to a lysine ( residue 1 1 2 and 97) ,  which coordinates the 

carboxylate group of  P E P.53 .7 1  The crystal structures of Ec-DAH7PS( Phe) and Sc­

DAH7PS( Tyr) in complex with various metal ions and l igands have been determined.7 1  

The first crystal structure so lved of Ec-DAH7PS( Phe) was in complex with PEP and 

M 2+ 7 1  n , 

Pb2+ act ivates Ec-DAH7PS( Phe) to only 3 % of the act ivity obtained with 

however this metal was necessary to provide adequate phase information for 

structure determinat ion. This structure did not appear to give an accurate picture o f  

where P E P  i s  bound i n  a complex competent for catalysis. A higher reso lution  structure 

of Ec-DAH7PS( Phe) in complex with 2-phosphoglyco late ( PGL) ,  an unreact ive 

substrate analogue of  PEP, and M n2+ has a lso been determined.93 PEP is proposed to 

b ind in a s imi lar orientation to that observed for PGL in the Ec-DAH 7PS( Phe)-Mn2+­

PGL structme, where the carboxylate end of PGL coordinates Mn2+. More recent ly,  

h igher reso lut ion crystal structures of Sc-DAH 7 PS(Tyr) and Ec-DAH7PS( Phe)-E24Q 

( described in Section 1 . 5 . 2 )  in complex with PEP suggest no interaction between the 

metal  and PEP.53,92 Comparison of the crystal structures of Sc-DAH7PS(Tyr) i n  

complex with M n2+ and C02+ have shown that the binding mode of P E P  i s  essent ia l l y  

ident ical with respect to each metal, which i s  in contrast to that o bserved with P b2+ . 
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Figure 1 .6 Superposition of Ee-DAH7PS(Phe) (PDB code 1 Q R7) (yel low) and Se­

DAH7PS(Tyr) (PDB code 1 0F6) (blue) showing respective metal binding 

sites 

Based on t he more recent crystal  structures of Sc- DAH7PS(Tyr) and Ec-DAH7PS( Phe )­

E24Q, the PEP binding s ite can be defmed by a network of hydrogen bonds between the 

protein and the PEP phosphate and carboxylate groups53,n ( figure 1 . 7 ) . The interact ions 

between PEP and the protein are essent ia l ly  ident ical for both type l a  structures. PEP is 

posit ioned in the act ive s ite by five arg inine and lys ine residues. Both type la structures 

ind icate a deviat ion fi'om planarity in t he geometry of PEP,  due to a 20-30° twist of the 

carboxy late plane relat ive to the enol plane. This structural d istortion of PEP IS 

speculated to be a vital step in the reaction mechanism of DAH7PS,92 described m 

Sect ion 1 . 9. 

Arg \ 65 

, , 
o 

, I 
, I 

, I " I 

IS � 

- - - _  ... 

Figure 1 .7 PEP binding site of Ee-DAH7PS(Phe)-E24Q (PDB code 1 N8F). Dashed l ines 

indicate interactions between PEP and su rrounding water molecules and protein 

residues. 
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(b) E4P binding site 

The structure of  Sc-DAH7PS(Tyr) in complex with PEP, C02+ and the t hree-carbon E4P 

analogue, g lycero l 3-phosphate ( figure 1 . 8 )  has been so lved.53 The phosphate mo iety of 

G3P coincides with a bound sulfate found in a l l  three E. coli structures, inferred to 

occupy the posit ion of t he phosphate moiety of E4P. The C2-hydroxyl group of 

g lycero l 3-phosphate ( corresponding to the C3-hydroxyl group of E4P) interacts w ith 

the metal-bind ing aspartate ( Asp342) leading to a movement of the aspartate sidechain 

with respect to the metal ion. The hydroxyl group of C l  of G3P (corresponding to t he 

C2-hydroxyl group of E4P) hydrogen bonds to t he carbonyl oxygen of  Pro 1 1 3 ( figure 

1 .9) .  E4P has been modeled into the act ive s ite of Sc-DAH7PS(Tyr) based on t he 

assumpt ion t hat E4P bind ing is essent ial ly ident ical  to G3P with an addit iona l  carbony l  

group. 53 E 4 P  i s  posit ioned so that C l  o f E4P i s  2 .7A away fro m  the C 3  atom o f  PEP .  

The oxygen atom of  the carbonyl group o f E4P replaces a metal coordi nat ing water seen 

in both the Ec-DAH7PS-Pb2+-PEP and t he Sc-DAH7PS-C02+/Mn2+-PEP structures. The 

carbonyl group of E4P coordinates the metal ion with a distance of 2 .4 A, a l lowing the 

carbonyl group to be act ivated by the meta l  ion and to be posit ioned correct ly for 

catalysis. The carbonyl o xygen of E4P is a lso hydrogen bonded to a lysine, conserved 

in a l l  DAH7 PSs. It has been proposed that this lysine protonates the carbonyl group of 

E4P to generate the new hydroxyl group of DAH7P.  The mechanism of  DAH7PS is  

d iscussed in more detail in  Sect ion 1 . 9. 

OH 2-03PO�1 
OH 

G lycero l 3-phosphate 

Figure 1 .8 
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Figure 1 .9 Binding of G3P in the active site of Sc-DAH7PS(Tyr)-C02+ -PEP-G3P (PDB 

code 1 0F8). Dashed l i nes i nd icate the i nteractions between G3P, and 

surrounding water molecules and protein residues. 

1 .6 Properties of Type I P  Enzymes - DAH7PSs and K D08PSs 

There is now an extensive amount of structural and funct ional  informat ion on three 

subfamily I �  DAH7PSs ( 1 )  from P. juriosus, T maritima and B. subtilis (Bs-DAH7PS),  

and two subfami ly  I� KD08PSs (2 )  from Aquifex aeolicus (Aa- KD08 PS) ,  and E. coli 

( Ec-KD08PS) .  

1 .6. 1 DAH7PSs 

1 .6 . 1 . 1  Biochemical Studies 

Molecular mass 

S ize exc lus ion c hromatography has indicated that Pj-DAH7PS is a d i mer, whereas 

DAH7PS from T maritima and B. subtilis are both tetrameric in so lut ion.  The three 

enzymes have monomer mo lecu lar masses of 29.2 kDa,94 3 8.0 kDa95 and 40.0 kDa,29 

respectively. The P. juriosus dimer has been reported to be resistant to denaturation by 

SDS. 

Substrate specijicilY 

Pj- DAH7PS is able to uti lize five carbon sugars, A5P, R5P and 2dR5 P, as wel l  as four 

carbon sugars, E4P, 2dE4P and T4P. The P. furiosus enzyme does not take three and 
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six carbon sugars.47 DAH7PSs from B. subtilis and T. maritima appear to be more 

select ive and do not use A5P or R 5 P  as alternat ive substrates?9,95 

Metal activation 

Just l ike their type la counter-parts, type I �  DAH7PSs are metal loenzymes. Metal 

react ivat ion studies with various d ivalent metal ions have been performed with the three 

DAH7PSs from P. furiosus, T. maritima, and B. subtili . The reactivat ion series of Pf­

DAH 7PS and Tm-DAH7PS are very s imi lar with Cd2+, Mn2+ and Zn2+ having the 

greatest effect on act ivity. I t  was originally proposed that DAH7PS fro m  B. subtilis 

( Bs-DAH7PS) was a non-metalloenzyme,96 however more recent studies by Woodard et 

al have shown that the enzyme can be inact ivated by OPA and then react ivated by Cd2+ 

and Zn2+?9 The confusion regarding the meta l-dependence of  Bs-OAH7PS has come 

about as EOT A, the most commonly used metal-chelator i n  OAH7PS studies, is not 

able to completely remove all enzyme-bound metal. I t  was not unt i l  Woodard and co­

workers used a stronger metal-chelator, OPA, that metal from the act ive site was 

completely removed and enzyme act ivity was reduced to 1 % of that of t he untreated 

e nzyme.29 

1 .6. 1 .2 Structu ral Characterization 

Monomer 

Type la and I �  DAH7PSs share a common monomer-fo ld, however there are significant 

d i fferences in the structural e lements t hat decorate the core ( �/a)8 barrel. The Pf­

DAH7PS is the smal lest DAH7PS, with its monomer comprising of just the core (Wa)g 

barrel47 ( figure l . 1 0  (a) ) .  The Tm-DAH7PS adopts a simi lar basic structure to Pf­

OAH7PS with an addit ional ferredoxin- l ike domain attached to the N-terminus of the 

barre l, which is involved in regulat ion5 1 .95 ( figure 1 . 1 0) .  The structure of  a third I �  

enzyme, from Aeropyrum pernix , has been so lved which has a very simj lar monomer­

fo ld  and quaternary structure to Pf-OAH7PS ( POB code 1 VS 1 ,  structure yet to be 

publ ished). I n  a l l  three of  the type I �  e nzymes there is a �-ribbon, in p lace of the a­

he l ix  that is found in  type la DAH7PSs, t hat c loses off the N-terminal end of the barre l .  
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The monomer-fo ld of  the Pj-DAH7PS and Tm-DAH7PS is more s imi lar to that o f  the 

c losely related enzyme, KD08PS than to the two type la DAH7PSs. The superposit ion 

of Tm-DAH7PS ( barre l domain only) and Aa-KD08PS g ives an rms d i fference of  1 . 3 A 
for 232 Ca atoms, while superimposing Tm-DAH7PS ( barre l domain only) with Sc­

DAH7PS gives an r.m.s .d  of l . 7A for 22 1 Ca atoms. 5 1 

(a) (b) 
Figure 1.1 0 Monomer structu re of (a) Pf-DAH7PS and (b) Tm-DAH7PS. 

Quaternary structure 

Although Pj:DAH7PS is a dimer in so lution, the protein crystal l izes as a tetramer. A 

homotetramer has also been repotted for all other type l a  and [ �  enzymes with known 

crystal structures. However, only one monomer-monomer interface ( monomer A and 

monomer B )  is conserved between the two subfami l ies. Despite this common d i mer, 

the type l a  and l� enzymes form tetramers using completely d ifferent structural 

e lements,47.5 1 ,53,7 1 imply ing that while the d imers can be superimposed, the tetramers 

cannot (figure l . 1 1 ) . The unconserved d imer interface ( interface between subunit A and 

C, B and D is shared by Pj-DAH7PS and Tm-DAH7PS and is highly conserved ( 2 0  out 

of 27 residues) . I t  has been speculated that the ancestral DAH7PS is a type l �  enzyme 

comprised of this unique d imer.47 
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F igure 1 . 1 1  Comparison of quaternary structures of type la and type 113 enzymes. 

Superposition of type la Ec-DAH7PS(Phe) (PDB code 1 GG 1 ) , in blue, onto type 

113  Pf-DAH7PS (PDB code 1 ZCO), in firebrick. 

A ctive site architecture 

(a) Metal and PEP binding sites 

Al l  residues that interact with the divalent metal ion and PEP are conserved in type la  

and type I �  DAH7PSs. The only d ifference is that an alanine, conserved in type la  

enzymes, i s  subst ituted by a glutamine in  type I �  enzymes. This rep lacement allows an 

add it ional interaction to be formed between the carboxylate group of PEP and the 

protein.47,S I 

(b) E4P binding site 

The crystal  structure of Tm-DAH7PS was so lved in complex with PEP, E4P and Cd2+, 

i .e .  containing a l l  react ion  components.5 1  The presence of both PEP and E4 P was 

observed due to the slow cata lysis of the hyperthermophi l ic enzyme at low temperatures. 
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The structure showed that PEP and E4P were too far apart to al low bond format ion. 

The orientation and conformat ion of PEP appeared to be appropriate for the reaction, 

and was consistent with what had been previously observed in other crystal structures o f  

DAH7PS. E4P, on the other hand, appeared to be bound less t ight ly and the high B­

factors of  its atoms suggest some degree of rotat ional freedom. In the active site of  Tm­

DAH7PS E4P is posit ioned incorrect ly for the reaction to occur with the correct 

stereochemistry ( see Sect ion 1 .9 ) .  It appears l ike ly that conformat ional changes, e ither 

in E4P or the residues interacting with the phosphory lated monosaccharide, are 

necessary to bring the two substrates c loser together for catalysis to occur. E4P has 

been modeled into the act ive site of Tm-DAH 7PS and is consistent with that observed 

for Sc-DAH7PS(Tyr) ( described in Sect ion 1 . 5 . 2 ). 

1 .6.2 K D08PS 

1 .6.2. 1 Biochemical Studies 

KD08PSs can be d ivided into metallo- and nonmetal lo- enzymes, the best characterized 

being A. aeolicus and E. coli, respectively .  Type I �  DAH7PSs exhibit more overal l  

simi larity to KD0 8PSs than they do to the la  DAH7PSS,36 and i t  has been proposed that 

KD08PSs evo lved from a DAH7PS-l ike ancestor.30.47 The KD08PSs from A . aeolicus, 

Chlamydia psillaci, and H. pylori have been shown to be metal loenzymes.36.97.98 

Structural information and primary sequence analysis of  these KD08PSs ind icate the 

presence of al l  four "establ ished" metal-binding residues found in DAH 7 PS ( refer to 

Section 1 . 5 .2 ) .  I n  contrast, KD08PSs from E. coli, S. typhimurium, N. gonorrhoeae, 

and PisUln sativum have been reported to be non-metal loenzymes.36 Recent studies 

have revealed that one of the key differences between metal-dependent and metal­

independent KD08PSs is the substitution of the metal-bind ing cysteine to an asparagine. 

The only known p lant KD08PS to be functional ly characterized is fi-om A rabidopsis 

thaliana (At-KD0 8 PS) .99 This e nzyme cannot be inact ivated by che lat ing agents, nor 

can it be activated by a series of divalent metal ions. Analysis of primary sequence 

information ind icates the presence of an asparagine in p lace of a cysteine which i s  

abso lutely conserved in  metal-dependent enzymes. The combinat ion of th is  information 

strong ly suggests that this p lant enzyme is metal- independent, which is in contrast to 

what was origina l ly pred icted by Birck et af before the ava i lab i l ity of sequence 

information. 97 
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Molecular mass 

A l l  KD08PSs that have been characterized to date, regard less of  whether they are 

metal-dependent, have s imi lar monomer mo lecu lar masses of -30 k Da. 1 00. 1 02 S ize 

exc lusion chromatography has i nd icated a trimeric or tetrameric quaternary structure for 

microbial KD08PSS, 1 00- 1 02 and a dimeric99 assoc iat ion for A t-KD08PS, in solut ion. 

The crystal structures of  E. coli and A.  aeolicus KD08PSs have been determined and 

both proteins crystal l ized as a tetramer. 1 03, 1 04 

Subs/rate specijicity 

The natural substrate of  KD08PS is the five carbon sugar, ASP.  This phosphorylated 

monosaccharide has the oppos ite stereochemistry at the C2 posit ion as we l l  as an extra 

carbon in comparison with DAH7PS's natural substrate, E4P. Substrate spec ificity 

studies have been performed on E. coli KD08PS ( Ec-KD08PS).  The abi l ity o f  the E. 

coli enzyme to accept 4-deoxy-arabinose S-phosphate as a substrate l05 is s ignificant as it 

indicates that this enzyme can accept an acyc l ic  form of AS P .  I n  contrast to E4P, ASP 

is  a cyc l ic structure in its most abundant form. Unl ike DAH7PSs, which show relat ive 

insensit ivity to changes at the C2 posit ion of t he monosaccharide ( refer to Sections 1 . S . 1 

and 1 .6 . 1 . 1 ) , the correct stereochemistry at the C2 posit ion appears to be essent ial for 

the KD08PS react ion. KD08PS from E. coli and A .  aeolicus are unable to ut i l ize RSP, 

which has the o pposite stereochemistry of ASP at the C2 posit ion. 1 04, 1 06 I nterest ing ly, 

2dRSP has been reported to act as an alternative, yet very poor substrate for Ec­

KD08PS. 1 06. 1 07 

The two KD08PSs that have been funct ional ly characterized from N. gonorrhoeae and 

E. coli are unable to uti l ise four carbon monosaccharides, as E4P is not a substrate. 1 06. 1 08 

Further evidence comes from recent studies that show Ec-KD08PS is unable to accept 

T4P ( E4P analogue with ASP-l ike stereochemistry at the C2 posit ion of the 

phosphorylated sugar) as an a lternat ive substrate.8o This is yet another difference 

between KD08PSs and DAH7PSs, where DAH7PSs are able to uti l ize four and five 

carbon phosphory lated sugars ( Sections 1 . 5 . 1 and 1 .6 . 1 . 1 ), whereas KD08PSs are only 

able to use five carbon monosaccharides. 
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Metal activation 

At present, t he only KD08PSs to be characterized as metal-dependent are from A. 

aeolicus, 1 09 Aquifex pyrophilus, 1 1 0 C . psWaci,97 and H. pylori. I 1 1 Upon treatment with 

var ious metal-chelators al l  four KD08PSs show significant ly reduced act ivity, wh i le the 

inc lusion o f  divalent metal ions restores enzyme act ivity, in some cases exceeding the 

original act iv ity. 

Recent studies have shown that a metal-dependent KD08PS can be converted into a 

metal-independent enzyme via a sing le amino ac id change; the substitution of the metal­

bind ing cysteine for an asparagine, e l l N in A. aeolicus " 2 and A.  pyrophilus 

KD08PSS.
1 1 3  Both C I I mutants do not bind metals and their act ivity is unaffected by 

treatment with che lat ing agents or divalent metal ions. The rec iprocal mutation has 

been attempted by several groups who are in d isagreement as to whether the 

replacement of Asn26 for a cysteine residue in the metal- independent Ec-KD08PS 

' restores' metal dependency. Studies by Shulami et at and O l iynyk et al provide 

evidence that suggests that the N26C mutant was able to bind metal, and activity was 

reduced upon treatment with DTA, and activated by the inclusion of several divalent 

metal ions. 1 1 3 , 1 1 -l [ n  contrast, work by Woodard and co-workers propose that the non­

metal lo KD08PS cannot be converted to a metal-bind ing enzyme through this single 

amino acid substitution. I 1 2 However, a l l  authors agree that the ro le o f  the metal in A .  

aeo/icus and A .  pyrophilus KD08PSs i s  s imi lar to the ro le o f  Asn26 in Ec-KD08PS.  I t  

has been suggested that the metal ion has more of a structural role in maintain ing the 

correct orientation of substrates and is not direct ly invo lved in catalys is  ( refer to Sect ion 

1 . 9 for further detai l ) . 1 07. 1 1 3 

1 .6 .2 .2  Structura l  Characterization 

Monomer 

The crystal structures of the metal- independent Ec-KD08 PS I 03 and the metal-dependent 

A a- KD08PS 1 1 5 have been determined. As discussed in the previous sect ion, the 

monomer-fo ld of KD08PS ( figure l . 1 2 ) is very simi lar to that of  the two type I �  

DAH7PSs, with Pj-DAH7PS being the most c lose ly re lated DAH7PS to KD08PS yet 

characterized. L ike Pj�DAH7PS, both KD08PSs lack add itiona l  structural e lements 

that extend from the ( �/a)8-barre l and both enzymes appear to be unregulated. The 
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topo logy of the (�/a)8 barrel is very simi lar between the two KD08PSs with a total of 

236 Ca atoms of Ec-KD08PS and Aa-KD08PS superimposing with an rmsd value of 

1 .0 A.5 1  The only significant difference between the two KD08PSs is that Ec-KD08PS 

possesses a two-stranded �-hairpin that covers the N-terminal end of the barre l, s imi lar 

to that observed in Pj-DAH7PS and Tm-DAH 7PS ( refer to Section 1 .6 . 1 .2) . 

F ig u re 1 . 1 2  

Aa-K D08PS 

Comparison of monomer-fold of Aa-KDOSPS (PDB code 1 FWS) and Ec­

KDOSPS (PDB code 1 XSF). The additional two-stranded �-ha irpin that covers 

the N-terminal  end of the barrel in Ec-KD08PS is in red. 

Quaternary Structure 

KD08 PSs share the common d imeric arrangement of ( �/a)8 barrel subunits that is 

observed in type l �  DA H7PSs and type l a  DAH7PSs. The two KD08 PSs then 

associate into a tetramer very simi lar to that of the two type l �  DAH7PSs.47 The only 

significant difference between the two type r �  enzymes is that in KD08PS the 

conserved d imer interface appears to be more tightly packed, burying more surface area 

than that observed in the type l �  DAH7PSS.47 

A ctive Site 

Several crystal structures of metal-free and Cd2+ forms o f  Aa-KD08PS have been 

determined in comp lex with A5P a lone and in combinat ion with PEP.  I I S  I nterestingly, 

it was observed that in the presence of metal, A5 P binds to on ly one of t he two act ive 

sites of the d imer contained in the asymmetric unit of the crystal. Using crystal 

symmetry to generate the tetramer it can be shown that the binding of A5P occurs at the 

active sites located on only one of the two faces of the enzyme. I n  the metal- fi'ee 
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enzyme, AS P binds to  both active sites of  t he d imer. As the crysta l  structures were 

obtained by soaking t he crystals in the presence o f  substrate/s, o ne wou ld expect equal 

bind ing to the two faces of the enzyme, if the faces were equivalent. The o bservat ion 

that on ly one face binds AS P strongly suggests that catalysis cannot occur in both faces 

simultaneously.  This hypothesis is consistent w ith previous pre-steady-state k inetics of 

phosphate release by Ec-KD08PS, which indicated that only �SO % of the act ive s ites 

contribute to the release. 1 1 6  

Metal binding sphere 

The metal-binding site of the metal lo-KD08PS from A .  aeolicus ( figure 1 . 1 3 ) i s  s imi lar 

to that observed in t he metal-dependent DAH7PSs. I n  the metal- independent Ec­

KD08PS the equivalent part of the structure is fi l led with an asparagine ( Asn26) side 

chain which rep laces the metal-binding cysteine (Cys l l in Aa-KD08PS)  i n  metal-

dependent enzymes. The other three estab l ished metal-binding residues In 

metal loenzymes ( H is 1 8S,  Asp233 and G lu222 in A a-KD08PS)  are a lso conserved In 

Ec KD08PS ( Hl's202 Asp2S0 aI"� (; 1 , ,'1 < 0 \  T\�� r> n \ " rl ; f'f'C"'A n � �  ; �  . \� �  • •  h �  n o  _ 0  I� � --
_ . , JU V 1. UL.-.J / J.  1 .  1 1\....1 V III] U l l. .l\,...l \.,.. J I\.,.o\.,.. I,:) ll.Lal l l l\"" �o-u..o lUUjJ 

bearing the aspartate l igand has moved significant ly ( figure l . 1 3 ) . This is most l ike l y  

due a prol ine two residues downstream from this aspartate which i s  found conserved i n  

a l l  nonmetal lo-KD08PSs.47 I t  should be noted that this aspartate i s  disordered in  a l l  o f  

the Ec-KD08PS structures. 

Figure 1 . 1 3  Superposition of metal binding sphere of Aa-KD08PS (cyan) ( P DS code 

1 FWW) onto the eq uivalent region of Ec-KD08PS (yel low) (PDS code 1G7V). 
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PEP binding site 

The majority of  residues that interact with PEP in type I �  DAH7PS and KD08PS are 

s imi lar, however several differences have been observed. An arg inine ( Arg 1 1 5  in PI­

DAH 7PS) that interacts with the phosphate moiety of  PEP in DAH7PS is replaced by a 

phenylalanine ( Phe ] 1 7  in Ec-KD08PS) in KD08 PS. A second arg inine, found i n  

DAH7PS (Arg5 5 i n  Pj-DAH 7PS),  that interacts with the carboxylate mo iety o f  PEP i s  

subst ituted for a lysine ( Lys5 5 i n  Ec-KD08PS) i n  KD08PS .5 1  

A 5P binding site 

There are many differences between the bind ing of A5P and E4P in KD08PS and 

DAH7PS, respect ive ly. The bind ing of A5P in the Aa-KD08PS structure involves 

more interactions with prote in residues than that observed for E4P in Tm-DAH7PS .  

There are several crystal structures of Aa-KD08PS i n  comp lex with Cd2+ and A5P ,  

however two different conformations o f  the phopshorylated sugar have been observed 

( figure 1 . 1 4) . 1 1 5 In one conformat ion the C2-0H of A5P is coordinated to Cd2+, and in 

the second conformation the C2-0H and C3-0H interact with a water mo lecu le that 

coord inates Cd2+ . The interaction between the metal and the phosphorylated sugar in 

KD08PS appears to be significant ly different to that proposed for DAH7PS, where 

coordinat ion to the metal is through the aldehyde moiety of the monosaccharide 

( Sect ion 1 . 5 .2) . 53 

F igure 1 . 14  The two different conformations of ASP in Aa-KD08PS. (A) shows 

coordination to Cd2+ ( pink) through a water molecule (PDS code 1 FWW), and (S)  

shows coordination of C2-0H of ASP to the Cd2+ ion (PDS code 1 FY6). 
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1 .7 P roperties of M icrobial Type II D A H 7 PSs 

Type I I  DAH7PSs were first ident ified in higher plants, and it has only been in the last 

ten years that type I I  enzymes have been ident ified in microbial spec ies.3
7 

Microbial 

type I I  enzymes share less than 1 0  % amino acid sequence identity with type I enzymes 

and show relat ively high ident ity with plant DAH7PSs. The recent avai labi l ity of  

sequence informat ion has shown that type I J  DAH 7PSs consist of a subset of p lant 

enzymes c lustered within a more divergent set of micro bial enzymes.
38 

I t  was origina l ly be l ieved that type I l  DAH 7PSs were invo lved sole ly  in the 

b iosynthesis of secondary metabo lites,38 however the presence of only type I I  DAH 7PSs 

in the predicted proteomes of  a number of species inc lud ing Streptomyces spec ies, C 

diphfheriae, C jejuni, A. tumefaciens, N. aromaticivorans, H. pylori and several 

Mycobacteria species provides ev idence for a role of type I I  DAH7PSs in aromat ic 

amino ac id biosynthesis. 

To date there has been l im ited characterizat ion of type II DAH7PSs. The on ly  

microbial type I l  DAH7PSs repol1ed in l iterature are from Streptomyces,37, 1 1 7, 1 1 8 N. 
37 1 1 9 1 20 d X . 38 M · b' l  1 1  

. 
d fr crassa ' , an . campestrts. lcro la type enzymes were examme om 

Streptomyces and in  N. crass a pr ior to the availabi l ity of  sequence information and 

c lass i ficat ion. Recent ly Gosset et al. par1 ial ly puri fied and characterized the type I I  

DAH7PS from X campestris. 3 8  There is l imited functional informat ion and no 

st ructural data about microbial type I I  DAH7PSs. It has been suggested that tel1iary 

structural information about type I l  enzymes may prov ide evidence for divergent 

evo lut ion of this c lass o f  DAH 7PS. 36 

Molecular masses 

The monomer mo lecu lar mass of type I I  DAH7PSs from t he microbial organisms, that 

have been characterized, ranges fro m 52-59 kDa. 37.38 , 1 1 7- 1 1 9 Several Streptomyces 

enzymes and the Trp-regulated N. crassa enzyme have been repol1ed to be d imeric in  

I 
. 37 1 1 7 h ' l  S . b 1 1 8 so ut lon, ' w I e treptomyces caespztosus appears to e a monomer. 

Metal activation 

Al l  microbial type I J  DAH 7PSs that have been characterized to date are metal­

dependent enzymes.3 7.3 8, 1 1 8 . 1 2 1  Metal-activation studies have been performed on 
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DAH7PSs from X campestris and S. caespitosus, and both enzymes showed the highest 

activity with Co2+, Zn2+ and Mn2+.3
8
, 1 1 8 Whi le there appear to be differences between 

type I and type I I  enzymes in the abi l ity of different metals to act ivate the enzyme, the 

variat ions do not appear to be type-specific as considerable differences are seen within 

enzymes of  the type I family.  

1 .8 P roperties of P lant DAH 7PSs 

Early studies suggested that plants possess t wo distinct DAH7PS act iv it ies, 

d ifferentiated both by the ir intracel lular location and the ir act ivat ion by either C02+ or 

Mn2+. 1 22 The Mn2+-act ivated enzyme is located in  the chloroplast and its act iv ity is 

st imu lated by Mn2+, whi le  the C02+-activated enzyme has been ident ified in the cytoso l 

of some p lant species and is  act ivated by C02+, Mg2+ or Mn2+ . 1 23 Several forms of the 

Mn2+-act ivated DAH7PS have been ident ified, which can be d iv ided into two types, 

shkA and shkB. The indiv idual proteins encoded by shkA and shkB are more simi lar 

across different species than the two shkA and shkB enzymes from a sing le p lant . 1 24 The 

C02+-activated enzyme in Spinacia oleracea, and S. tuberosum has been shown to have 

broad substrate specificity wit h  respect to its monosaccharide substrate, which has led 

people to quest ion whether this i s  a true DAH 7PS. ' 24, 1 25 The lack of sequence 

information has made it d ifficu lt to determine how c losely related this enzyme is to the 

known Mn2+-act ivated DAH7PS.  

Comparison of the plant sequences with the type la E. coli DAH7PSs show very low 

sequence identity. 1 24 However, expression of the potato (shkA ) DAH 7PS has been 

shown to complement an E. coli mutant devoid of t he enzyme. 1 26 The Mn2+-st imulated 

DAH7PSs from carrot roots (D. carota) and potato (s. tuberosum) have been purified 

and cons ist of two ident ical subunits of approximately 55 kDa each,68, 1 24 which IS 

consistent with the mo lecular mass of type I I  DAH7PSs from microbial sources. 

1 .9 M echanism of D A H 7 PS 

The majority of mechanist ic studies on DAH7PS have been performed on the type la 

enzymes from E. coli. Labe l ling studies indicate the release of  inorganic phosphate 

fro m PEP occurs by the c leavage of the C-O bond rather than the usual o-p bond. 1 27. 1 28 
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This requires a react ion mechanism in  which the anomeric o xygen is derived from a 

water mo lecule. The reaction has also been shown to proceed with a defined 

stereochemical course with the si face attack of the C3 of P E P  on the C l  re face of E4P 

( figure 1 . 1 5 ) . 1 27, 1 29, 1 30 

Fig ure 1 . 1 5  Steric cou rse of the DAH7PS reaction 

Early studies indicated a ping-pong mechanism for Ec-DAH7PS( Phe), 1 3 1 although more 

recent studies with lower concentrat ions of substrates and more highly pur ified enzyme 

suggest an ordered sequent ial mechanism in which PEP binds first and DAH 7 P  is the 

last product to be released from the enzyme ( figure 1 . 1 6 ). 1 32 

PEP E4P Pi DAH7P 

Enz �_- Enz-PEP �-- Enz-PEP-E4P --.... Enz-DAH7P-Pi � Enz-DAH7P � Enz 

Figure 1 . 1 6  Order of substrate bind ing and prod uct release o f  DAH7PS 

Several mechanisms have been proposed for the DAH7PS-catalyzed react ion. The first 

mechan ism invo lves nuc leophi l ic attack of C3 of PEP on C l  o f E4P, fol lowed by attack 

of C3-0H of E4P on the carbocation formed at C2 of P E P  ( figure 1 . 1 7) .  This cyc l i c  

mechanism is not consistent with recent structural and model ing studies that suggest the 

C3 hydroxyl group is too far away for attack on C2 of PEP .  E4P has been modeled, in  

its extended conformat ion, into the act ive site of Ec-DAH 7PS( Phe),92 which positions 

the monosaccharide so that C l  of E4P approaches with in 2.4 A of C3 of  PEP .  This is 

consistent with the reaction going t lu'ough a l inear intermediate with a water mo lecule  

attacking C2 of PEP.92 , 1 28 
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F igure 1 . 1 7  Proposed cyclic mechanism of DAH7PS 

The detailed course of react ion is st i l l  under debate. The two major routes that are 

current ly proposed differ in the initial step ( figure 1 . 1 8) .  In path A, C3 of  PEP attacks 

the metal-act ivated carbonyl of E4P, forming a l inear oxocarbenium io n. A water 

molecule then attacks the posit ive centre at C2 of the acyc l ic intermediate .5 I .53 .8 1 I n  path 

B, init ial attack of the C2 of PEP by a water mo lecu le or hydroxide ion g ives a 

tetrahedral carbaruon, which then attacks C l  of E4P.77.93. 1 29. 1 32 Both of these paths lead 

to the acyc l ic form of DAH7P, which can t hen cyc l ize to the more stable form. 1 3 3  

Path B 

Figure 1 . 1 8  Two proposed routes for the mechanism of DAH7PS 
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The avai labi l ity of crystal structures of DAH7PS has provided some ins ight i nto the 

mechanism catalyzed by DAH7PS, however these results are not without d isagreement . 

Structural and mode l ing studies have a l lowed E4P to be positioned into the act ive site of  

several DAH 7PSs, refer to Sections 1 .5 .2 and \ . 6. 1 .2 .  The observed bind ing of E4P and 

PEP in both structures i s  consistent with activat ion of  the aldehyde ( E4P)  by the metal, 

ind icat ing that the divalent metal p lays an essent ial and ind ispensable ro le.5 1 .53 , 1 07 The 

second step of  the mec hanism would then be the attack of water on C2 of  PEP.  

Two water mo lecules have been ident ified in both type la DAH7PSs  that are c lose 

enough to PEP to act as the nucleophi l ic water required in the react ion. One is located 

on the si face and the second on the re face of PEP, both �3 A away from C2 of  

PEP.53.92 I t  i s  not yet known which of  these waters part ic ipates in the reaction. The 

water on the si face of PEP would present an unusual syn add ition of water and E4P to 

the si face of PEP. 92 The second water would require a residue act ing as a base to 

extract a proton from the water mo lecule, and to date no such residue has been 

ident ified.53.92.93 

1 . 1 0  Mechanism o f  K D08PS 

S ince the simi larit ies in sequence, reaction mechanism and crystal structure have been 

known, it has been thought that KD08PS and DAH7PS catalyze analogous 

condensat ion reactions using a conunon mechanism. 1 03. 1 09 Both enzymes catalyze the 

condensat ion o f  PEP with a phosphory lated monosaccharide ( figure 1 . 1 9) via an 

ordered sequential mechanism where PEP binds first and DAH7P or KD08P is released 

last. ,05 L ike DAH7PS, KD08PS catalyzes the C-O rather than the usual O-P cleavage 

of  PEP. 1 34 The KD08PS reaction paral le ls the DAH7PS reaction with the mechanism 

proceeding via a l inear intermediate, 1 03, 1 1 5 and the si face add ition of P E P  to the re face 

o f  ASP .  1 3 5  The two proposed mechanisms for KD08PS are identical to the two 

mechanisms described in the previous section for DAH 7PS. L ike t he DAH7PS­

catalyzed react ion, the analogous react ion catalyzed by KD08PS is yet to be 

c larified. 1 06, 1 36 
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Reactions catalyzed by DAH7PS and KD08PS 

The two waters t hat are proposed to be invo lved in the reaction for DAH7PS have also 

been ident ified in  several KD08PS structures. I I S Again, it is st i l l  unc lear as to w hether 

t he water mo lecule located on the si or re face of PEP is responsib le for the attack of 

PEP . I I S 

The discovery of various mechanist ic and structural sin1 i larit ies between DAH 7PS and 

KD08PS has lead to the assumpt ion that both enzymes share a common mechanism. 

However, several key d ifferences have been negl ected unt i l  recent ly, that suggest the 

two structurally-related enzymes may cata lyze their reactions via different mec hanistic 

routes. 1 07. 1 J6. 1 37 Structural, kinet ic and s ite-directed mutagenesi s  studies on D AH7PS 

have indicated the metal in DAH 7PS p lays an ind ispensable ro le t hrough activat ing the 

a ldehyde group of E4P.8 1 , 1 07. 1 36 I n  contrast, structural analysis o f  KD08PS reveals the 

metal is l ikely to be too far away from the a ldehyde moiety to be invo lved in  

e lectro phi l ic act ivat ion, and act ivat ion is proposed to  be through protonat ion involving 

the phosphate group of PEP. 1 07 The abi l it y  to convert a metal-dependent KD08P S  into a 

metal- independent enzyme fo l lowing the mutation of the metal-binding cysteine to 

asparagine ( found abso lutely conserved i n  metal- independent KD08PSS) 1 1 2 . 1 1 J suggests 

that the two types of KD08PS catalyze the condensat ion react ion using simi lar 

chemistry. This is a lso consistent with the structural role predicted for the metal by 

Woodard et al. 1 1 2 . 1 38 The equiva lent mutation in a DAH7PS resu lts  in a mutant enzyme 

which is unable to bind metal ions and shows no detectable enzymatic act ivity with or 

without E DTA or added metal .  1 07 
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Another key d ifference between KD08PS and DAH7PS is their to lerance to c hanges at 

the C2 posit ion of t he monosaccharide. As d iscussed in Section 1 . 6 .2 . 1 ,  there is a C2 

configurational difference between C2 of E4P and A5 P, the natural substrates of  

DAH7 PS and KD08PS, respectively. DAH7PS from P. jilrios"Us is unselect ive a t  this 

posit ion and accepts T4P, 1 07 which has the oppos ite stereoche mistry at the C2 posit ion 

of E4P ( but the same as A5 P) .  On the other hand, KD08PS has a strict requirement for 

the con-ect stereochemistry at this posit ion and does not accept R5P, which has the 

opposite stereochemistry of A5P at the C2 posit ion, as a substrate. 1 0 l , 1 06 The abso lute 

se lect ivity at the C2 posit ion of KD08PS reflects the importance the C2-0H of A5P has 

in catalysis. 1 07 Structural studies have shown that C2-0H is coordinated to t he metal 

e ither d irect ly, or ind irect ly ( refer to Section 1 .6 .2 .2 )  to orient the monosaccharide into 

the correct position for attack by PEP. I I S  I n  metal - independent KD08PSs the C2-0H is 

coordinated to an asparag ine sidechain ( abso lute ly conserved in metal- independent 

KD08PSs) most l ike ly  via an intermediate water. 1 07 

1 . 1 1 involvement of Type 11 DAH7PSs in a Novel Shiki mate Pathway 

It has recent ly been proposed that the type I I  DAH7PSs from A. mediterranei and 

Streptomyces collinus are invo lved in a variant to the shikimate pathway, the amino 

shikimate pathway, i n  which a n it rogen atom is introduced in  the very first step of the 

pathway. 1 39 These type I l  enzymes, referred to as amino DAH7PSs, appear to be simi lar 

in sequence to type I l  DAH7PS enzymes i nvo lved so le ly in aromat ic amino acid 

biosynthesis. Amino D AH7PSs are responsib le for the condensat ion of P E P  and 

iminoE4P to give a 4-amino analogue of DAH7P, 4-amino-3 ,4-d ideoxy-D-arabino 

heptu losonate 7-phosphate ( aminoDAH7P) ( figure 1 . 20) .  They are also able to ut i l ize 

E4P reasonably  effIc ient ly.43. 1 40 The source of  t he nit rogen atom is sti l l  unclear, 

although recent studies suggest kanosamine biosynthesis IS t he l ike ly source of 

iminoE4P.43 AmjnoDAH7P is an intermed iate in the synthesis of 3 -amino-5-

hydroxybenzo ic acid (AHBA), 1 4 1 - 1 43 a precursor for the formation of r ifamycin (A .  

medilerranei), ansatrierun (s. collinus) and naphthomycin (s. collinus) .  
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F loss and co-workers have s hown that aminoDAH7P, not DAH7P, is converted into 

AHBA ' S 11 ' d A d ' . 1 39 1 44 . ID . co mus an . me llerranel. . They have characterized the 

aminoshikimate enzymes encoded by t he rifamyc in (rif) gene c luster of A .  mediterrane i  

and have ident i fied a gene e ncoding a type I I  DAH7PS within the c luster. l44 The 

growth of evidence support ing the invo lvement of type I I  DAH7PSs in AHBA 

b iosynthesis ind icates the d iverse ro les that type I I  enzymes p lay in nature, i n  

c omparison with their type I counter-parts. 

1 . 1 2  OUTL I N E  OF THESI S  

The object ive o f  this project i s  to structural ly  and funct iona l ly  characterize the type I I  

D A H7PSs fro m  H. pylori and Mycobacterium tuberculosis. Prior to the studies 

described in this thesis, there was l imited funct ional information and no structural data 

on type I I  enzymes. Such informat ion would a l low insight into whether the two 

separate homology c lasses cata lyze the condensat ion react ion between PEP and E4P by 

t he same mechanism. A more complete understanding of  both the funct io nal and 

structmal simi larit ies and d ifferences between type I and type I I  DAH7PSs are needed 

to determine the evo lut ionary relat ionship between these t wo apparently unrelated types 

of DAH7PSs. Characterizat ion of the two pathogenic type I I  enzymes may also aid in  

t he future development of type-spec ific ant ibiot ics. 

The spec i fic goals of this project are to : 

• C lone, express and so lubi l ize type n DAH7PSs from H. pylori and M. 

tuberculosis. 
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• Funct ional ly  characterize a type I I  DAH7PS enzyme to invest igate 

whether it catalyzes a simi lar reaction to type I enzymes. 

• I nvest igate t he substrate spec ificity o f  a type I I  DAH7PS using substrate 

analogues of E4P. 

• Solve the structure of a type 1 I  DAH7PS e nzyme and compare this to the 

known structures of type I enzymes. 

• Perform mutagenesis and structural studies to probe act ive s ite residues 

and determine their role in catalysis. 

• I nvest igate t he feedback-regulat ion of both type I I  enzymes, usmg 

funct ional  and structural methods. 
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CHAPTER TWO 

EXPRESSION, SOLUB I L I ZATION AND B IOCH EM ICAL 

C HARACTERIZATION O F  TYPE 11 DAH7PS F RO M  H. PYLORI 

2. 1 I ntroduction 

H. pylori strain 199 is a pathogenic Gram-negative bacterium which colonizes the 

gastric and upper intest inal epithe l ium of  humans. This organism has been establ ished 

as the major aetio logical agent of c hronic gastrit is, is associated with pept ic u lcers and, 

more recent ly, has been l inked to the development of gastric cancer. 1 45 . 1 46 The genome 

of th is  human gastric pathogen encodes a s ingle DAH7PS that belongs to the type I I  

fam i ly .  The characterizat ion o f  microbial type I l  DAH7PSs has been l imited compared 

to that of type I enzymes. The on ly reported invest igat ions on microbial type I I  

DAH7PSs are from Streptomyces,37, 1 1 7. 1 1 8 . 1 2 1 , 1 47 N crassa. 37, 1 1 9, 148, 1 49 and X 
campestris. 38 Most of these studies have been performed on partial ly  purified protein, 

and were carried out prior to the avai labi l ity of primary sequence informat ion.  Hp­

DAH7PS is the first mjcrobial type 1 1  enzyme to be characterized where complete 

genomic informat ion supports its ro le in primary metabo l ism. The expression, in vivo 

solubi l izat ion, purificat ion and biochemical characterizat ion of Hp- DAH7PS wi l l  be 

d iscussed in this chapter. 

2.2 Cloning and Expression of Hp-DAH7PS 

D A corresponding to the open reading frame ( ORF) of Hp-OAH7PS, from H. pylori 

strain 199 genomic DNA, was l igated into pET-32a(+)  and used to transform E. coli 

BL2 1 ( OE3 ) cel ls ( for further detail s  refer to Chapter Six) .  SOS-PAGE analysis of the 

who le ce l ls showed an over-expressed protein of the predicted subunit mo lecular weight 

for Hp-OAH7PS ( M W  -5 1 kDa). Fol lowing ce l l  lysis and centrifugat ion this protein 

was evident on ly in the pel let fract ion ( figure 2 .2, lane 6). 0 DAH7PS act ivity was 

observed in the supernatant ( figure 2 .2  lane 5 ), suggesting that the enzyme was 

completely inso luble. The Hp-OAH7PS insert in the expression plasmid was sequenced 

and found to be ident ical to the predicted sequence.  Standard strategies to improve the 
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so lubi l it y  of  recombinant heterologous protein In E. coli were invest igated witho ut 

success. These inc luded decreasing the growth temperature from 37 QC to 30 QC or 25  

QC, lowering the concentrat ion of I PTG from 1 mM to  0 .2  mM, and performing growth 

time tria ls a t  two, four, six, and e ight hours post-induct ion. Four hours post- inductio n  

gave the best over-expression but a l l  condit ions showed oAH7PS i n  the pel let fract ion 

after lysis .  The effect on so lubi l ity of  several addit ives to the lysis  buffer were tested:  

OTT (2 mM), KC l ( 200 mM), Thesit (0 .005 %), EO TA ( 1  mM ), M nS04 ( 1 00 IlM ), PEP 

( 200 IlM ), and protease inhibitor ( EoTA-free cocktai l ) .  These addit ives were 

ineffect ive at solubi l iz ing recombinant Hp-oAH 7 PS.  

The next  step was to  try t ransforming the p lasmid into Origami B ( oE3 ) ce l l s  whic h 

have a less reduc ing cytoplasmic environment that faci l itates cytop lasmic d isul fide bond 

format ion. Cel ls were grown at 37 QC, innocu lated with either 1 mM or 0 .2 mM I PTG, 

and harvested two hours after induction. Recombinant oAH7PS was st i l l  inso luble.  

Cel ls  were grown at 30 QC unt i l  00600 �0.5  and then transferred to 22 QC, induced with 

0.2 mM [ PTG and then harvested either three, six,  or seventeen hours after induct ion. 

Cel ls were lysed in the presence of either OTT (2 mM), Thesit ( 0 . 005 %), or EoTA-free 

protease inhibitor cocktai l .  Results showed that none of these cond it ions were 

successful in produc ing so luble and act ive Hp-DAH7PS protein. 

2.3 Co-expression of Hp-DAH7PS and E. coli Chaperonins 

Among the numerous strategies that have been developed to overcome the problem o f  

inc lusion body format ion in E. coli, co-expression o f  mo lecu lar chaperones is becoming 

increasingly popular. 1 50 Based on the observat ion of Houry et at 1 5 1 that E. coli 

DAH7PSs are substrates for E. coli chaperonins, we co-expressed GroELlGroES and 

Hp-DAH 7PS in E. coli. 

GroEL is a homo-ol igomer of fourteen subunits, each of mo lecular mass 5 7  kDa, which 

are arranged i nto two heptameric r ings, forming a cy l  indrical structure with two large 

cavities. 1 52 Typ ical ly, incorrect ly fo lded proteins d isplay exposed hydrophobic regions, 

which are recognized by Gro E LlGroES.  The substrate protein binds in the central 

cavity of the cy l inder, interacting with the hydrophobic surfaces exposed by t he 
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GroELlGroES complex ( figure 2. 1 ) . The ring-shaped cofactor GroES then binds to 

GroEL in  an ATP-dependent react ion, c los ing off the cavity from t he crowded E. coli 

cytosol, giving the mis-fo lded protein a second c hance to fo ld into its native 

conformation. After 6- 1 0  seconds of fo lding, when GroEL-bound ATP is hydro lysed to 

ADP, ATP binding to the opposite ring o f Gro E L  triggers the dissoc iation of GroES and 

the fo lded protein from GroEL . 1 52, 1 53 Proteins that are heavi ly  dependent on GroEL 

may require several rounds of interaction with  GroEL to  reach their nat ive state. I S  I 

G ro ES ..... 

Figure 2 . 1  

t I 
• Misfolded protein • Newly folded protein 

Schematic diagram of G roEL-GroES cycle 

I ncorrectly folded protei n binds in the central cavity of G roEL (blue sphere), 

followed by the binding of G roES and ATP to GroEL.  After 6-1 0  seconds of 

folding, when GroEL-bound ATP is hydrolyzed to ADP, the newly folded 

polypeptide (green rectangle) is released from the G roELlGroES complex. 

Numerous examples of GroELlGro ES-mediated in vivo so lubi l izat ion of 

homo logously ' 54 and heterologously l 55, 1 56 overexpressed proteins have been reported. 

Houry et al. found that substrates for GroE LlGro ES consist preferent ial ly of two or 

more domains containing a�-fo lds, which contain a-he l ices and buried �-sheets with 

extensive hydrophobic surfaces. The theoretical size l imit for GroELlGroES is 

approximate ly 60 kDa. 1 53 The E. coli type I DAH7PSs belong to the a ldo lase 

superfami ly,7 1 a member of the TI M �/a-barre l fo ld. Whi le an evo lut ionary relat ionship 
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between type I and type I I  enzymes had not been establ ished at the t ime, some 

automated servers 1 57 predicted that Hp-OAH 7PS is structurally re lated to the type I 

enzymes. A Superfamil/ 58 analysis of Hp-OAH7PS suggests that central regions of the 

sequence of this e nzyme may be long to the T I M  �/a-barre l fo ld aldo lase and eno lase C­

terminal domain- l ike superfami l ies. 

The co-expression of Hp-OAH7PS and GroELlGroES was performed by t ransformjng 

pET-32a(+)-Hp-DAH7PS and a plasmid containing the ORFs of  E. coli Gro E L  and 

GroES, pGroESL ( kindly donated by Or Mark Patchett) ,  into E. coli BL2 1 ( DE 3 )  cel ls .  

The first of  the t wo plasmids was successfu lly  introduced into the ce l ls  by chemical 

transformation, however the second plasmid cou ld not be introduced into the competent 

cel ls  using this protocol .  To overcome this problem e lectro-competent B L 2 1 ( DE3 )­

pGroESL cel ls  were made and transformed with pET -HpyOAH 7PS by e lectroporation. 

I t  should be noted t hat E. coli BL2 1 (OE3 )/pGroESLlpET-HpyOAH7PS ce l l s  took twice 

as long to grow compared with the growth of ce l l s  transformed with pET - HpyOAH7PS 

alone. 

The cells were grown at 37 QC unt i l  an 00600 of  -0.6  was reached when the cel ls  were 

transferred to 25  QC and induced with I mM I PTG. The cel l s  were harvested six hours 

after induction. The cel ls  were l ysed by sonicat ion. After removal of ce l l  debris by 

centr ifugation, approximately 65 % of the Hp-DAH7PS was found in the supernatant 

( figure 2 .2 lane 3 ) , whi le the remaining 3 5  % was found in the pel let ( figure 2 .2 ,  lane 4 ) .  

The supernatant exhibited OAH7PS act ivity. Lys i s  condit ions were varied i n  an  attempt 

to opt imize the propol1ion of so luble protein. The add it ion of salt ( KC! ) ,  detergents 

(Thesit and n-octy l  p-o-gluco-pyranoside), E DTA, PEP or metal ( M nS04) to the lysis 

buffer did not enhance the so lubi l ity of the recombinant DAH7PS. 

40 



Figure 2.2 
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SOS-PAGE analysis of Hp-OAH7PS in supernatants and pellets after cell 

lysis. SOS-PAG E was performed on a 12 % polyacrylamide gel and protei n  

bands visualized with Coomassie Bri l lant Blue R250. 

BL21  (OE3)/pGroES UpET-HpyOAH7PS, Preinduction: Lane 1 - supernatant; 

Lane 2 - pellet. BL21  (O E3)/pG roESUpET-HpyOAH7PS, I nduced cel ls Lane 3 -

supernatant; Lane 4 -pel let. BL21 (OE3)/pET-H pyOAH7PS, Induced cel ls: Lane 

5 - supernatant; Lane 6 pellet. BL21 (OE3)/ pGroESL, Induced cel ls: Lane 7 -

supernatant; Lane 8 -pel let. 

2.4 P u rification of Hp-DAH 7PS 

A two-step purification procedure based on the theoret ical isoelectric point (p I ) ( 7. 5 )  of  

Hp-DAH7PS was developed . The results are summarized i n  table 2 . 1 .  A substant ia l 

amount of protein was lost throughout the purification as fract ions pooled were selected 

for purity rather than for total enzyme recovery. I t  should also be noted that 

endogenous E. coli DAH 7PS wi l l  account for some of the DAH7PS act ivity detected in 

the crude lysate fraction. 

Who le cel ls were lysed uSl11g a French Press and the crude lysate was c larified by 

centrifugat ion. The supernatant was then di luted and app l ied to an anion exchange 

( Source 1 5Q®) co lumn. To determine the optimum pH for loading Hp-DAH7PS onto 

the source 1 5Q® colunm a batch adsorption test was performed with an al iquot o f  
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Source 1 5Q® resin at pH 6.5 ,  7 .5 and 8 .5 .  The highest p H  was required for the b ind i ng 

of Hp-DAH7 PS to the Source 1 5Q® resin ( figure 2 . 3 ) .  This result was con firmed by 

activity assay, therefore crude lysate was loaded o nto  the column equ i l ibrated in pH 8 . 5  

buffer ( BTP ( 1 0 mM), DTT ( 2  mM)) .  Hp-DAH7PS was eluted off the Source 1 5Q@ 

column in approximately 1 50 mM NaCI .  

Figure 2.3 

97.4 kDa 

66.2 kDa 

45.0 kDa 

3 1 .0 kDa 

2 1 .5 kDa 

p H  

� 
6.5 7.5 8.5 

.� __ G ro E L  
� 

DAH7PS 

SDS analysis of binding of Hp-DAH7PS o nto Sou rce 1 5Q® resin using 

different pHs. Lane 1 and lane 2 are the supernatant and pellet fractions after 

cel l lysis. The whole cel ls were resupsended i n  either pH 6 .5, 7 .5 or 8 .5  buffer, 

lysed and added to Source 1 5Q® resi n .  The resin was then washed with the 

appropriate pH buffer and the unbound protein  fractions analyzed by S OS­

PAG E on a 1 2  % polyacrylamide gel and protei ns visual ized with Coomassie 

Bri l lant B lue R250. 

I n  the first few purificat ions of Hp-DAH7PS the next step was a second passage down 

t he Source 1 5Q® colunm equi l ibrated in pH 7.0 buffer. This acted as a negat ive 

purification in  which Hp- DAH7PS passes through the colunm unbound, and 

contaminat ing E. coli proteins bind and e lute in a salt gradient . Due to the instabi l ity  o f  

Hp-DAH7PS upon di lut ion o f  the protein (Section 2 . 5 )  future purificat ions o f  Hp­

DAH7PS exchanged th is purificat ion step for a cat ion exchange ( Mono S®) colunID. 

Fractions containing Hp- DAH7PS were pooled after t he Source 1 5Q® colunm and 

buffer exchange in pH 6.5 buffer was performed Lls ing a 1 0  kDa M WCO concentrator 
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( V ivascience) .  A pH of  6 .5  was chosen to load Hp- DAH7PS onto the cat ion exchange 

column as it is one unit below the predicted pI for the enzyme and act ivity assays 

indicated that Hp-DAH7PS is act ive at this pH, reassuring that the enzyme is stable at 

th is pH.  SDS-PAGE analys is of  the pooled fract ions from the cation exchange co lumn 

containing Hp-DAH7PS showed that the GroEL protein had been substantial ly 

separated from H pylori enzyme so that on ly a s ing le major band of �5 1 kDa was seen 

( figure 2 .4,  lane 3 ) .  I n  subsequent purificat ions a Source 1 5S® column was subst ituted 

for the Mono S® column with simi lar results. This purificat ion step resulted in protein 

with >95 % purity. Purifications using both cation exchange co lumns resulted in Hp­

DAH7PS being eluted off the column in approximately 1 30 mM NaCI. 

In later purificat ions a s ize exc lusion step was added which resulted in pure ( >99 %) 

protein. A Superdex S200 column was used as the final  step in the purification with the 

buffer consist ing of BTP ( 1 0 mM), DTT ( I  mM ), PEP ( 200 � M )  and MnS04 ( l OO �M)  

a t  pH 7 .0) .  I nit ial concerns over enzyme stabi lity meant that earl ier purificat ions d id not 

i nc lude this step. It should be noted that BTP was used as the buffer throughout the 

ent ire purification due to its wide pH buffering range and because it has a tertiary amine 

group that does not interact with E4P. 

Purification Step Total Total Specific % Yie ld 
p rotein enzyme activity 
( m g) activity ( U n its mg- I ) 

(U nits)b 

1 .  Crude lysate 333 69.0 0.2 1 1 00 

2. Source 1 5Q"' 1 2  1 1 .5  0.96 1 7  

3.  Mono S® 2 7.4 3.70 1 1  
. . . a Table 2 . 1  Two-step pU rification procedu re of Hp-DAH7PS 

aPurification of a 333 mL culture of BL2 1  (OE3)/pG roESUpET-HpyOAH7PS 

bOetermined by measuri ng the loss of PEP at 232 nm at 30 QC .  
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Figure 2.4 
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SDS-PAGE analysis of pu rification of Hp-DAH7PS. 

Cells pel leted from a culture of E. coli B L2 1  (DE3)/pGroESL/pET -Hpy-DAH7PS 

were re-suspended and the cell lysate clarified by centrifugation to yield a 

supernatant fraction ( lane 1 ) . Lane 2 :  Source 1 5Q® fractions, pooled and 

concentrated . Lane 3:  Mono S® fractions, pooled and concentrated . SDS­

PAG E analysis was performed on a 1 2  % polyacrylamide gel and protein  bands 

visual ized with Coomassie Bri l lant Blue R250. 

2.5 Stability and DTT Reactivation of  Hp-DAH7PS 

The stabi l ity of Hp-DAH7PS (after passage through a Source l SQ® column, �2 mg/mL )  

was tested at p H  8 .5 under different storage cond itions. About 1 0  % o f  enzyme act ivity 

was retained after two days stored at 4 °C, whereas enzyme stored at -80 °C after rapid 

freezing in l iquid nitrogen retained the majority of its act ivity ( �90 %).  Protein stored at 

-80 °C appeared to retain activity for at least two months i f  stored at this temperature. 

Enzyme preparat ions with concentrat ions less t han 2 mg/mL exhibited significant loss 

of activity over two days even when stored at -80 °C .  

The instabi l ity of Hp- DAH7PS was part ial ly  overcome by the inc lus ion of  DTT ( 1  m M )  

i n  a l l  purification buffers. Whereas the absence of  reduc ing agent necessitated a rapid 

two-step one-day purificat ion, t he addition of DTT al lowed protein purificat ion to be 

carried out in three-steps, over two days, with no significant loss of enzyme act ivity. 

Enzyme instabi l ity was also observed by Gosset et al. during t he purificat ion of type I I  
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DAH7PS from X campestris. 3 8  They repotted increasing i nstabi l ity during purificat ion 

or on d i lut io n, which they overcame by carrying out a one-day purificat ion of t he 

enzyme. I n  contrast to DAH7PS from H. pylori the X campestris type I I  enzyme was 

reportedly not stabi l ized by the presence of reduc ing agent . 

DTT was found to protect Hp-DAH7PS from loss of act ivity at 4 °C, and DTT also 

restored activity to partial ly i nact ivated protein.  The reactivat ion of Hp-DAH7PS by 

DTT was performed on purified enzyme, which had been stored at 4 °C for twenty-fo ur 

hours without DTT present, retaining approximately 20 % of its original act ivity .  

I ncubat ion of this partial ly inact ivated enzyme with 1 mM DTT prior to in it iat ion of the 

assay ful ly  restored enzymic act ivity. The addit io n  of 0 . 1 - I mM OTT to enzyme 

preparat ions prevented the loss of enzyme act ivity over twenty hours at 4 cc. Hp­

DAH7PS appears to be indefll1ite ly stable at -80 °C when stored in the presence of 1 

mM DTT at concentrat ions greater than 2 mg/mL. 

DTT act ivat ion has been reported for a number of type 1 1  DAH7PSs. P lant DAH7PSs 

have been shown to be hysteret ical ly act ivated by DTT, and recent ly it  has been 

reported that an A rabidopsis isoenzyme requires reduced thioredoxin for act ivity.67 

DTT enhanced the maintenance of  activity of  the microbial type I l  DAH7PSs from S. 

aureofaciens and S. coelicolor. 3 7, 1 2 1  I n  contrast, the act ivity of the unstable part ial l y  

purified OAH7PS from X campestris was not  enhanced by  DTT.38 Whi le the act ivity 

o f  type I DAH 7PSs appears to be dependent on conserved cysteine residues, no 

particular requirement for reduc ing reagents has been reported.89 
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2.6 Molecular M ass Determ ination of  Hp-DAH7PS 

To determine the mo lecular mass of Hp-DAH7PS size exc lusion chromatography was 

used with protein standards of known mo lecular mass. The quaternary structure of Hp­

DAH7PS in so lut ion could then be determined by extrapolat ion from a standard curve 

of the log mo lecular mass against elution t ime for the protein standards ( figure 2 . 5 ) .  

Hp-DAH7PS was est imated t o  be 1 00 kDa which suggests the enzyme i s  d i meric in  

solut ion. Th i s  i s  consistent with other type I and type n DAH7PSs that have been  

repolted to  be e ither dimeric or  tetrameric . 

Protein 

�-amylase 

Alcoho l  dehydrogenase 

Hp-DAH7PS 

Albumin 

Cytochrome C 

2.5 

2 

� 
E 1 .5 OJ .2 

Molecular mass (kDa) Elution time ( min) 

200 3 1 .25  

1 50 34 .8  

1 00 (by extrapo lat ion )  3 6 .0 

66 3 7. 8  

1 2 .4  49 .2  

0.5 +-----�---�-'----�---�---� 
25 30 35 40 45 50 

Elution time (mins) 

Figure 2.5 Standard curve of log molecular mass versus elution time for Hp-DAH7PS 

The molecular mass of Hp-DAH7PS was determi ned by plotting the logarithms of 

the known masses of protei n standards against thei r elut ion times. Refer to 

C hapter Six for experimental detai ls. 
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2.7 C rystallization Trials with Hp- DAH 7PS 

Over five hundred different condit ions were screened using the Centre for Molecular 

B iodiscovery crystall izat ion faci l ity and a l l  conditions were unsuccessful in producing 

crystals of  Hp-DAH7PS. Crystal l izat ion trials were performed using freshly purified 

protein and protein stored at -80 °C, as we l l  as d ifferent protein concentrations, and a l l  

were found to  be unsuccessful .  The focus of crystal l ization efforts then switched to 

another type 1 1  DAH7PS, Mt-DAH 7PS (described in Chapter Three ). Further 

investigat ion of  the conditions required to crystal l ize the H pylori protein are essent ial, 

as structural information may help in explaining the differences in feedback regulation 

between Mt-DAH7PS and Hp-DAH7PS ( refer to Chapter Four), which cannot be 

explained at the primary sequence level .  

2.8 K inetic M echanism of Hp-DAH 7PS 

The reaction catalyzed by DAH7PS is a two-substrate two-product ( bi-bi) react ion. 

There are three possible kinet ic mechanisms for a two-substrate two-product reaction as 

seen in figure 2 .6 .  The reaction mechanism may be sequential, where both substrates 

bind to the enzyme to form a ternary complex before the first product is formed, or 

ping-pong, where the first product leaves before the second substrate binds and the 

second substrate cannot bind to the enzyme but binds to the modified enzyme 

complex. 1 59 A sequent ial mechanism can be either random, where both substrates and 

both products bind to the same form of enzyme, or ordered, where the order of binding 

and re lease from the enzyme is compu lsory as both substrates and products bind to 

different enzyme forms. To compl icate things further, a ping-pong mechanism could 

appear to be sequent ial if there is a de lay in the first product be ing released, giving the 

appearance that the second substrate has bound first. 

Studies on type I DAH7PSs have indicated that this family o f  enzymes catalyze an 

ordered sequential react ion, where PEP binds first and DAH7P is the last product to 

leave the enzyme ( refer to Chapter One, Section 1 .9 ) .  To invest igate the reaction 

catalyzed by the type II Hp-DAH7PS double-rec iprocal ( Lineweaver-Burk) plots of 

initial-ve loc ity data were used to determine whether the reaction mechanism is  

sequential or ping-pong. To dist inguish between random and ordered mechanisms 

product inhibit ion studies were performed using DAH7P. 
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Figure 2.6 
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Sequential or Ping Pong Mechanism 

I ni t ia l  velocity values were determined as a funct ion of the concentrat ion of one 

substrate at various fixed concentrat ions of the other substrate. Al l  measurements were 

done in duplicate to reduce error. Double-reciprocal p lots generated from these 

measurements showed intersect ing l ines consistent with a sequent ial k inet ic  

mechanisml 60 ( figure 2.7) .  This i s  also consistent with the mechanism determined for 

DAH7PSs from E. coli (Ec-DAH7PS(Tyr)),75 Salmonella typhimurium1 32 and S. 

cerevisiae. 65 

(a) 
0. 14  

.:; 0 . 12  
c: 

·e 0 . 1  

� 0.08 
� 
� 0.06 

<: 0.04 
..... 

0.02 

o "----
-0.05 0 0.05 0. 1 0. 1 5  0 .2 

1 /[E4P] ( 1 /IJM)  

(b) 

0 . 14  

� 0. 1 2  
'c: 
·e 0. 1 

� 0.08 
::l. 2. 0.06 

<: 0.04 

0.02 

o 
-0.06 -0.01 0.04 

1 /  [PEP] ( 1 /IJM)  

0 .09 

F igure 2.7 Determination of the kinetic mechanism of Hp-DAH7PS 

(a) Double-reci procal plots of i n itial velocities of DAH7PS as a function of E4P 

concentration at d ifferent PEP concentrations ( 32 .5 IJM (0) ,  1 6. 8  IJM (6) ,  1 2. 3  

IJM (0), and 9 . 9  IJM (e) ) .  (b )  Double-reciprocal plots of i nitial velocities of 

DAH7PS as a function of PEP concentration at different E4P concentrations 

(200 I-JM (0) , 1 00 I-JM (6),  50 I-JM (0) ,  and 20 I-lM (e) ) .  

Random or Ordered Sequential Mechanism 

The use of inhibitors, which compete with o ne of the substrates for a site on the enzyme, 

can give useful informat ion as to the mechanism of catalysis. For L ineweaver-Burk 

p lots drawn for experiments performed using a fixed concentrat ion of o ne substrate and 

varying concentrat ions of the second substrate at d ifferent inhibitor concentrat ions, t he 

overa l l  pattern wi l l  be compet it ive ( inhibitor binds to same enzyme- form as the variabl e  

substrate) if a l l  the lines converge on the Y-axis. This is because the addition o f  a 

competit ive inhibitor does not affect Vlllax but it alters t he apparent KM of the variable 
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substrate. On the other hand, if a series of  paral lel  l ines i s  obtained at different inhibitor 

concentrations the overal l  i nhibit ion pattern is presumed to be non-competit ive . 1 59 Non­

competit ive inhibitors a lter Vmax whi le leaving the apparent binding affinity o f  t he 

enzyme for the substrate, KM, unaltered. 

Product inhibit ion stud ies were performed using DAH7P .  L ineweaver-Burk p lots were 

created as a fu nct ion of the concentrat ion of one substrate, PEP ( figure 2 . 8  ( a) )  and E4P 

( figure 2 .8  ( b) ), at various fixed DAH7P concentrat ions. Dupl icate measurements were 

performed and in the case o f  discrepanc ies a tripl icate measurement was taken. The 

convergence of the l ines o n  the Y axis in figure 2 . 8  ( a) indicates that DAH7 P  IS a 

compet it ive i nh ibitor with respect to PEP. The paral le l  l ines in figure 2 . 8  ( b) indicate 

that DAH7P is a uncompetit ive inhibitor with respect to E4P. Results therefore reveal 

that DAH7P binds to the same enzyme form as P E P  and an ordered sequent ial  

mechanism is operating for Hp-DAH7PS where PEP binds first to the enzyme and 

DAH7P is the last product to be released ( figure 2 .9) .  

(a) 

0.8 

, 0.6 
c: 
'E 
� 0.4 � 
� 
� 0.2 
< 

o ��:::::==-=----,-
-0.05 o 0.05 0.1 0. 1 5  

1 /[PEP] ( 1 /IJM) 

(b) 0.2 

� 0. 1 5  

'E 
::2 0. 1 :::l. 
-.. 
..-
'-" 

< 0.05 

o 
-0.02 0 .02 0.06 0. 1 0. 1 4  

1 /[E4P] ( 1 /IJM) 

F igure 2.8 P roduct inhibition of Hp-DAH7PS with DAH7P 

Double-reciprocal plots of in it ial velocities are g iven as a function of (a) PEP 

when the DAH7P concentrations were none ( 0 )  1 mM (0)  or  2 mM (6) ;  (b) 

E4P when the DAH7P concentrations were none (0) ,  1 m M  (0)  or 2 m M  (,6) .  
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F igure 2.9 Proposed order of substrate binding and product release 

The L ineweaver-Burk plot has been crit ic ized o n  several grounds with the malO 

criticism being the large weighting it gives measurements made at low substrate 

concentrat ions, which general ly  carry the most error. Compared with other l inear 

transformations of the M ic hael is-Menten equation ( Eadie-Hofstee ( Vo vs Vo/[SoJ ) and 

Hanes ( [So]/Vo vs [So] ) )  breaks in l inearity are less obvious and this is impol1ant when 

i nvest igating reaction mechanisms. 1 59 The L ineweaver-Burk p lots have been used here 

to d isplay steady-state k inetic results for Hp-DAH7PS for consistency with previously 

published DAH7PS kinet ic studies. 1 32 Analysis of the Hp-DAH7PS data using other 

l inear transformat ions y ie lds ident ical conc lusions. 

2.9 Facial Selectivity of the Hp-DAH7PS-Catalyzed Reaction 

Whi le it is evident from the arabino configurat ion of the product that the re face of the 

a ldehyde is attacked by PEP in the reaction, the use o f  a PEP analogue that distinguishes 

between the two geminal protons at C3 is required to determine the face of the eno l 

phosphate that is invo lved ( figure 2 . 1 0) .  (Z)-3-F l uoroPEP ( figure 2. 1 1 ) acts as an 

a lternative substrate to PEP for Hp-DAH7PS ( /!;llax approximately 20 % of that with 

PEP) .  This compound was used to determine the stereochemical course of the enzymic 

reaction, by react ing (Z)-3-fluoroPEP with E4P and determining the posit ion of fluorine 

in the product .  The proton coupled 1 9F N M R  spect rum of the product 3-fluoroDAH 7P 

showed a single resonance at  -206.6 ppm that was sp l it with coupl ing constants of  49. 1 
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and 30 . 1 Hz ( figure 2 . 1 2a).  This spectrum is identical to that obtained when the type I 

Ec-DAH7PS( Phe) is used to catalyze the react ion. 1 6 1  The coupl ing constant value 

indicates that the fluorine occupies an axial posit ion and that ( 3 S)-3-fluoroDAH7P is 

generated in the enzymic react ion  ( figure 2 . 1 2b) .  I t  is therefore reasonable to conclude 

that the Hp-DAH7PS catalyzed reaction proceeds via interaction of the si face of P E P  

(equivalent to the re face o f ( Z)-3-fluoroPEP)  and the re face of  E4P. 

Fig u re 2.1 0  The two possible attacks of PEP on the re face of E4P 

CO2-

Fy(O PO,'_ 

H 

(Z)-3-fluoroP EP 

Figure 2.1 1 
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Figure 2 . 1 2  

(a) 

(b) 

I 
-2Q6 . 0  

HO 

E4P 

I 
-206 . 5 

I 
-207.0  

H. pylori DAH7PS 

OPO 2- JFH = 49. 1  Hz �- : - - - - - - - -( .. 
HO , -0 '-. 

HO " , CO2- ': 
" H : 

H ... : \OH /: \ " , - ' "'- � , "  

JFH = 30. 1 Hz 

(3S)-3-fluoroDAH7P 

Stereochemical cou rse of the Hp-DAH7PS-catalyzed reaction.  (a) 19F NMR 

spectrum (376 M Hz) of product obtained by  reaction of (Z)-3-fluoroPEP with 

E4P catalyzed by H. pylori DAH7PS. (b) Generation of (3S)-3-fluoroDAH7P. 

The axial position of the fl uorine is confi rmed by the large diaxial vicinial 19F_1 H 

coupl i ng constant of 30. 1 Hz. 

2. 1 0  I n itial Kinetic Parameters for Hp-DAH7PS 

The steady-state k inet ic constants for freshly purified Hp-DAH7PS were measured 

fo l lowing the d isappearance o f  PEP. I n it ial velocity values were determined as a 

funct ion of the concentration of one substrate at various fixed concentrat ions of the 

other substrate. The apparent KM values for E4P and PEP were 6 ± 1 �lM and 3 ± 1 �M 

respect ively, and the kcal value was calculated as 3 .0 ± 0 .3  S- I ( figure 2 . 1 3 ) .  
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F igure 2. 1 3  
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Michaelis-Menten plot for d etermination of KM val ues fo r E4P A, and PEP 

B.  I n itial velocity val ues were determined as a funct ion of  E4P A ,  and PEP B ,  

concentration at fixed concentrations o f  PEP A ,  and E 4 P  B .  The reaction 

consisted of E4P (7 IJM to 670 IJM), M nS04 (94 IJM), and PEP (5 IJ M  to 380 

IJM), in BTP buffer (50 mM, pH 7. 5). The reaction was i nitiated by the addition 

of purified Hp-DAH7PS (2 IJL, 1 0  mg/m L and carried out at 30 QC. KM and kcat 
val ues were determi ned by fitti ng the data to the M ichaeli s-Menten equation 

using Enzfitter (Biosoft). 

The KM values for Hp-DAH7PS are broadly in l i ne with the k inetic c onstants reported 

for other type I l  DAH7PSs (table 2 .3 ) .  It should be noted that the c haracterizat ion of  

the H pylori and X campeslris DAH 7 PSs has been performed on recombinant protein, 

while the other enzymes listed in table 2 . 3  were purified from nat ive sources. As it is 

now known t hat some of these organisms possess more than one type I I  para log, it is 

possible that the characterist ics have been determined on a m ixture of  nat ive 

Isoenzymes. 

54 



2. 1 1  M etal Reactivation of Hp-DAH7PS 

As with a l l  other DAH7PS examined to date Hp-DAH 7 PS act ivity i s  dependent on  the 

presence of a d ivalent meta l  ion ( refer to Chapter One) ( table 2 .2 ) .  For Hp-DAH7PS 

metal ion react ivat ion stud ies buffer and substrate so lut ions were pretreated with Che lex 

to minimize the presence of  metal ions from other sources. Enzyme act ivity was not 

detectable fo l lowing treatment with E DT A (0 . 5  mM) for thirty minutes at 4 °C. This 

differs from the observat ions of Gosset et ai, 38 Gorisch et ai,
1 2 1 and Yoo et all l S for 

DAH7PSs from X campestris, S. aureofacien and S. caespitosus respectively, where 

E DT A treatment caused only part ial inact ivat ion. Enzyme act ivity could be restored by 

t he inc l usion o f  a variety of divalent metals in the act ivity assay. As can be seen in  

table 2 .3  activity was restored upon add it ion of Co2+, M n2+, Ca2+ Mg2+ or Cu2+ however 

Zn2+, Cd2+ and i2+ did not apprec iably restore act ivity. A ltho ugh Co2+-activated 

enzyme gave the fastest reaction rates M n2+ is used in a l l  assays of Hp-DAH7PS. This 

is to allow comparisons with the type I DAH7PSs, which have general ly  been 

characterized in the presence of  Mn2+. The order of  reactivat ion  of Hp-DAH7PS is 

comparable with that reported for other microbial type I l  enzymes ( table 2 .2 )  that also 

h 
. . . I C 2+ 38 1 1 8  1 62 S ow greatest act ivIty WIt 1 0 . . . 

Divalent metal 

C02+ 

Mn2+ 

Ca2+ 

Mg2+ 

Cu2+ 

Z 2+ n 

Cd2+ 

N i2+ 

EDTA 

% activity 

1 00 

76 

58  
..., ..., 
j j  

1 2  

5 

2 

I 
0 

Table 2.2 Effect of divalent metals on Hp-DAH7PS activitya 

aStandard assay condit ions detai led i n  Chapter Six were used. 
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O rganism KM(PEP) 

(f.lM ) 

H pylori ") 
j 

X campestris 1 30 

S. coelicolor 92 

S. caespifosus 
t 430 

S. rimosu/ 6.7 

S. aurefaciens 
-r 300 

N. crassa 1 2  

KM(E4P) 

(IlM) 

6 

230 

1 95 

220 

2 .6 

1 60 

2 . 7  

Activation b y  divalent 
metal (decreasing order 
of effect) 

2+ 2+ 2+ 2+ Co , Mn , Ca , Mg , 

C 2+ Z 2+ U , n 

C 2+ Z 2+ M 2+ N ·2+ o , n ,  n ,  I , 

M 02+ C 2+ C 2+ F 2+ b , a , U , e 

Not repol1ed 

2+ 2+ 2+ d Co , Zn or Mn re�ore 

act iv ity to EDT A treated 

·2+ 2+ d enzyme. N I  , Fe an 

Ca2+ inhibited act ivity. 

Not reported 

Part ial  inactivat ion with 

EDTA 

E DT A-sensit ive 

Table 2.3 Comparison of properties of microbial  type 1 1  DAH7PSs 

Reference 

This study 

38 

37 

1 62 1 1 8 

1 1 7 

1 2 1  

1 1 9 

tNo primary sequence information i s  avai lable for these enzymes, however the 

DAH7PSs from these species are h igh ly  l ikely to be type 1 1  enzymes as they all 

have subunit molecular masses of approximately 50 kDa. 

2. 1 2  Substrate Specificity 

A number of monosaccharide phosphates were tested as a lternative substrates to E4P 

( figure 2. 1 4-2 . 1 8  and table 2 .4) .  The three-carbon DL-glyceraldehyde 3 -phosphate ( G3 P) 

and the six-carbon D-glucose 6-phosphate ( G6 P )  were not substrates for Hp-DAH7PS. 

The E4P analogue 2-deoxyE4P, w ith the C2 hydroxyl group removed, was an excel lent 

substrate. A variety of five-carbon sugar phosphates in which the C2  hydroxyl was 

e ither absent ( 2-deoxy-D-ribose 5-phosphate ( R5 P ) ), or in either possible configurat ion 

( ( D-arabinose 5-phosphate (A5P)  and R5 P)  were a lso able to act as substrates. A large­

scale reaction of P E P  with R5 P catalyzed by Hp-DAH7PS was performed. The I H 
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N M R  spectrum of  the product isolated after purificat ion was identical to the reported 

data for 3-deoxy-D-altro-octulosonate 8-phosphate,77 conflIming that the loss of PEP i s  

catalyzed b y  Hp-D AH7PS. 

The abi l ity of  Hp- DAH7PS to accept , although relat ively poorly, five-carbon sugars, in 

which the C2 hydroxyl group is e ither absent or  present in either possible configurat ion, 

and not accept three or six-carbon sugars as a lternat ives to E4P,  paral lels observat ions 

made with the type I DAH7PSs from E. coli77 and P. furiosus. 47 However, whi le 2dE4P 

was found to be an exce l lent substrate for H. pylori and P. jilriosus enzymes,47 it was 

not as effic ient ly ut i l ized by E. coli DAH7PS. 1 63 Substrate specificity studies have not 

been performed on any other microbial type I I  enzymes to date .  

A5P 
O H  O H  

2-03PO�O 

OH 

2d E4P 

E4P 
O H  

R5P 
O H  O H  

2-03PO�O 

OH 

2d R5P 

2-03PO�O 

OH 

O H  
2-03 P O�O 

OH 

OH O H  
-:- -:- 0 

2-03PO� 
O H  OH 

G3P G 6 P  

Figure 2 . 14  Phosphorylated monosacch arides tested as  substrates for Hp-DAH7PS 
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Substrate KM (mono) KM (PEP)  kcat (S- I ) kcat / K1\'. ( m ono) 

(IlM) (IlM) (IlM-I . S- I ) 

E4P 6 ± 1  3. 1 ± 0.5 3.0 ± 0.3 0.5 

2 d E4P 1 8  ± 2  5 ± 0.3 6.0 ± 0.3 0.3 

R5P 1 050 ± 95 2.4 ± 0.2 1 .2 ± 0.0 1 0.00 1 

2 d R5P 3040 ± 230 5.2 ± 0.5 1 .0 ± 0.03 0.0003 

ASP 4800 ± 360 8 ± 1  0.3 ± 0.0 1 0.00006 

Table 2.4 Monosaccharide phosphates tested as a lternative su bstrates to E4P 

A B 
v I (�mol.min-1 ) v I (I.lmol.mln-1) 
6.0 8 0  

7 0  
5 0  -

6 0  

4 0  
5 0  

3 0  
, 

4.0 

3.0 
2 0  . 

2 0  

, 
1 0  

1 0  

0 0  0 0  
2000 4000 6000 6000 10000 12000 14000 16000 0.0 10.0 20 0 30.0 40.0 50 0 

IA5PI ' �M IPEPI ' �M 

Figure 2 . 15  Michaelis-Menten plots for determination of KM values for A5P A, and PEP B. 

I n itial velocity values were determi ned as a function of A5P A, and PEP B, 

concentration at fixed concentrations of PEP A, and A5P B .  For experimental 

deta i ls  refer to C hapter Six. 
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Figure 2 . 16  Mlchaells-Menten plots for determination of KM values for R5P A, and PEP B. 
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v / ( lJmol mln-1)  
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• 
0.0 I 

0,0 10.0 

I n itial velocity values were determined as a function of R5P A, and PEP B, 

concentration at fixed concentrations of PEP A, and R5P B ,  For experimental 

detai ls refer to Chapter Six ,  

B 
v l (lJmot min-1) 
28 0 

-- • 26 0 
�-

-- ---
--- -

/' 24.0 . 
22.0 . 

• 
20.0 

18,0 
I 
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16,0 I 
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1 2 0 1 
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Figure 2 . 17  Michaelis-Menten plots for determination of  KM valu es for 2d E4P A, and  PEP 

B. I nitial velocity values were determi ned as  a function of 2dE4P A, and PEP B , 

concentration at fixed concentrations of PEP A, and 2dE4P B. For experimental 

detai ls refer to Chapter Six, 
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A B 
v / (jJmol.mln-1 ) v I (iJmol.mln-1 ) 
20.0 20.0 - . -18 0  18.0 - -- -. 
16.0 16 0 ,-

.Y 
14 0 14.0 

I 
12.0 12.0 i 
10.0 i 10 0 I I 
8. 0  8 0  I 6.0 � 6 0  

4.0 ! 4) 
2 0  2 0  

I 0 0  0 1000 �OOD 3000 4000 5000 6000 7000 8000 9000 10000 100 200 300 400 500 
[2dR5P[ ' �M IPEP} , �M 

Figure 2 . 18  Michaelis-Menten plots for determination of KM values for 2dR5P A ,  and  PEP 

B. I n it ial velocity val ues were determined as a function of 2dR5P A, and PEP B, 

concentrat ion at fixed concentrations of PEP A, and 2dR5P B .  For experimental 

detai ls refer to Chapter Six . 

2 . 1 3  Analysis o f  Type 11 DAH7PS Sequences and Species Distribution 

Bacteria l genomes encode predominant ly type la and type I l  D AH 7 PSs, with the type 

TP enzymes being largely restricted to extremophi les. Both type Ta and type 1 1  

DAH7PSs are a lso present in eukaryotes. r n  some instances these are found together, 

e. g. N crassa and Aspergillus nidulans, whi le in other eukaryot ic genomes, e.g. 

Toxoplasma gondii, algae ( Cyanidioschyzon merolae) and plants, on ly type I f  enzymes 

are encoded. Genes encoding type la or type I I  enzymes can be found either as 

s ing letons, exc lusive paralogs, or  in various combinat ions (table 2 . 5 ) .  The presence o f  

mult ip le open reading frames encoding type I I  enzymes i s  typica l ly  associated with the 

production of secondary metabo l ites. Several species, inc luding H. pylori, possess a 

s ingle DAH7PS that is c lass ified as a type 1 I  enzyme. This genomic evidence strong ly 

supports a role for type I T  DAH 7PSs in aromatic amino ac id b iosynthesis in these 

orgal1lsms. 
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Type la only Type la and Type 11 Type 11 only 

E. coli { 3 } X campestris M tuberculosis 

S. cerevisiae { 2 }  S. aurantiaca { 2  I I }  H. pylori 

N meningitidis COfynebacterium glutamicum S. coelicolor { 2 }  

P. aeruginosa { 2  la, 3 I I }  C. diphtheriae 

Pseudomonas putida { 2  l a }  Streptomyces avermitilis 

Mycobacterium smegmatis T gondii 

N crassa Arabidopsis thaliana { 3 }  

Table 2.5 Occu rrence and mu ltipl icity of type la and type 1 1  DAH7PS in selected 

org anisms. Organisms with multi ple ORFs encoding type la or type 11 DAH7PSs 

have the number of paralogs i ndicated in parentheses n. 

A C lustalX I 64 a l ignment of ninety type I l  DAH7PSs was generated by Dr Mark Patchett 

( figure 2 . 1 9, top l ine) ( see Appendix One for spec ies names and gene ident ifiers) which 

shows that these enzymes have several sequence motifs that are abso lutely conserved 

across phylogenet ical ly diverse species ( e. g. Bacteria, fung i, T gondii, plants) .  The 

ident ificat ion of conserved residues with in  the type I l  fami ly  a lso provides insight into 

the relat ionship between the two enzyme fami l ies. The overal l  sequence ident i ty 

between type I and type I l  DAH7PSs is low;36 a C1usta l W  multiple al ignment l 64 ( figure 

2 . 1 9) of Hp-DAH7PS ( top l ine) and Ec-DAH7PS( Phe )  ( bottom l ine ) yie lds only 5 % 

sequence ident ity. However, a comparison of the type 1 1  al ignment with sequence and 

structural information avai lable for type la DAH7PSs shows that key residues 

imp l icated in metal, PEP and E4P bind ing are conserved between the two enzyme 

fami l ies ( figure 2 . 1 9  and table 2 . 5 ) .  These residues are found in the same order and 

re lat ive spac i ng in the primary sequence in both enzyme types, and are found in regions 

of relat ive ly high sequence s imi larity, or conservation. 
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H . py MSNTTWSPTSWHSFKIEQHPTYKDEQELERVKKELRSYPPLVFAGEARNLQERLAQVIDN 60 
E . co - - - - - - - - - - - - - - - - - -MNYQNDDLRlKE lKELLPPVALLEKFPATENAANTVAHARKA 42 

H . py 
E . co 

H . py 
E . co 

: * :  : * :  * * : . * : * :  

2+ 
��E 

KAFLLQG SFSQFSANRIRDMFKVMMQMAIVLTFAGS I PIVKVGlI"'FAJIISN 1 2 0  
I HKILKGND-DRLLVVIGP�S I HDPVAAKEYATRLLALREELKDELE I�VYFE�PRT- 9 9  

: * :  * .  * * : *  : * :  * * * *  

ATE ILDDEEVLSYIIII I.GI SKKElEp�IMLKAYHQ SVATLNLlRAFAQGGLADLEQ 1 8 0  
- - - - - - - - - TVGWKGLIND - - PHMDNSFQINDGLRIARKLLLD INDSGLPAAGEFLDMIT 1 4 9  

: *  * * : : * * * * : 

H . py VHRFNLD FVKNND FGQKYQQIADRI TQALGFMRACGVEIERT- PILREVE FYTS!lAlLL 2 3 9  
E . co P-QYLADLMSWGAI�TTE SQVHRELASGLSCPVG�GTDGTIKVAIDAINAAGAPHC 2 0 8  

H . py 
E . co 

H . py 
E . co 

H . py 
E . co 

H . py 
E . co 

* :  : * * * :  * * * 

H"E PLvIKoSLTNQFYDCIAIMLII.E�PKGAlvEFLRGVcIIIGvfIIINASVSE 2 9 9  
FLSVTKWGHSAIVNTSGNGDCH IIL�GGKE PNYSAKHVAEVKEGLNKAGLPA- - - - - -QV 2 62 

* * : * * *  * * :  

+ P 
VLELCDVLNIHNLKlRLNLlv!MISKI I KERIIKLLQGVLKEKRH I LWS IIIM!GlTVKT 
MIDFS�SSKQFKKQMDVCADVCQQIAGG- -EKAI I �S - - - - - - - - - - - - - - - - -

: : : :  . . . . .  : : : * : : : :  . : . : * * :  * * : * 

NLGVIIIAFoSVLDtvKSFFE I HRAEGSLAslvI�GENIIIIIGGSQAI TEEGLSCH 
- - - - - - - - - - - - - - - - - - - -HLVEGNQSLESGEPLAYGKS I �AC IG- - - - - - - - - - - - -

* *  * *  * 

f-LW\ J.�LLI'I.� LJ.�J.V.l.LN'\\.!KT 4 4 9  
-WEDTDALLR- - - - - - - - -QLANAVKARRG 3 5 0  

* * : * :  : * : * 

* * *  
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Establ ished E4P-bind ing residues in Ec-DAH7PS 

Establ ished PEP-binding residues in Ec-DAH7PS 

Establ ished metal-bind ing residues in Ec-DAH7PS 

M2+ Proposed metal-b ind ing residues in Hp-DAH7PS 

P Proposed PEP-binding residues in Hp-DAH7PS 

E Proposed E4P-binding residues in Hp-DAH7PS 

Figure 2.19 Clusta lW alignment of Hp-DAH7PS (top line) and type la Ec-DAH7PS (bottom line). The pattern of invariant residues with in 

the type 1 1  DAH7 PSs is shown in relation to the H. pylori J99 DAH7PS seq uence (GI : 1 56 1 1 1 92 ,  top l ine) . I nvariant residues were 

extracted from a multiple a l ignment (ClustaIX) of n inety type I I  sequences (the organisms and, where ava ilable, the gene identifiers 

are in Appendix One) .  
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Crystallographical ly 
P roposed residues 

Role of Residu e  obsen-ed residues i n  

Ec-DAH7 PS(Phe) 
in Hp-DAH7PS 

Cys6 1 Cys70 

H is268 H is35 3  
Metal binding 

G lu302 G lu395 

Asp326 Asp425 

Carboxylate 
Arg92 Arg l 09 

group 
Lys97 Lys 1 1 6 

Lys 1 86 Lys290 

PEP 

binding 

Phosph ate 
Arg 1 65 Arg268 

Lys 1 86 Lys290 
group 

Arg234 Arg32 1 

E4P binding Arg99 Arg 1 1 8  

( Phosphate group )  Thr l OO Ser l 1 9  

Table 2.6 Table showing established metal and substrate binding residues of Ec­

DAH7PS and equ ivalent proposed residues of Hp-DAH7PS 

A subgroup of  sequences with an approximate ly 45 ammo acid deletion between 

residues 1 60 and 20 1 (H. pylori numbering) can be ident i fied. 38 This deletion  appears 

to be a c haracterist ic of DAH7PSs invo lved in secondary metabo l ite biosynt hesis where 

either chorismate or shikimate is a precursor; for example, the type I I  enzymes from 

phenazine-producing P. aeruginosa (Pa-DAH7PS phz) 1 65 ( figure 2 . 20 shows al ignment 

of Hp-DAH7PS with Pa-DAH7PS Phz) and ansatrienin-producing S. collinus. 1 4 1  

However, i f  the secondary metabo l ite precursor i s  derived exc lusively from the 
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aminoshiki mate pathway via AHBA ( refer to Chapter One for more detai l ) ,  then the 

assoc iated aminoDAH7PS is substant ial ly  ful l  length. The region corresponding to H. 

pylori residues 1 60 to 20 1 shows relat ively poor amino ac id sequence conservat ion in  

ful l - length type I I  DAH7PSs. I t  has been suggested that t his region dictates a l losteric 

spec ific ity  towards chorismate and tryptophan.38 I nterest ingly, Hp-DAH7PS is ful l­

length and not feedback regulated by any o f  the aromatic amino acids or  chorismate 

( detai led in Chapter Four). The insensit ivity towards Trp, P he, Tyr and chorismate does 

not infer that this enzyme is unregulated it may simply mean that the metabo l ite( s )  

responsible for regulation have yet to be ident ified. 

Figure 2.20 A ClustalW ( 1 .83) sequence al ignment of Hp-DAH7PS (top line) with Pa­
DAH7PS (bottom li ne). Deletion (�1 60-201 ,  H. pylori numbering) found in Pa­

DAH7PS Phz. 

H . py MSNTTWSPTSWHSFKIEQHPTYKDEQELERVKKELRSYPPLVFAGEARNLQERLAQVIDN 60 

P . ae MDDLLQRVR- - -RCEALQQPEWGDPSRLRDVQAYLRGS PALl RAGDl LALRATLARVARG 5 7  
* .  : * : *  : * . .  * .  * :  * *  * . * :  * * : * :  * * : * 

H . py KAFLLQGGDCAES FSQFSANRIRDMFKVMMQMAIVLTFAG S I P IVKVGRIAGQFAKPRSN 1 2 0  
P . ae EALVVQCGDCAEDMDDHHAENVARKAAVLELLAGALRLAGRRPVIRVGRIAGQYAKPRSK 1 1 7 

: * : : : * * * * * * . : . : .  * : . :  * :  : *  * : * * * : : : * * * * * * * : * * * * * : 

H . py ATEILDDEEVLSYRGD I ING- - I SKKEREPKPERMLKAYHQSVATLNLlRAFAQGGLADL 1 7 8  
P . ae PHEQVGEQTLPVYRGDMVNGREAHAEQRRADPQRILKGYAA- - - - - - - - - - - - - - - - - - - 1 5 8  

* : . : :  : * * * * : : * *  : : *  . . .  * : * : * * . *  

H . py EQVHRFNLDFVKNNDFGQKYQQIADRI TQALGFMRACGVE I ERTPI LREVEFYTSHEALL 2 3 8  
P . ae - - - - - - - - - - - - - - - - - - - - - - -ARNIMRHLGWDAASGQEANASPVW- - - - - -TSHEMLL 1 8 9  

* * :  * * : * . *  * : : * :  * * * *  * *  

H . py LHYEE PLVRKDSLTNQFYDCSAHMLWIGERTRDPKGAHVEFLRGVCNPIGVKIGPNASVS 2 98 
P . ae LDYELSMLREDEQR-RVYLGSTHWPWIGERTRQVDGAHVALLAEVLNPVACKVGPE IGRD 2 4 8  

* . * * . : : * : * .  : . * * : *  * * * * * * * : . * * * * : *  * * * : .  * : * * :  . .  

H . py EVLELCDVLNPHNLKGRLNLIVRMGSKl l KERLPKLLQGVLKEKRH I LWS IDPMHGNTVK 3 5 8  
P . ae QLLALCERLDPRRE PGRLTLIARMGAQKVGERLPPLVEAVRAAGHPVIWLSDPMHGNTIV 3 0 8  

: : * * * : * : * : . * * * . * * . * * * : :  : * * * *  * : : . * : : :  * * * * * * * * : 

H . py TNLGVKTRAFDSVLDEVKSFFE I HRAEG S LASGVHLEMTGENVTEC IGGSQAITEEGLSC 4 1 8  
P . ae APCGNKTRLVRSlAEEVAAFRLAVSGSGGVAAGLHLETTPDDVTECVAD S SGLHQV- - SR 3 6 6  

* * * *  * :  : * *  : * . .  * . : * : * : * * *  * : : * * * * : . .  * . .  : : 

H . py HYYTQCDPRLNATQALELAFLIADMLKKQRT - - - - - - - - 4 4 9  
P . ae HYTSLCDPRLNPWQALSAVMAWSGAEAI PSATFPLETVA 4 0 5  

* 

* Conse rved resid ues • Conservative substitutions • Semi-conservative substitutions 
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2. 1 4  Conclusions 

These studies ind icate that the H. pylori type I I  DAH 7 PS catalyzes a metal-dependent, 

ordered sequential reaction with defmed stereochemistry as seen for type 1 DAH 7PSs. 

The results are consistent with a reaction mechanism where E4P binds to the P EP­

DAH 7PS complex and phosphate is re leased from the enzyme before DAH7P.  These 

results suggest that catalysis by type I and type I I  enzymes occurs on a simi lar act ive 

site scaffo ld and that the two DAH7PS fami l ies may indeed be distant ly re lated. 

C lass i ficat ion of the evo lut ionary re lat ionship between the two DAH7PS fami l ies 

requires structural informat ion for type 11 enzymes. The crystal structure of  the type I T  

DAH7PS from M tuberculosis has been determined as part o f  the studies described in 

thi thesi , and is d iscussed in Chapter Three. 

Note: 

The work in this c hapter has been publ ished in a modified form in Biochemical Journal. 

A copy of the paper is inc luded in the back of this thesis.  
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CHAPTER TH REE 

STRUCTURAL A N D  FUNCTIONA L C H A RACTERIZATION OF TH E 

TYPE 11 DAH7PS FROM M. TUBERCULOSIS 

3. 1 Background 

Mycobacterium tuberculosis is the causat ive agent of  tubercu losis (TB), I 66  one of  the 

most serious health threats fac ing mankind. Worldwide deaths total 2-3 mi l l ion 

annual ly, 1 67 more than for any other infect ious disease, and i t  i s  est imated that 

approximately one third of the world' s  populat ion is infected. A lthough effect ive ant i­

TB drugs exist, the long treatment t imes required, the problems of latent or persistent 

TB, 1 68 and the pro l iferat ion of mu lt idrug-resistant strains of M tuberculosis have a l l  

created a n  urgent need for t he development of new ant imyco bacterial agents. 

Recent gene d isrupt ion studies have shown that operation of the shik imate pathway is 

essent ial for the viabi l ity of M. tuberculosis, 1 69 val idat ing the cho ice of enzymes from 

this pathway as  targets for the development of novel ant imycobacterial agents. 1 69 The 

presence of a type I I  OAH7PS in M. tuberculosis makes it a prime target for study. Not 

only is DAH 7PS a key drug target in its own right, given its crucial ro le in the 

biosynthesis of  many key aromat ic mo lecu les, but the explo itation of differences 

between the two types o f  DAH7PS may also enable the development of narrow­

spectrum ant ibiotics. 

3.2 I ntroduction 

As was observed for the H. pylori e nzyme, MI-DA H7PS is inso luble when expressed in  

E. cofi B L2 1 ( DE3 ) cel ls .  Prior to the start of this project, Or Shaun Lott and Dr L in ley 

Scho field had attempted to so lubi l ize the MI-DAH7PS enzyme and had fai led to find 

condit ions which gave any so luble protein or enzyme act ivity. Fo l lowing the successfu l  

so lubi l izat ion of Hp-OAH7 PS we dec ided t o  further invest igate Mt-OAH 7PS a s  part of  

this project . The M. tuberculosis protein was solubi l ized using a simi lar procedure, 

invo lv ing the E. coli GroELlGroES chaperonins, to that described for Hp- OAH 7PS i n  

Chapter Two . 
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The functional  characterizat ion o f  Hp-DAH7PS (Chapter One) has revealed that type I 

and type I I  enzymes share a common k inetic mechanism, however structural 

information on type I I  enzymes is necessary to establ ish the evo lut ionary relat ionship 

between both fami l ies .  Attempts to crystal l ize Hp- OAH7PS were unsuccessful  and the 

reproduc ible crystal l ization of  Mt-DAH7PS ( as described in this c hapter) has al lowed us 

to gain va luable structural information about a type [ J  enzyme by determin ing the 

crystal structure of MI-DAH7PS.  

This  chapter describes the expression, purificat ion, crystal l izat ion and crystal structure 

determinat ion of DAH7PS from M. tuberculosis. This i the fu·st structure of a type I I  

OAH 7PS and its comparison with the type I enzymes i s  d i scussed. The structural 

informat ion ofa  type I I  enzyme has al lowed us to establ ish the evo lut ionary relat ionship 

between the two fami l ies of DAH 7PS.  

3.3 Expression and Solubilization of Mt-DAH7PS 

The c lon ing of the Mt-OAH7PS gene into a pProEx-HTa vector using Nco l and Sad 

restrict ion sites was performed prior to the start of this PhD, by Dr Shaun Lott, 

Univers ity of Auck land . pPro Ex-HTa is a standard expression vector incorporat ing an 

-termjnal tobacco etch virus ( TEV ) protease-c leavable H is6-tag, which can be 

explo ited to purify the protein of interest using immobi l ized metal affinity 

chromatography ( I MAC).  The expression of  MI-DAH 7PS in E. coli BL2 1 ( OE3 ) ce l l s  

produced protein of the appropriate mo lecu lar we ight as  seen by  SOS-PAGE ( figure 

3 . 1 ) . However, all the protein was inso luble, or in the pel let fraction after lysis and no 

OAH 7PS act ivity was detected. 
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97.4 kDa 

45.0 kD 

3 1 .0 kD 

M 1 2 

• DAH7PS 

Fig u re 3.1 SOS-PAGE analysis of Mt-OAH7PS in supernatant and pellet fractions after 

cell lysis. SDS-PAG E analysis was performed on a 1 2  % polyacrylamide gel 

and visual ized with Coomassie Br i l lant B lue R250. The sam ples were re­

suspended in lysis buffer and sonicated. The ruptured cel ls were then 

centrifuged and the supernatant ( lane 1 )  and pellet ( lane 2) were analyzed . 

Simi lar to what was observed with Hp-DAH7PS, the alteration of  growth temperature 

and lysis cond it ions had no obvious effect on protein solubi l ity ( personal 

communicat ion) .  Therefore, co-expression of MI-DAH7PS with E. coli GroELlGroES 

was performed, as described for Hp-DAH7PS in Chapter Two. pProEx-HTa-Mt­

DAH7PS, was e lectroporated into BL2 1 ( DE3)  cel l s  that had been previously 

transformed with pGroES L . 17O  Transfo rmants were then grown in Luria broth 

supp lemented with ampic i l l in ( l OO Ilg/mL ) and ch loramphenico l (25 Ilg/mL ) .  The 

growth temperature, I PTG concentration and t ime of harvesting were ident ical to that 

described for Hp-DAH7PS ( refer to Chapter Two, Section 2 . 3 ) .  Expression trials with 5 

mL cultures were performed at two, four, six and eight hours after induction with I PTG 

( figure 3 .2 ) .  There appeared to be no sign ificant change in expression leve ls over t ime, 

a lthough six hours after induction looked like it gave s l ight ly h igher levels o f  

recombinant protein. I t  was noticed that when cultures were up-scaled ( 5  mL t o  4 L )  

t he expression leve ls  o f  Mt- DAH7PS improved, as can be seen i n  lane 1 o f  figure 3 .2 .  
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Figure 3.2 

G roEL 

DAH7PS 

1 2 3 4  5 M 6 

o kDa 

SOS-PAGE analysis of Mt-OAH7PS and GroEL prod uction at various time 

points. SOS-PAGE analysis was performed on a 12 % polyacrylamide gel and 

v isual ized with Coomassie Bri l lant Blue R250. Whole cel ls  (vol ume = 500 �L  I 
00600) were re-suspended i n  lysis buffer and boi led prior to appl ication .  Lane 6 

i s  whole cel ls which have not been i nduced. Lane 5 is whole cel ls which were 

i nduced 2 hours after i nduction,  lane 4: 4 hours, lane 3: 6 hours, lane 2 : 8hours 

after i nduction. Lane 1 is whole cel ls harvested from the large (4 L) growth of 

Mt-OAH7PS 6 hours after i nduction. 

The co-expressiOn of MI- OAH7PS with the E. coli chaperonins resu lted in so luble 

protein, as seen by protein of the appropriate mo lecu lar weight in the supernatant 

fi·action ( figure 3 . 3 ) .  This supernatant was also found to exhibit OAH7PS act ivity. 

S OS-PAGE analysis of the supernatant and pel let fi·act ions after ce l l  lys is showed that 

only 1 0  - 20 % of total protein expressed was present in the supernatant fract ion ( figure 

3 . 3 ,  lane 2 ) .  However, this was a considerable improvement to previous condit ions that 

gave no soluble protein, so we cont inued on with purificat ion of th is enzyme. 
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97.4 
G roEL __ .. . 

--... -_ ... 
DAH 7PS 

Figure 3.3 SOS-PAGE analysis of Mt-OAH7PS and GroEL in  su pernatant and pel let 

fractio n  after cel l lysis. SOS-PAGE analysis was performed on a 1 2  % polyacrylamide gel 

and visual ized with Coomassie Bri l lant Blue R250. Whole cel ls were lysed and clarified using 

centrifugation .  The supernatant fraction was loaded d i rectly i nto the wel l  and the pellet fraction 

was resu pended in l ysis buffer and boiled prior to loading into the wel l .  Lane 1 is the pellet 

fraction ,  and lane 2 the supernatant fraction, after cell lysis. 

3.4 P urification of Mt-DAH7PS 

A simp le two-step purificat ion procedure explo it ing the H is6-tag at the N-terminus of 

Mf-DAH7PS, was developed. The results are summarized in table 3 . 1 .  The cel ls  were 

re-suspended in lys is  buffer ( BTP (20  mM),  NaCI ( I SO mM) pH 7.S buffer) and lysed 

by sonicat ion for smal l  vo lumes ( S  mL or less) and cel l  d isrupt ion for larger volumes. 

The cell debris was removed using centrifugat ion and the supernatant was filtered (0 .8  

Il M )  and passed down a chelat i ng sepharose column charged with N i2+ ions. M/­

DAH7PS was e luted from the column by u sing an imidazole grad ient ( figure 3 .4) .  The 

protein was observed to elute at approximately 200 mM in1idazo le. This purificat ion 

step yie lded very pure (>9S %) protein as estimated by S DS-PAGE ( figure 3 . S ) . 

Purificat ion via passage down a N i2+ column also successfu l ly separated M/- DAH7PS 

away from the E. coli chaperonins, with GroEL eluting from the column before the 

imidazo le grad ient was appl ied ( figure 3 .S ,  lane 3 ) . 

7 1  



Purification step Total Total Specific 0/0 Relative 
Protein enzyme activity Yield 

( mg) Activity ( U nits/mg) 
(Un its)

b 

1 .  Crude lysate 378 7 1 .8 0. 1 9  1 00 

2 N ·2+ ffi . . I a IO lty 1 6  33.8 2. 1 1  47. 1 

3. Superdex S200 3.4 9.0 2.65 1 2.5 

Table 3.1 Table showing two-step purificatio n  procedure of Mt-OAH7PSa 

aPurificatio n  of a 1 L cu lture of BL2 1  ( OE3)/pGroES L/pET-Mt-OAH7PS 

bOetermi ned by measuring the loss of PEP at 232 nm at 30 QC 

Fraction 

A 
r 
"<t 0- '0 M 0 r- "<t 00 
"<t "<t M r') M r') N N N 

..c 
00 C ::3 
0 C<! 

VI .... � ""'\ .... ..c .... c .::.:. � (I) .... D-C<! 0 V) � i:i: ::3 kDa C/l 

3 1 .0 
-.:. .......... _�I!I _ 2 1 . 5 

G ro E L  

DAH7PS 

Figure 3.4 SOS-PAG E analysis of pu rification by Ni2+ affinity chromatography. 

purity 

1 .0 

1 1 . 1  

1 3.9  

SOS-PAGE analysis was performed on a 1 2  % polyacrylamide ge l  and visual ized 

with Coomassie Bri l lant Blue R250. 1 0  IJL of each fraction were loaded per wel l .  
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Figure 3 .5 

1 2 M 3 M 
97.4 kD 
66.2 kD 

45.0 kD 

3 1 .0 kD 

2 1 . 5  kD 

SOS-PAGE analysis of purification of Mt-OAH7PS. 

Cells pelleted from a 1 L culture of I PTG-induced E. coli BL2 1  ( OE3) /pGroESL 

/pET-Mt-OAH7PS were re-suspended and lysed and the cell lysate clarified by 

centrifugation to y ield a supernatant ( lane 1 )  and pel let fractions (lane 2). Lane 

3: Ni2+ affi nity fractions pooled and concentrated. SOS-PAGE analysis was 

performed on a 1 2  % polyacrylamide gel and v isual ized with Coomassie B ri l lant 

B lue R250. 

Fract ions containing pure protein of the correct mo lecular weight were then pooled and 

the imidazo le was removed by successive concentrat ing and washing using a l Ok 

M WCO concentrator. This technique was used over t he more tradit ion method o f  

d ialysis a s  buffer exchange th is way was considerably faster al lowing the purificat ion to 

be performed in two days. The [mal step in the purificat ion was size exc lusion 

c hromatography ( S EC),  using a Superdex S200 co lumn. This was added to purify the 

protein further in preparat ion for crystal l izat ion t rials. However, the chromatogram 

from the Superdex S200 co lumn showed high mo lecular weight protein aggregates 

which exhibited DAH7PS activity. It has been reported for Ec-DAH7PS( Phe) that t he 

inc l usion of PEP stabil izes t he enzyme during puri ficat ion.74 Therefore, PEP ( 1  00 � M )  

and MnS04 ( l OO J.! M )  (which w e  bel ieved may help i n  stabi l izing the M tuberculosis 

enzyme) were added to al l  purificat ion buffers ( BTP ( 20 mM), TCE P  (0 .2  mM) and 

N aC I  ( 1 50 m M » . Thesit ( polyethyleneglyco ldodecyl  ether) ( 0.005 %), a non-ionic  

detergent, was also inc luded in  the lysis buffer to help prevent protein aggregat ion. The 

inc lusion of these add it ives appeared to stabi l i ze the M tuberculosis enzyme, as 

determined by size exc lusion chromatography (described in Section 3 . 8 ) . There is a 

significant loss of protein i n  go ing from purificat ion  step  2 to step 3 ( table 3 . 1 ), this i s  
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because the protein tended to prec ipitate from so lut ion whi le performing buffer 

exchange. This was overcome s l ight ly in future purificat ions by careful ly  monitoring 

protein concentration using Bradford determinat ion. Concentrations any higher than 5 

mg/mL appeared to cause protein prec ipitat ion. This procedure yie lded approximate ly  4 

mg of homogeneous Mt-DAH 7PS from a l L cu lture. 

3.5 Cleavage of the N-terminal His6-tag 

To invest igate whether the H is6-tag at the N-terminus of Mt-DAH7PS was interfering 

with enzyme catalysis and crystall izat ion of the protein, the affin ity tag was c leaved o ff 

protein that had been puri fied by Ni2+ affinity chromatography. C leavage o f  the H is6-

tag was performed by incubat ion with recombinant tobacco etch v irus ( TE V )  protease 

overnight, and SEC successfu l ly removed the TEV protease and the c leaved H i S6-tag. 

The completeness of the c leavage by TEV protease was fo l lowed using 7 .5  % S DS­

PAGE,  which was able to  resolve c leaved and unc leaved protein. The H is6-protein had 

simi lar spec ific act ivity to that of protein with the affmity tag c leaved off. 

Crystal l izat ion trials were performed on c leaved and unc leaved protein preparat ions 

using the robotics system at t he Univers ity o f Auck land (dvsc ribcd in furth i d tai l in 

Section 3 . 1 2 ) .  Several cond it ions produced crystals of the c leaved protein, however 

protein with the H is6-tag st i l l  attached did not crystal l ize under any cond it io ns. 

Therefore, successive pur i ficat ions inc luded c leaving the H is6-tag off with T E V  

protease before SEC. 

3.6 Requirement for a Reducing Agent 

S imi lar to the observat ions made with Hp-DAH 7PS, the pur ification of Mt-DAH7PS 

required the i nc lusion of reducing agent in  a l l  purificat ion buffers to  maintain fu l l  

e nzyme act ivity (d iscussed i n  further detail i n  Chapter Five) .  The reducing agent used 

for Hp-DAH7 PS was DTT, however this is not suitable for purification by Ni2+ affm it y  

chromatography as it creates thio l reduc ing complexes which make the resin unstable .  

I nstead, tris ( 2 -carboxyethyl )  phosphine ( TC E P ) ) 7 ) was used in the puri fication o f  Mf­

DAH7PS due to its known compatibi l ity with che lating sepharose resin. 
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Further studies were performed to show that the add ition of PEP or E DT A alone do not 

stop inact ivat ion of MI-DAH7PS, which has been reported to stabi l ize Ec-DAH7PS.87 

Mt-DAH7PS protein pmified in  the presence of TCEP, was simu ltaneously passed 

down two ident ical NAP-5 columns, one equi l ibrated with buffer containing no TCEP 

and the second with reducing agent. The buffer consisted of BTP (20  mM , pH 7 .0) ,  

NaC l  ( 1 50 mM),  PEP ( 200 IlM )  and MnS04 (200 IlM ) .  Columns were run with and 

without TCE P  under several further condit ions; ( 1 )  with EDTA ( 1  mM) subst ituting 

MnS04 and ( 2 )  with no PEP.  The spec ific activity ( Ilmol/minlmg protein) of enzyme 

e luted from the co lumn with no TCE P  was approximate ly one-third of  that of protein 

passed down a column equi l ibrated in buffer containing TCEP. To determine whether 

the loss in spec i fic act ivity could be restored upon addition of TCEP, both enzyme 

preparat ions ( with and without TCE P )  were then put down a second co lumn bot h  in the 

presence of TCEP.  This resu lted in an increase in spec ific act ivity to the level o f  that 

seen for protein kept in TCE P .  The presence o f  EDTA and the absence o f  PEP 

appeared to have minimal effect on enzyme act ivity. This  suggests that the maintenance 

of ful l  enzyme act ivity is abso lutely dependent on the presence of reduc ing agent . 

3.7 Determination of Quaternary Structu re i n  Solution 

To determine the quaternary structure of Mt-DAH7PS SEC was used with protein 

standards of known molecular mass ( refer to Chapter S ix for a description of  protein 

standards and their mo lecu lar mass) .  The quaternary structure was est imated off a 

standard curve of log mo lecular mass of protein standards against e lut ion t ime from the 

Superdex S200 co lumn. Mt-DAH7PS was est imated to be approximate ly 200 kDa, 

which is consistent with it being tetrameric in so lut ion ( figure 3 .6 ) .  This is in contrast 

to what is observed for the type f l  enzyme from H. pylori, which is predicted to be a 

d imer ( refer to Chapter Two, Section 2 .6  for more detai ls) .  
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Fig u re 3.6 Standard curve of log molecular mass versus elution time. The molecular 

mass of Mt-OAH7PS was determined by extrapolation from a standard curve of 

the log molecular mass of protein standards against thei r el ution t imes. The 

buffer and flow rate used for the protei n standards was identical to that used for 

Mt-OAH7PS. Refer to Chapter Six for experimental deta i ls. 

3.8 Stabilization of Mt-DAH7PS by PEP and M nS04 

To invest igate the influence PEP and M nS04 have on the q uaternary structure of Mt­

DAH7 PS protein was purified in the presence o f  E DTA (and no PEP) .  S ize exc lusio n 

columns were performed with this protein and with protein incubated overnight with 

MnS04 (�70 �M) and P E P  (�70 �M) .  The chromatograms ( figure 3 . 7) c lear ly  

demonstrate that the binding of PEP and Mn2+ in the act ive site of Mf-DAH7PS 

stabi l izes the protein by shifting the equ il ibrium from higher mo lecular weight protein 

aggregates to tetramer. The protein that was eluted off the column as 'aggregates' is 

act ive but this is expected if there is an equi l ibrium in p lace. To invest igate whether the 

change in quaternary structure is associated with loss of  enzyme act ivity protein that 

was purified in the presence of P E P  and MnS04 was incubated overnight in EDT A ( 1 0  

mM ) .  I ncubat ion with the metal-chelator resulted in protein with spec ific act ivity of  

approxin1ately half that observed for protein l eft  in MnS04 . I nterest ingly, the loss of  

activity  cou ld be completely restored by incubat ion overnight with M nS04 ( � l  0 mM).  
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This suggests that the higher mo lecular weight protein aggregates that we are observing 

by SEC are either inact ive or  retain minimal e nzyme act ivity. 

P E P  and MnS04 appear to have no s ignificant effect on the quaternary structure of Hp­

DAH7PS, as there appears to be no difference in  how the samples run on the Superdex 

S200 colu mn in the presence or absence o f  P E P  and MnS04. 
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Figure 3.7 C h romatogram trace of Superdex S200 run (A) in the presence of PEP and 

MnS04. and (8) in  EDT A 
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3.9 I nitial Kinetic Parameters for Mt-DAH7PS 

The apparent KM val ues for E4P and PEP were 1 7 .0  ± 1 . 5 IlM and 1 1  ± 0.6 IlM, 

respectively and t he kcat value was calculated as 2.5  ± 0.03 S- I ( figure 3 . 8 ) .  These values 

are simi lar to those obtained for the H. pylori enzyme ( refer to C hapter Two, Sect ion 

2. 1 0) .  
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Figure 3.8 M ichaelis-Menten plots for d etermination of KM values for E4P (A) and PEP 

(8). The reaction mixtures for the determination of the KM of E4P consisted of 

PEP (300 �M) ,  M nS04 ( 1 00 � M )  and E4P (6 to 1 56 �M ) , i n  BTP (50 mM)  pH 7 .5  

buffer. The determi nation of the KM of PEP consisted of  reactio n  mixtures of E4P 

( 1 40 �M), MnS04 ( 1 00 �M) a nd PEP (6 �M to 200 �M), in BTP (50 mM) pH 7. 5 

buffer. The reaction was in it iated by the addition of purified Mt-DAH7PS (2 �L ,  

5 . 8  mg/mL) and carried out at  30 QC KM and kcat values were determined by fitting 

the data to the M ichaelis-Menten equation using Enzfitter (B iosoft). 

3. 1 0  M etal Dependency 

L ike al l  other DAH7PSs c haracterized to date, Mt-DAH7PS was sensit ive to the 

presence of E DTA. I ncubat ion with the metal-chelator ( EDTA, 250 mM pH 8 .0, 4 QC ) 

took approximately twenty-fo ur hours to completely inactivate the enzyme. Buffer and 

substrate so lut ions were pre-treated with C he lex to rrUn imize the presence of metal ions 

from other sources. Act ivity of the apoenzyme could be restored by the inc lus ion  of a 

variety of divalent metals in the act ivity assay ( figure 3 .9 ). C02+ and Cd2+, bes ides Mn2+, 

which is general ly used to assay type I DAH7PSs, gave the fastest react ion rates. 

Whereas, Mg2+, Fe2+ and N i2+ had no detectable effect on enzyme act ivity_ The metal 
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reactivat ion series for the M. tuberculosis enzyme is comparable to that determined for 

Hp-DAH7PS .  However, there is a s ign ificant difference in the t ime taken for EDTA to 

complete ly remove enzyme activity. Whi le incubat ion with E DTA took twenty-four 

hours to completely inact ivate the Mt- DAH 7PS it only required incubat ion for tlUrty 

m inutes to remove enzyme act iv ity for the H. pylori enzyme. Further studies with Mt­

DAH7PS have shown that incubat ion with E DT A destabi l izes the quaternary structure 

of the enzyme ( described in Sect ion 3 . 8 ), and that fu l l  enzyme act iv ity is restored only 

after twenty-four hours incubat ion wit h  M nS04 . Therefore, because react ivat ion studies 

were perfo rmed by the addit ion of metal to the react ion mixture, the metal dependency 

of Mt-DAH 7PS was determined for partial ly act ivated enzyme. E DTA does not appear 

to have t he same effect with Hp-DAH7PS ( refer to Section 3 .8 ) .  

Co2+ Mn2+ Cd2+ Cu2+ Zn2+ Ca2+ Mg2+ Ni2+ Fe2+ EDTA 

Fig u re 3.9 Effect of divalent metal ions on the activity of Mt-OAH7PS 

3. 1 1  p H  Profile of Mt-DAH7PS 

Mt-DAH 7PS was act ive over a broad pH range with the highest activity at pH 6.4 

( figure 3 . 1 0 ) .  BTP ( 1 00 mM) was u sed to buffer solutions of  pH 6 to 9,  whi le acetate 

( 1 00 m M )  was used to buffer solut ions o f  pH 5 to 6. Activity assays were perfo rmed at 

pH 7 .5  rather than pH 6.4 to allow comparison wit h  other type I l  DAH7PSs that have 

been part ia l ly characterized. 
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Figure 3.10 pH profil e  of Mt-DAH7PS 

3. 1 2  Crystallization of Native Mt-DAH7 PS 

10 

Crystal l izat ion tria ls  were performed using protein concentrat ions no greater than 5 

mg/mL, as protein precipitat ion was observed at higher concentrations. Screening for 

crystal l izat ion cond i t ions was achieved using sitting-drop vapour diffus io n  in 96-we l l  

I ntel l ip lates ( Hampton Research) .  The init ia l  screens were set down using the Centre 

for Molecular B iodiscovery Crystal l izat ion fac i l ity, where they have set up screening 

for approximate ly five hundred d ifferent conditions. Smal l  c rystals appeared within 

two to three hours in several condit ions, and larger need le crystals in one to two days in 

many different condit ions. Further manual screening in twenty-four-wel l  p lates ( I  ilL + 

1 ilL drops) was performed using these lead conditions. The prec ipitant cond it ion that 

gave the most reproducible crystals comprised 0 . 1 M Tris-HCl  pH 8 . 5 ,  1 . 5 M 

ammonium sulfate, 1 2  % ( v/v) glycerol ( Hampton I I  # 42) .  Refmement of 

crysta l l izat ion cond it ions was achieved by altering the precipitant concentrat ion and pH.  

The best diffract ing c rystals were grown with 0 . 1 M Tris-HCl  pH 8 .0 ,  1 . 5 M anunonium 

sulfate,  1 2  % ( v/v) g lycerol .  The crystals grew to approximately 0 .3 x 0.05 x 0.05 mm 

( figure 3 . 1 1 ) .  
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Figure 3 . 1 1 Crystals of native Mt-DAH7PS. 

Crystal d imensions are 0.3 x 0 .05 x 0 .05 mm 

3. 1 3  Data Collection of N ative Mt-DAH7PS 

at ive crystals were dipped momentar i ly in cryoprotectant so lution consist ing of  0. 1 M 

Tris-HCl  pH 8 .0, 1 . 5 M ammonium sulfate supplemented with 25 % glycerol ( v/v), and 

were flash-frozen under a stream of co ld nitrogen at 1 1 0 K. X-ray diffraction data were 

co l lected using a Rigaku M icroMax007 generator with Osmic blue optics and an RAxis  

I V++ detector. A highly redundant native data set was col lected to  a maximum 

reso lut ion of 2.5 A and an overal l  Rmcrge of  9.9 % on intensi t ies, using non-overlapping 

0 .30 osc i l lat ions co l lected for fi fteen minutes per frame at a crystal-detector separat ion 

of 1 80 mm ( table 3 .2 ) .  Data were processed using CrystalC lear 1 .3 .6  ( Rigaku) .  

Table 3.2 Table showing data col lection and p rocessing statistics 

Reso lution range (outer she l l )  (A)  39 .37  - 2 .50  ( 2 . 59 - 2 .50)  

Wave length (A)  1 . 542 

Total reflect ions 4 1 6784 

Unique reflect ions 547 1 0  

Completeness ( % )  1 00 ( 1 00)  

Redundancy 7 .62 ( 7.54)  

I /cr 1 3 .6 ( 5 .4)  

Rmerge ( % )  9 .9 ( 34 .7 )  
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The crystals were found to be trigonal ,  with systemat ic absences consistent with the 

space group P3 1 2 1  or P322 1 .  The unit-ce l l  parameters, a = b = 203 . 6 1  A, c = 66.3 9  A, 
are consistent with the presence of two or three mo lecules in the crystal asymmetric 

unit, corresponding to values of the Matthews coeffic ient VM of 3 . 9  and 2.6 A3 Da- I and 

so lvent contents of 68 % and 53 %, respectively .  Mo lecular rep lace ment was attempted 

by Prof Geoff Jameson using E. coli type I DAH7PS as a model and found to be 

unsuccessful. 

3. 1 4  C rystallization o f  Se-M et-Substituted Mt-DAH7PS 

The next step was to try and so lve the structme of Mt-DAH7PS by single-wavelength 

anomalous dispersion ( SAD) methods using selenomethionine ( Se-Met)-substituted 

protein, given that the Mt-DAH 7PS monomer contains thirteen meth ionines. For the 

production of Se-Met protein, the plasmid bearing Mt-DAH7PS was transformed into 

cel ls of the methionine auxotroph DL4 1 ( D E 3 )  that also contained pGroESL.  The 

transformed cells were grown in minimal media with Se-Met as the only methionine 

source. 1 72 The Se-Met protein was then purified using an ident ical procedure to that 

described for the nat ive protein ( refer to Sect ion 3 .4 ) .  Se-Met-protein formed crystals 

us ing the same protein concentration and were of s imi lar size and morpho logy. The 

best Se-Met-subst ituted crystals were grown in the fo l lowing three cond it ions :  0 . 1 M 

Na-Hepes pH 7 .5 ,  0 . 8  M Na,K tartrate ( H ampton I #29);  0. 1 M Na-Hepes pH 7 .5 ,  1 . 5 M 

l ith ium sulfate ( Hampton I # 1 6 );  and 0 . 1 M Na c itrate pH 3 .6, 1 M ammonium 

phosphate ( Hampton I # 1 1 ) . The crystal used for data col lect ion (described be low) was 

grown in 0. 1 M Na-Hepes pH 7 .5 ,  0.8 M Na,K tartrate. 

3. 1 5  Data CoUection of Set-Met-Substituted Mt-DAH7PS 

For data col lect ion, the crystals were soaked in a cryoprotectant comprising mot her 

l iquor plus 20 % ( v/v) glycero l and flash-frozen in l iquid nitrogen. These crystals 

proved to be trigonal, w it h  space group P322 1 ,  unit cel l  d imensions a=b=204. 1 ,  c=66.23 

A, a=p=900, y= 1 200, and two DAH7PS mo lecu les in the asymmetric unit ,  with a solvent 

content of 68 %. Data were co l lected at a wave length of 0 .9796 A ( the peak of the Se 

absorption edge) on bearn I ine 8 .2  at the Advanced L ight Source ( Lawrence Berkeley 

National Laboratory, CA) .  The data were processed using DENZO and 
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SCALEPACKI 73 by Minmin Yu at the Advanced L ight Source ( Berkeley, CA).  Ful l  

details of the data col lect ion stat ist ics are in table 3 . 3 .  

Table 3.3 Table showing data collection and processing statistics 

Reso lution range (outer she l l )  ( A) 50.0 - 2 .30  (2 .38  - 2.30)  

Wavelength 0.97964 (Se peak) 

Total measurements 78762 1 

Unique reflect ions 70357 

Completeness (%) 1 00.0 ( 1 00.0) 

Redundancy 1 1 .2 ( 1 0.4)  

1 18 23 .9  ( 3 .9)  

Rmerge 0. 1 24 ( 0.652)  

3. 1 6  Structure Determination and Refinement o f  Set- M et-Substituted Mt-

D A H 7 PS 

The crystal structure of  Set-Met-subst ituted MI-DAH7PS was so lved using SAD data 

co l lected at the peak of t he Se absorption edge, and was refmed at 2.3 A reso lut ion to a 

final R factor of 0. 1 8 1  (Rfree = 0.2 1 9 ) .  The asymmetric unit of the crystal contains two 

molecules. I n  the final model, mo lecule A comprises the complete po lypeptide chain 

( residues 1 -462 ) except for residues 422-436, which are disordered, and molecu le B is 

s imi larly complete except for residues 376-378 and 4 1 8-43 1 .  Two addit ional residues 

( G ly-Ala) fro m the l inker to the c leaved H is6-tag are also modeled for both mo lecules. 

The main-chain torsion ang les mo lecules correspond wel l  with al lowed values, with 

90. 1 % of residues in the most favored region of the Ramachandran plot, as defined by 

PROCHECK, 1 74 and no outliers. The final model also contains two Mn2+ ions, two PEP 

molecu les, two SO/- ions, a molecule of the detergent Thesit and three hundred and 

forty-five water mo lecules. 

The Se s ites were found using SHELXD I 75 which located al l  of the expected twenty-six 

sites from the ano malous d ifferences in the Se peak data set .  The space group was 

confirmed as P322 1  and the init ial phases were improved and extended to 2 .3  A using 
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cyc les of density modification in SHELXE 1 76 which returned a final pseudo-free 

cOlTe lat ion coeffic ient of 0 . 7 3 .  Further cycles of maxi mum l ikel ihood density 

mod ification and two-fold Non-Crystal lographic Symmetry ( N CS)  averaging, fo l lowed 

by automated model bui ld ing in RESOLVE 1 77 improved the figure of merit from 0 . 79 to 

0 .84, and resulted in the building of over 60 % of the structure ( 566 out of 924 residues 

from the two OAH7 PS mo lecules, This was a l l  performed by Minmin Yu ( Advanced 

L ight Source, Berkeley, CA) and the remainder of the mode l was bui lt by myself with 

the he lp of Heather Baker and Bryan Anderson. 

The remainder of  the model was bu i lt manual ly  w ith TU RBO FROOO 

( http ://www.afmb.univ-mrs .fr/TU RBO-) and COOT I 78 during successive c yc les of 

refinement with RE FMAC 5 1 79 using non-crystal lographic symmetry restraints for 

res idues 20-462 of both mo lecules  in the asymmetric unit. O rdered water molecules 

were added into discrete Fo-Fc e lectron density peaks where the height was greater than 

3 0" above the mean and there were potential hydrogen bonding contacts with the 

surrounding structure. I n  each mo lecu le, a M n2+ ion, a PEP molecule and a sol- ion 

( all ident ified by their shapes and environments) could be added into extra density, in 

equivalent positions in the two mo lecules. Subsequent refinement ind icated pal1 ial 

occupancies for each of these spec ies, est imated at 0 .75 for M n2+ and PEP and 0 .5  for 

snt. Density for a mo lecule of  the detergent Thesit was a lso found in the d i mer 

interface between mo lecules A and B; its inc lusion reduced the value of Rfrce by 0 .003 . 

Final refinement stat ist ics are in table 3 .4 .  The Se-Met c rystal structure has been 

deposited into the Protein Data Bank ( POB) with the accession code 2 B 70. 
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Table 3.4 Table showing refinement Statistics 

Reso lution range ( A )  4 7  - 2 .30  

Number of  reflect ions ( test set ) 66794 ( 3563 ) 

R factor (Rfree) 0. 1 8 1  (0 .2 1 9) 

Number of non-hydrogen atoms 

Protein ( 2  mo lecu les) 693 1 

Water 345 

Mn2+/PEP/S042- 2/40/ 1 0 

Thesit 26 

Average B factors ( A2 )  
Protein  43 . 5  

Water 48 . 1 

Mn2+/PEP 4 l . 2/44.4 

Rms deviat ions from ideal ity 

Bond lengths (A )  0 .0 1 9  

Bond angles ( deg ) 1 . 7 

Residues in most favored region of 90. 1 

Ramachandran p lot (%)  

3. 1 7  Description of Crystal Structu re of Mt-DAH7PS 

3. 1 7. 1  M onomer Structure 

Both MI-DAH7PS molecu les in the asymmetric unit of the crystal have the same fo ld, 

w ith 4 1 2  out of 462 residues matching with a root-mean-square (nns) d ifference in Ca 

atom pos it ions of 0.42 A; only in the - terminal twenty-one residues i s  there any 

significant deviat ion. The Mf-DAH7PS monomer ( figure 3 . 1 2) consists of a core ( �/a )8 

T I M  barrel domain in which the e ight para l le l  �-strands ( residues 80-85, 1 20- 1 27, 243-

249, 277-28 1 , 3 02-307, 3 3 1 -3 3 7, 3 6 1 -366 and 406-4 1 2 )  are each fol lowed by a-he l ices. 

Two major add it ions decorate the barrel .  At the N-terminus, an extended �-strand p lays 

a key role in d imerizat ion ( see below) and is fo llowed by three helices ( aOa, aOb and 

aOc ), the last of which ( aOc, residues 60-7 8 )  c loses off the N -termjnal end of the barrel .  

The second add it ion consists of a pair of  hel ices (a2a and a2b) that extend the a2-�3 

connecting loop and pack against the outside of the barre l .  The connect ing loops at the 
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C-terminal e nd of the barrel, where t hey help to form the act ive s ite ( descr ibed below),  

are marked l y  longer than t hose at the N-terminal end ( figure 3 . 1 2 B ) .  The �2-a2 and �8-

a8 loops are 3 7  and 32 residues lo ng, respect ively, the �7-a7. and. �6-a6. loops are 

sl ight ly shorter ( 1 6  and 1 0  residues, respectively) ,  and the other loops are 4-8 residues 

in length. I n  contrast, at the N-terminal end of the barrel six of the eight connect ing 

loops are short (2-7 residues), and o nly  the a2-�3 connect ion, w ith its add it ional two 

hel ices, and t he 1 9-residue a3-�4 connect ion, are longer. 

b 

B 

Figure 3.1 2 Mt-OAH7PS monomer. A, View of Mt-DAH7PS monomer, looking i nto the (�/a)!l­

barrel . a-Helices are shown in cyan and �-strands in gold. The bound M n2+ ion 

(magenta sphere) marks the location of the active site. B, Side-on view of the Mt­

DAH7PS monomer. 
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3. 1 7.2 Quaternary Structure 

The quaternary structure of Mt-DAH 7PS is a homotetramer, which is generated by 

appl icat ion of a crystallographic two-fo ld symmetry operat ion. The tetramer consists o f  

two t ight d imers of  this enzyme ( figure 3 . 1 4) .  The major contributors t o  the d imer 

interface are the extended N-terminal residues 1 - 1 3 , parts of hel ix  aOb and the aOb-aOc 

loop from the N -terminal add it ion, together with the long hel ix a2, residues 1 65 - 1 89 ( a  

l ist of  residues contribut ing t o  the d imer interface i s  g iven in Appendix Two). The 

termini form l inked arms, with the -terminal arm from molecule A fitt ing between the 

body of mo lecule B and the mo lecule B arm ( and vice versa) and residues 3-9 from the 

two mo lecules forming an antipara l le l  p-ribbon ( figure 3 . \ 3 ) .  This association invo lving 

the N-terminal arms contributes about 40 % of the total buried surface in the d imer. The 

other major contribution to dimerization comes from the two a2 he l ices, which cross in  

the interface. Overall, a total of  3 782  A2 of  so lvent accessible surface is found to  be 

buried by d imer formation (approximately 1 900 A2 per monomer, or l a  % of the 

monomer surface), ind icat ing a very stable d imer. The interface is 66 % hydrophobic, 

but also inc ludes one salt-bridge ( Asp l OA . . .  Arg 1 7 1 B) and hydrogen bonds invo lv ing the 

side chains of G l n l l ,  Asn 1 8 1  and Arg 1 84, in addit ion to the hydrogen bonding of the 

N-terminal arms. 

The interact ion between the dimers to form the tetramer is relat ively smal l  and 

predominate ly hydrophobic, with no po lar contacts between the two monomers. The 

format ion of the weak tetramer buries 3 996 A2 ( 1 998 A between subunit A and C ( B  

and D )  o f  so lvent-accessible surface area ( approximately 1 000 A2 per monomer, or 5 % 

of the monomer surface) .  The interfac ial area between the two subunits is largely 

through residues of  the addit ional a2b hel ix and a2b-p3 loop, with minor contribut ions 

from the core a I helix ( for a l ist of residues contribut ing to the tetramer interface refer 

to Appendix Three ) .  
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Fig u re 3.1 3  The Mt-OAH7PS d imer, with one monomer i n  cyan and the other i n  gold . 

Fig u re 3 .14 The Mt-OAH7PS tetramer, with the two monomers making up the tight dimer i n  

d ifferent shades of the same color (either pink or  purple) and  the subun its making 

up the tetramer in contrasting colors (one monomer purple and the other p ink) .  
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3. 1 7.3 Active Site Architecture 

As is typical for ( p/a)s-barrel enzymes, the act ive site of Mt-OAH7PS is located at the 

C-termina l  end o f  the barrel,  where it is c learly indicated by the presence o f  the bound 

metal ion cofactor, Mn2+, and P E P  ( figure 3 . 1 2 B), which are found in the same position 

in both subunits, at the bottom of  a deep cavity. The act ive s ite residues are contributed 

by the C-terminal ends of the �-strands and the connect ing loops between �-strands and 

a-hel ices. Residues contribut ing to the active s ite of Mt-O AH7PS are shown in figure 

3 . 1 5 . 

The Metal Binding Site 

The metal b inding site is formed by four protein l igands, SY of Cys87 ( from the � l -a l  

loop), NE2 of H is369 ( from the �7-a7 loop), OU of Glu4 1 I ( from the end of strand � 8 )  

and Oli2 of Asp44 I ( from the �8-a8 loop). Between them these l igands fi l l  four positions 

of what most c losely approx imates a trigonal bipyramidal metal coordinat ion site; 

Cys87 and H is369 are the axial l igands, with Glu4 1 1 and Asp44 1 in the equatoria l 

t rigonal p lane, leaving one equatorial s ite avai lable for the binding of  the E4P substrate 

or water. No water l igand is apparent in the present structure, although we have 

o bserved a water mo lecule in other crystal structures of MI-OAH7PS discussd in th is  

t hesis. An intriguing feature o f  the metal bind ing site is the presence of Cys440 c lose to 

t he metal l igand Cys87. A s imple rotation about Cys440 CU_C� to another rotamer 

would al low formation of a d isulfide bond with Cys87, prec lud ing metal bind ing and 

explain ing the need for a reduc ing agent to maintain ful l  act ivity of the enzyme ( refer to 

C hapter F ive for further deta i l ) .  
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A 

B 

Figure 3 .15  Active site of  Mt-DAH7PS. A, stereo view showing the interactions with the Mn
2+ 

ion (magenta sphere), the PEP substrate (yellow and orange stick model) and the 

sulfate ion (green) that marks the l ikely position of the phosphate group of the 

E4P substrate. Water molecules are shown as smal l  red spheres. Metal-l igand 

bonds are shown with thin black l ines, and hyd rogen bonds with broken l ines. Key 

residues that contribute to metal, PEP or sulfate binding are labeled. The 

invariant G lu248 wou ld sit di rectly above the PEP C3 atom in this view, but has 

been removed for clarity. B, Stereo view of the e lectron density for PEP, from a 

2Fo-Fc map, contoured at 1 0. The side chains of Gl u248 and Trp280 approach 

to -3 A from the methylene carbon (C3) of PEP. 
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The PEP Binding Site 

The PEP bin ding site is defined by a network of hydrogen bonds between the protein 

and the PEP phosphate and carboxylate groups. The phosphate group of PEP is 

hydrogen bonded by the pept ide NH o f G lu283 and Arg284 Nil I ( both located on t he P4-

a4 loop) ,  Lys 306 1; ( from the end o f  strand PS) ,  Arg33 7  E and 112 ( from the p6-a6 

loop) and two water molecules; each phosphate oxygen receives at least two hydrogen 

bonds. The PEP carboxylate group forms a doub ly hydrogen bonded ion pair with 

Arg l 26 ( fro m  the end of strand P2) ,  receiving hydrogen bonds from its Nil I and NIl2 

atoms, and is add it iona l ly hydrogen bonded to the E-guanidine group of  Lys306 and one 

water. Each carboxy late oxygen thus receives two hydrogen bonds of extremely 

favorable geometry, ind icat ing exquisite mo lecu lar recognition. The PEP e lectron 

density ( figure 3 . 1 5B)  indicates a configurat ion in which the central C2 carbon is 

trigonal p lanar, but the carboxylate and enol groups are not coplanar, as a result of a 

twist of  30-40° about the C I -C2 bond. In this configurat ion, the side chains of Trp280 

and Glu248 are on either s ide of t he PEP methylene carbon ( C3 ), with the Trp280 

indole N H  po int ing at C3 ,  �3 A away, and G lu248 OE2 also �3 A away. 

Potential E.JP Binding Site 

Also in the act ive site region, near its opening and � l o A further out from the PEP is a 

bound SO/- ion. This ion, which marks the l ikely posit ion of the E4P phosphate, is in 

the same posit ion in both mo lecules, bound to Arg 1 35 NE, Arg284NIl2, Ser l 36 OY and 

the pept ide N H  of Ser 1 36. Arg284 provides a bridge between the PEP and sulfate sites, 

being hydrogen bonded to both the PEP phosphate and the sulfate ion. 

3. 1 8  Comparison with Type I DAH7PS Enzymes 

The structure determined for MI-OAH7PS is a ( p/a )s TIM barrel, which is also o bserved 

for the type I OAH 7PSs,
47A9,5 1 ,53 ,7 1 .92 .93 and KD08 PS .

I 03,
1 1 5 We therefore superimposed 

the Mf-DAH7PS structure on to that of the type la Ec_DAH7PS,9
2
,93 to test the extent of 

structural s imi larity despite the lack of  recognizab le sequence identity. Superimposing 

fust just the e ight p-strands of  the core ( p/a)g barrel, and then extend ing the structural 

a lignment incremental ly, with a maximum disagreement thresho ld of 3 A, we could 

match 1 7 1 residues with an rrnsd in Ca atom posit ions of 2 . 1 2  A. The matching  

9 1  



structural elements comprised the e ight �-strands, he l ices a2, a4, as, part of  a6, and a8, 

and extensive regions of the �-a connect ing loops at the C-terminal end of  the barrel, 

and inc luded 37 sequence ident it ies. This superposit ion, and a s imi lar comparison with 

the type I �  PfDAH7PS, gives the structure-based sequence a l ignment shown in figure 

3 . 1 6. The superposit ions and structure-based sequence al ignment in figure 3 . 1 6  were 

k ind ly performed and constructed by Prof Ted Baker, Auck land U niversity. 

I mportant ly, the a l ignment of the type I I  Mt-DAH 7PS on to the type 1 enzymes, purely 

on the basis of  its fo ld, also al igns all the act ive site residues. The metal l igands (Cys87, 

H is369, G lu4 1 1 and Asp44 I ), the residues that interact with PEP and the SO/- ion 

(Arg I 26, Arg 1 3 5 ,  Ser 1 36, Arg284, Lys306 and Arg3 3 7 ), and other conserved residues 

around the act ive site ( Pro 1 34, I 1e28 I and G ly282 ) ,  match the equivalent residues in the 

type I Ec-DAH7PS with an rmsd of  only 1 .03 A for I 1 1  atoms. The bound metal ion, 

PEP and sulfate are also within - I A of the ir posit ions in the E. coli enzyme, consistent 

with a common react ion c hemistry and mechanism. Equivalent residues in the act ive 

sites of Ec-DAH7PS, PfDAH7PS and Mf-DAH7PS are shown in table 3 . 5 .  
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M t u  3 5 8  
P f u  1 9 1  
Tma 2 6 2  
E e o  2 5 7  
S c e  2 6 9  

M 
Mtu 4 3 7  
P f u  2 3 6  
Tma 3 0 7  
Eeo 3 2 3  
S c e  3 3 9  

• 

Figure 3. 1 6  
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Structure-based sequence alignment of DAH7PS enzymes. The sequences are for the M. tuberculosis 

( Mtu), P. furiosus ( Pfu) ,  T. maritima ( Tma), E. coli ( Eco ) and S. cerevisiae ( Sce) DAH7PSs. Core p-strands are highl ighted in 

green and core a-hel ices in red. on-core a-he l ical regions are highl ighted in pink and non-core �-strands in l ight blue. 

Residues in contact with metal or  PEP are denoted with M or P respectively. The major secondary structure elements in Mt­

DAH7PS are labeled. Residues that are conserved in a l l  five structures are indicated with • .  
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Role of Residue Ec-DAH7PS Pf-DAH7PS Mt-DAH7PS 

(type la) (type [�) (type 11) 

Ala l 64 Ala l 1 4  Glu283  

P E P - Arg 1 65 Arg l 1 5  Arg284 

Phosphate binding Lys 1 86 Lys 1 36 Lys306 

Arg234 Arg l 66 Arg33 7  

Arg92 Arg55 Arg l 26 

P E P - Lys97 Lys l 36 Lys306 

Carboxylate binding Lys 1 86 

G in  I I I  

Cys6 1 Cys3 1 Cys87 

H is268 H is20 1 H is369 
M etal binding 

G lu302 G lu227 G lu4 l 1 

Asp326 Asp23 8 Asp44 1 

E4P - Arg99 Arg62 Arg l 3 5 

Phosphate binding Thr l OO Thr63 Ser 1 36 

Table 3.5 Table showing equivalent residues in the active sites of Ec-DAH7PS, Pf­
DAH7PS and Mt-DAH7PS 

The only s ignificant act ive site differences in Mt-DAH7PS appear to be the presence of 

the aromat ic r ing of Trp280 adjacent to the PEP, and the altered PEP conformat ion at 

C2-C3 . Whether the contacts made by the PEP methylene carbon CC3 ) with G lu248 and 

Trp280 are significant for the reaction mechanism we cannot say at present. However, 

G lu248 is invariant in a l l  DAH7PSs, and Trp280 is conserved in a l l  type I I  enzymes. 

Trp280 replaces a GIn residue in Pj- DAH 7PS and Tm-DAH 7PS and Ala in Ec­

DAH7PS and Sc-DAH7PS, though a Tyr residue from a d ifferent part of the structure 
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occupies part of th is  space in the latter two enzymes. One other act ive s ite difference i s  

the presence of  L ys3 80, which i s  contributed by an insert ion in  the MI-DAH7PS 

sequence and has no counterpart in the Type I enzymes. Lys380 is hydrogen bonded to 

the metal l igand Asp44 l and is 4 A from the SO/-, in a posit ion where it c ould interact 

with E4P. 

3. 1 9  Discussion 

DAH7PS is essent ial for the viab i l ity of most organisms because of its key ro le in the 

biosynthesis of  aromatic compounds. Several subtypes of DAH7PS are o ften found in a 

given organism, subject to different regulation and with different metabo l ic ro les. M. 

tuberculosis, in contrast, has only a single open read ing frame ( Rv2 1 78c) that 

corresponds to a D AH 7PS. This gives it a crit ical role and makes it a key drug target, 

since not only are the enzymes of the shikimate pathway, inc luding DAH7 PS,  essential 

for the viabil ity of M. tubercu!osis,3, 1 so but so are the enzymes of downstream pathways 

lead ing to the aromatic amino acids, fo lic ac id and mycobactin. 1 8o 

The amino ac id sequence of MI-DAH 7PS c lassifies it as a type 1 1  DAH7 P S .  Type I I  

DAH7PSs are found in both bacterial and eukaryotic phy logenet ic domains, e ither in 

combinat ion with type [a enzymes or alone. Several of the microbial type [ J  DAH 7PSs 

have a predicted funct ion in secondary metabo lism, on the basis  of genomic 

1 4 1 1 43 b ' . 
h M b !  h h I D H7PS context, ' ut i ll orgal1 lsms sue as . tu ercu osis, w ere t e so e A 

belongs to the type [ l  family, a pivotal ro le in  primary metabo l ism is impl ied.  The type 

I I  DAH7PSs are, however, poorly characterized compared with the type I DAH7PSs. [ n  

part icular, the lack o f  tertiary structural informat ion for the type I I  enzymes, which have 

no obvious sequence homo logy with the type I DAH 7PSs, has made it unc lear whether 

they have any evo lut ionary re lat ionship.36 

As in the case of a l l  other DAH7PSs, Mt-DAH7PS act ivity is dependent on the presence 

of a d ivalent meta l  ion, and sensitive to treatment with metal ion che lators.65.s l .9.u
o6 As 

was observed for the type I I  DAH7PSs from H pylori, X campestris and S. 

caespilosus,3S. l I S, I S I  highest enzyme act ivit ies were observed when the enzyme was 

treated with C02+. The kinet ic parameters for Mt-DAH7PS are also s in"li lar to those 

observed for the type 1 1  DAH7PSs from H pylori and X campestris. 3SJ S I  
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The most strik ing fmding from t he present work is the c lear evo lut ionary relat ionship 

between Mt-DAH7PS, the fIrst type 1 1  DAH7PS to be structural ly characterized, and the 

type la and type I� enzymes. Crystal structures have been reported for type la 

DAH7PS enzymes from E. coli and S. cerevisiae, 49,53 and for type I� DAH7PS 

fr T 
. . 

d P ji ' 1 07 enzymes om . mantlma an . unosus. All  of  these type I enzymes are 

homotetramers, w ith (�/a)8 T I M-barrel subunits containing four apparently independent 

act ive s ites. Mt-DAH7PS has the same monomer-fo ld, and although T I M-barre l 

enzymes are very common it is s ignifIcant that the only c lose matches in the PDB are 

other DAH7PS enzymes and the related KD08PSs. The key observat ion, however, i s  

that when Mt-DAH7PS is superimposed on to  the type I DAH7PSs on the basis of its 

core barrel structure, al l of  the act ive site residues match, both  spat ial l y  and chemi cal ly .  

This congruence of both fo Id and catalyt ic apparatus makes i t  wlequivocal that the type 

I and type 1 1  enzymes are related by d ivergent evo lution from a common ancestor. 

Whj le the Mt-DAH7PS structure shows that the type I and type I J  enzymes share a 

common fo ld and active site architecture, there are signifIcant differences both in the 

add it ional structural elements that adorn t he core ( �/a)g barrel and in quaternary 

structure. As shown in fIgure 3 . 1 7, the type I �  Pj-DAH7PS is the most stripped-down 

DAH7PS, its monomer compris ing just the core (p/a)s barrel .  Al l  of the structures have 

a structural e lement (a-he lix in MI-DAH 7PS, Ec-DAH7PS and Sc-DAH7PS, and a �­

ribbon  in Tm-DAH7PS and PIDAH7PS) that c loses the N-terminal end of the barre l .  

Most important ly, however, a l l  except the P. furiosus enzyme possess extra structural 

mot i fs (domains or subdomains) that are invo lved in al losteric regu lation ( described in 

further detail in Chapter Four) .  
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Figure 3 . 17  Comparison of  subunit structure of DAH7PS enzymes. The core (l3/a)a-barrel 

common to al l  DAH7PSs is shown in blue. N-terminal extensions or domains are 

shown in red a nd other protrusions from the barrel are in yel low. The structures 

shown are for A, Mt-DAH7PS, B, Pf-DAH7PS, C, Ec-DAH7PS, and D, Tm­
DAH7PS. 

A further d ifference between the vanous DAH 7PS enzymes i s  in their  quaternary 

structures ( figure 3 . 1 8 ) .  The type la and type I P  DAH 7PSs are homotetrameric, but 

only one monomer-monomer interface is conserved between these two ubfami l ies. 

This common interface pr imari ly invo lves hel ices a3, a4 and as, and loops p2-a2, P3-

a3, p4-a4 and pS-aS , and impacts on the posit ioning of the a2-p2 loop that provides part 

of the E4P binding site in the act ive site of the protein. The same interface is a lso 

observed in the c losely re lated KD08PS enzymes. I D3 , 1 1 5 Despite this common d imer, 

the type la and JP DAH7 PSs form tetramers using completely d ifferent structural 
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e lements, meaning that whi le  the d imers can be superimposed, the tetramers cannot.  I n  

contrast, the monomer-mono mer interface of  Mt-DAH7PS shows no commonal ity with 

any subunit interface found in any previously reported DAH7PS (or KD08PS) structure. 

Figure 3.1 8 Comparison of quaternary structures of DAH7PS enzymes. Superposition of 

the type 1 1  Mt-OAH7PS tetramer (purple) onto the type la  Ec-OAH7PS tetramer 

(green) and the type 1[3 Pf-OAH7PS tetramer (fire brick). 
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3.20 Conclusions 

These studies on the type [ l  DAH7PS from M. tuberculosis reveal a remarkable 

s imi larity in fo ld and function between type I and I l  enzymes. Despite their minimal 

sequence ident ity, and the significant d i fferences in quaternary structure and extensions 

to the core ( �/a )8 barrel, the key residues that interact with PEP and the d ivalent metal 

ion are completely conserved and posit ioned almost ident ical ly in the two DAH7PS 

types. The common act ive s ite architecture and chemistry, housed with in  a shared 

protein fo ld, suggest very strongly that the type r and I I  enzymes have ar isen from a 

common DAH7PS ancestor. The structural s imi larity in the active s ites suggests that 

inhibitors designed for other DAH7PS enzymes could make useful lead compounds for 

the development of new ant i-TB drugs. The presence o f  one or two key d ifferences, 

notably the presence of Trp280  adjacent to the PEP site, further suggests that more 

specific inhibitors that are select ive for type I I  DAH7PSs could be developed on the 

basis  of the present structure. 

Note: 

The work in this c hapter is in co l laborat ion with Prof Ted Baker from the University of 

Auck land, and has been published in a modified form in the Journal of Mo lecular 

B io logy. A copy o f  this paper is in the back of this thes is .  
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CHA PTER FOUR 

FEEDBACK-REGU LATION OF TYPE Il DAH7PS FROM 

M. TUBERCUL OSIS AN D H. P YLORI. 

4. 1 I ntroduction 

Feedback- inhibition is a mechanism by which b iosynthetic pathways regulate the flux 

from starting materials to pathway end-products.  That is, if there is too much end­

product present it i nhibits an earlier react ion in the pathway. The fust irreversible 

reaction of a biosynthetic pathway, cal led the committed step, is usual ly  an i mportant 

regulatory target. The fmal product (Z)  often inhibits  the enzyme that catalyzes the 

committed step (A to B) ( figure 4. 1 ) . 

I nhibited 
by Z 

A 

-y-
B .. C .. 0 .. E ... Z 

Fig u re 4.1 Feedback-inh ibition of the first reaction of a biosynthetic pathway (A to 8) 
by the end-product of the pathway (Z). 

The biosynthesis of the aromat ic ammo ac ids is via the shik imate pathway, which 

branches at chorismate. Tyr and Phe are synthesized via prephenate and the 

biosynthesis of Trp is via anthrani late ( figure 4 .2 ) .  I n  fu ng i  and bacteria, aromatic 

biosynthesis is primarily regulated by feedback-inhibit ion of DAH7PS,4
6 

which 

catalyzes the flISt committed step of the shikimate pathway. Given that there are three 

aromatic amino acids (end-products), the feedback mechanism for the regulation of  

DAH 7PS i s  more compl icated than what is described in  figure 4. 1 ( refer to  Chapter One, 

Section l . 3 . I ) . 
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Fig ure 4.2 

E4P + PEP 

! 
Sh ikimate 

! 
Chorismate 

Phe Tyr Trp 

Pathway for the biosynthesis of aromatic amino acids in microorganisms 

and plants 

[ n  E. coli three DAH 7PSs are responsible for catalyzing the first reaction of the 

shikimate pathway, each subject to feedback-inhibit ion by one o f  the aromatic amino 

acids. S. cerevisiae possesses two isoenzymes regulated by Phe and Tyr, 

respect ively. 34.49 To complete ly prevent the conversion of PEP and E4P to DAH7P,  a l l  

respective aromatic amino acids must be present at high leve ls. For example, complete 

inh ibit ion  of the shikimate pathway in E. coli requires the presence of al l  three aromat ic 

amino ac ids, each direct ly inh ibit ing o ne of the DAH7PS isoenzymes (a schemat ic of  

this type of  feedback- inhibit ion is in figure 4 .3 ) .  In contrast to  E. coli and S. cerevisiae, 

the genomes of M. tuberculosis and H. pylori contain a sing le gene encod ing a type n 

DAH7PS.  Therefore, as part of this project we dec ided to invest igate the feedback 

regulat ion o f  both these type I I  enzymes by the three aromat ic amino acids. 
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I nh ibiled by Y � 
A B - C 

I nhibiled by Z 
� 
( 

I nh ibi led by Z 

D - E - Y 

F - G - Z 

Fig u re 4.3 Feed back-inhibition mechan ism involving m ultiple enzymes that catalyze 

the conversion of A to B. I n  the case of two different enzymes catalyzing the 

conversion of A to B, one is d irectly inhibited by Y and the other by Z. 

The characterizat ion of la enzymes from E. coli and S. cerevisiae and of rp enzymes 

from P. furiosus and T maritima reveals a correlat ion between feedback regu lat ion and 

the add it ion o f  structural e lements decorat ing the basic ( p/a)g  barrel. A l l  structural ly 

characterized OAH7PSs possess extra structural mot ifs that are invo lved in al losteric 

inhibit ion, except for the P. furiosus enzyme which by itself is not regulated 

a l losterical ly as it lacks these extra structural motifs. The type r p  Tm- OAH7PS, which 

is very s imi lar in the core ( p/a)8 barrel structure to Pj-OAH7PS, has a ferredoxin- l ike 

domain attached to the N-terminus of the barrel . 5 1 This domain has been implicated in 

Phe and Tyr inhib ition.95 The crystal structures of type la  Ec-DAH7PS(Phe) and Sc­

OAH7PS(Tyr) ,  in complex with P he and Tyr, respect ively, have been so lved. Both 

amino ac ids bind in very s imi lar locat ions invo lving extensions of the N-terminus and 

an extended a5-p6 loop.49.52-54 

The crystal structure of Mt-OAH7PS described in Chapter Tlu'ee reveals a s imi lar 

protein-fo ld to that observed for type I OAH7PSs. The Mt-OAH7PS monomer ( 462 

residues) consists of a core ( p/a)g  T I M  barrel domain with two major addit ions 

decorating the barrel, an extended p-strand fo l lowed by three hel ices (aOa, aOb and aOc ) 

at the N-terminus, and a pair of hel ices (a2a and a2b) that extend the a2-p3 connect ing 

loop. I t  is tempting to speculate that these two addit ions to the barre l may provide two 

d ist inct inhibitory binding sites for aromat ic amino ac ids. To investigate this further we 
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have so lved the crystal structure of MI-DAH7PS in the presence of Trp and Phe, and we 

have performed k inetic stud ies in the presence of the three aromat ic amino acids and 

chorismate. 

This chapter detai ls k inet ic studies performed with not only Mt-DA H 7 P S  but also Hp­

DAH7PS in the presence of the three aromat ic amino ac ids and chorismate. The crystal 

structures of Mt-DAH7PS in complex with  P E P, Mn2+ and either Trp and Phe a lone or 

ill combinat ion are described. The diversity of  feedback-regulat ion d isp layed across al l 

characterized DAH 7PS enzymes is also discussed. 

4.2 Feedback-inhibition Studies with Hp-DAH7PS 

The sensit ivity of Hp-DAH7PS towards Trp, Tyr, Phe and c horismate ( 2 5 0  �lM) ,  e ither 

alone or in combinat ion, was investigated using standard assay condit ions, as described 

in Chapter Six. The three aromatic amjno ac ids and chorismate had no detectable effect 

on the act ivity o f  Hp-DAH7PS suggest ing that this enzyme by itse lf  is unregulated by 

the four products of the shik i mate pathway. This does not necessari ly  mean that this 

type I l  enzyme is unregulated; it could be that we are yet to ident i fy the metabo l ite/s or 

protein partner( s )  responsible for regulat ing Hp-DAH7PS ' s  act ivity. Further studies 

involving the determinat ion of the crysta l  structure of Hp-DAH7PS may a l low us to 

ident ifY potent ial metabol ites that regulate the act ivity of the H. pylori enzyme. The 

test ing of other metabo l ites of the aromat ic  amino ac id biosynthet ic pathway as 

potent ial feedback regulators of Hp-DAH7PS is required, for example prephenate and 

anthrani late, to rule out feedback-inhib it io n  of this enzyme by intermed iates of the 

pathway. 

4.3 Feedback-inhibition Studies with Mt-DAH7PS 

The three aromat ic amino ac ids and chorismate were tested as potent ial feedback­

regulators of Mt-DAH7PS. Simi lar to Hp-DAH7PS, this was achieved using standard 

assay condit ions, described in C hapter Six.  The three aromatic amino ac ids ( 200 �lM )  

and chorismate ( 200 � M )  were tested individual ly and i n  combinat ion ( table 4 . 1 ) . Phe 

and to a lesser extent Tyr, appear to activate MI-DAH7PS, whereas Trp and chorismate 
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show no s ignificant effect on enzyme act ivity. An interest ing observat ion is the 

inhibit ion  disp layed when Trp was added in combinat ion with either Phe or  Tyr ( to a 

lesser extent) .  The inhibit ion was considerably greater than the add it ive effect of the 

aromatic amino ac ids alone, suggesting synergist ic inhibit ion with this combinat ion of 

aromatic amino acids. The combinat ions of Tyr and Phe, Trp and chorismate, and 

chorismate and Phe do not show any signs of synergist ic inhibit ion. The synergistic 

inhib it ion d isplayed with Trp and Phe or  Tyr provides funct ional evidence to support 

the hypothesis that the two addit ions to the core (�/a)8 barrel of Mt-DAH7PS (refer to 

Chapter Three, Sect ion 3 . 1 7 . 1 )  are invo lved in the binding of Trp and Phe or Tyr. I n  

order to invest igate this further a crystal structure in the presence o f  Trp and Phe was 

determined ( refer to Section 4.6. 3 ) .  I t  should be noted that the leve l of inhibit ion of Mt­

DAH7PS by Trp and Phe is very sensitive to the concentration of E4P. The inhibit ion 

of  Mt-DAH7PS is significant ly increased at lower concentrat ions of  E4P ( refer to 

Section 4 . 1 0. 1  for further detai l ) .  

Table 4.1 

I nhibitor % activity 

None 1 00 

Trp 95 

Tyr 1 09 

Phe 1 52 

Chorismate 1 00 

Trp + Phe 54 

Trp + Phe* 69 

Trp + Tyr 78 

Trp + Chorismate 93 

Tyr + Phe 1 53 

Chorismate + Phe 1 43 

Table showing effect of aromatic amino acids and chorismate on Mt­

DAH7PS activity. Standard assays were performed ( refer to Chapter S ix) 

which consisted of E4P ( 1 42 �M) ,  PEP (200 �M) ,  M nS04 ( 1  00 � M )  and either 

aromatic ami no acids (200 �M) or chorismate (200 �M) .  The combi nation of 

Trp and Phe annotated with an asterisk ( *) is  i n  the presence of 1 00 �M of each 

amino acid .  All reactions were i nitiated by the addition of Mt-DAH7PS, which 

had been purified in the presence of Thesit (2 I-lL ,  4.6 mg/m L). Assays were 
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performed i n  triplicate, and results were averaged with an estimated error no 

greater than 10 %. 

The activation of  Mt-DAH7PS by Phe ( and Tyr to a lesser extent) is very interest ing and 

not expected. At first we considered that it was possible Thesit, a non-ionic detergent 

that is present in the Se-Met structure and d isplaced by two Phe molecules in the Trp 

and Phe structure ( refer to Section 4 .9 . 1 ), may in11 ib it the enzyme. Therefore, the 

add it ion of  either Phe o r  Tyr removes Thesit and e l im inates the inhibit ion  o f  Mf­

DAH7PS by the detergent mo lecule. To invest igate this Mt-DAH7 PS was purified in  

the absence of Thesit and standard assays were performed with  the add ition of Thesit 

( 0.005 % and 0.025 %) .  Results showed that the add ition of  Thesit to  the react ion 

mixture has no detectable effect on the act ivity of MI- DAH7PS. The kinetic parameters 

were determined for the Thesit-free MI-OAH7PS protein ( figure 4 .4) .  The apparent KM 

values for E4P and P E P  were 1 2 .0 ± 1 .0 �lM and 2 1  ± 1 . 3 �M,  respect ively and the kcat 
value was calcu lated as 4 . 5  ± 0. 1 S- I .  These values were found to be very s imi lar to 

those reported for protein purified in the presence of detergent ( refer to Chapter Three, 

Sect ion 3 . 9 ), suggesting that Thesit does not in11 ibit  Mf- OAH7PS.  

The activat ion of OAH7PS by the aromatic amino ac ids has been reported for the plant 

type " enzymes ( refer to Chapter One, Sect ion 1 .4 ) .  The feedback regulat ion of Mf­

DAH7PS by the aromat ic amino ac ids is more complex than that reported for any other 

DAH7PS. The d ifference in the levels  of act ivat ion of MI-DAH7PS by Phe and Tyr 

could be due to the latter amino ac id not being essent ia l ;  that is, Tyr can be synt hesized 

via the hydroxylat ion of Phe. 
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Michaelis-Menten plots for determination of KM val ues for E4P A, and 

PEP B. The reaction mixtures for the determination of the KM of E4P 

consisted of PEP (225 IJM), MnS04 ( 1 00 IJ M )  and E4P (8 to 1 92 IJM), i n  BTP 

(50 mM) pH 7 ,5  buffer. The determination of the KM of PEP consisted of 

reaction mixtures of E4P (200 IJM), M nS04 ( 1 00 IJM)  and PEP (5 IJM to 400 

IJM), in BTP (50 mM) pH 7.5 buffer. The reaction was initiated by the 

addition of purified Mt-OAH7PS (2.5 IJL ,  2 mg/mL) and carried out at 30 °C. 

KM and kcat values were determined by fitting the data to the Michael i s­

Menten equation using Enzfitter (Biosoft) . 

To invest igate the unique mode o f  feedback regulat ion of  Mt-OAH 7PS by al l  t hree 

aromatic amino ac ids further studies were performed. These inc luded a series of assays 

with varyi ng ratios of Trp and Phe ( figure 4 .5 )  or Trp and Tyr ( figure 4 .6)  so that the 

total aromatic amino acid  concentrat ion remained constant at 200 f..lM .  Resu lts showed 

that the leve l of inh ibit ion is sensitive to the rat io of concentrat ions of Trp and Phe. At 

e ither 200 f..lM of Phe or Trp no inhibit ion is observed but as soon as the two are added 

in combinat ion ( even 20 f..lM :  1 80f..lM)  inhibition of Mt-OAH7PS is d isplayed. It is a lso 

noticed t hat 1 80 f..lM Phe + 20 f..lM Trp shows a higher leve l  of  inh ibit ion than 20  f..lM 

Phe + 1 80 f..lM Trp. The synergist ic inhibit ion displayed in the presence of Trp and Tyr 

i s  not as significant as t hat o bserved with Trp and Phe.  It is only when the ratio of  

[Trp ] : [Tyr] i s  c lose to one, that i s  1 00 f..lM Trp + 1 00 f..lM Tyr that Mf-OAH7PS activity 

i s  inh ibited. The enzyme concentration in the assays is approximate ly 1 0  nM which is 

significant ly lower than t he concentration of aromat ic amino ac ids added ( 20-200 f..lM ) .  

Further studies involving the determinat ion of the bind ing constants o f  Trp and Phe are 
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required to help explain the resu lts d isplayed here as it would appear that the binding o f  

Trp to the enzyme i s  stronger than that of Phe . This could b e  achieved b y  label ing Trp 

and Phe and using NMR spectroscopy to look at the effect on the s ignal in the presence 

of Mt-OAH7PS. A series of experiments of d ifferent concentrations of aromat ic amino 

ac ids may al low a bind ing contant to be determined. A second option would be to use 

fluorescence spectroscopy and match changes in fluorescence with the bind ing of Trp to 

Mt- OAH7PS. 

Our results ind icate that the presence of both Trp and Phe ( o r  Tyr to a lesser extent ) is 

necessary for the inhibit ion of MI-DAH7PS. In  the absence of  either Trp or Phe the 

enzyme is avai lable to supply more chorismate as a precursor of the defic ient amino 

ac id to restore or  maintain the aromat ic ratio at the o pt imum set point for M. 

tuberculosis ( under part icu lar environmental condit ions and p hysiological requirements) .  

As we ll as  feedback- inhibit ion o f  DAH7PS, there is evidence for addit ional feedback­

regu latory strategies for each of the amino ac id biosynt het ic pathways after the branch 

po int at the common metabo lite chorismate. Ant lu'an i late synthase ( Trp branch) has 

been shown to be feedback-regu lated by Trp 1 82 and prephenate dehydratase ( Phe and 

Tyr branch) is feedback-regulated by Phe and Tyr.4 1 I n  the case of MI-OAH 7PS it is 

interest ing that only Phe or  Tyr act ivate the enzyme and not Trp. 
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Effect of different ratios of Trp and Phe on the activity of Mt-OAH7PS. 

Standard assays were performed (refer to Chapter Six for detai ls) consisting of 

E4P ( 1 40 �M) ,  PEP (250 �M) ,  MnS04 ( 1 00 �M) and vary ing concentrations of 

Trp and Phe (+) : 0 �M Trp + 200 �M Phe, 20 �M Trp + 1 80 �M Phe, 40 �M Trp 

+ 1 60 �M Phe, 80 �M Trp + 1 20 �M Phe, 1 00 �M Trp + 1 00 �M Phe, 1 20 � M  

Trp + 8 0  � M  Phe, 1 60 � M  Trp + 40 iJ M  Phe, 1 80 � M  Trp + 20 �M Phe, and 200 

�M Trp + 0 �M Phe. The reaction was in i tiated by the addition of Mt-DAH7PS 

(1 �L ,  4 .6  mg/mL). The dashed l ine shows enzyme activity in the absence of 

aromatic amino acids.  As reference l ines 0-200 �M Phe (.) and 0-200 �M Trp 

(A) are a lso i ncluded on th is plot. 
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Figure 4.6 Effect of d ifferent ratios of T rp and Tyr on the activity of Mt-DAH7PS. 

Standard assays were performed ( refer to Chapter S ix for detai ls) consist ing of 

E4P ( 1 42 IJM) ,  PEP (200 IJM) ,  MnS04 ( 1 00 IJ M )  and vary ing concentrations of 

Trp and Tyr (+): 0 IJM Trp + 200 IJ M  Tyr, 20 IJM Trp + 1 80 IJM Tyr, 40 IJM Trp + 

1 60 IJM Tyr, 80 IJM Trp + 1 20 IJM Tyr, 1 00 IJM Trp + 1 00 IJ M  Tyr, 1 20 IJM Trp + 

80 IJM Tyr, 1 60 IJM Trp + 40 IJM Tyr, 1 80 IJM Trp + 20 IJ M  Tyr, and 200 IJM Trp 

+ 0 IJM Tyr. The reaction was i n it iated by the addition of Mt-OAH7PS (2 IJ L, 

4 .6 mg/m L) .  The dashed l i ne shows enzyme activity i n  the absence of aromatic 

amino acids. As reference l ines 0-200 IJM Tyr ( . ) and 0-200 IJM Trp (A ) are 

also i ncl uded on th is plot. 

The regulation of aromatic amino acid  biosynt hesis in M tuberculosis is completely 

different to  that observed for E. coli and S. cerevisiae, which possess mult iple 

isoenzymes of  DAH7PS that are regulated by one of  the aromat ic amino ac ids ( refer to 

introduct ion of this chapter). In the case of M tuberculosis, which possesses a s ingle 
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DAH7PS, the presence of both end-products of  the pathway, Trp (e .g Y) and Phe or Tyr 

( e.g  Z) are necessary to s ignificant ly inhibit the type I J  DAH7PS ( figure 4 .7 ) .  

I nhibited 
bY Y;< 

- c  

I nhib ited 
by Z 

D - E - Y 

F - G - Z 

Figure 4.7 Concerted feedback-i nh ibition mechanism. I nhibition of the first step of the 

biosynthetic pathway requ i res both Y and Z to be present. The conversion of A to 

B is not i nhi bited by a single product. 

4.4 Comparison with Other Type 11 Enzy mes 

Hp-DAH7PS act ivity was unaffected by the add it ion of aromatic ammo acids o r  

chorismate, and at the other extreme the M. tuberculosis enzyme was found t o  be 

sensit ive to all three of the aromatic amino ac ids. Other microbial type I I  enzymes have 

been reported to be at least partial ly inhib ited by Trp (table 4 .2 ) .  The X campestris 

enzyme is a lso inhibited by c borismate. Plant type 1 1  DAH 7PSs appear to be insensit ive 

to feedback-inh ibit ion by aromat ic amino ac ids, and in some cases aromat ic amino ac ids 

have even been reported to enhance enzyme act ivity. For example, Trp was found to 

act ivate DAH 7PS from carrot and potato.34.68 DAH 7PS from S antibioticus is reported 

to be s ignificant ly inhibited by Trp and, interest ingly, chorismate has been reported to 

exhibit a synergist ic effect at  al l  concentrat ions of Trp assayed. 1 4 7  
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Table 4.2 

Organism Feedback-inhibition Reference 

H. pylori no Section 4 . 2  

M. tuberculosis Trp/Phe or Tyr Section 4 . 3  

X campeslris Trp/ 38 

chorismate 

S. coelicolor Trp 3 7  

S. caespi/osus 
t 

Trp 1 1 8. 1 62 

S. rimosus 
-i- Trp 1 1 7 

S. aurefaciens 
-i-

Trp 1 2 1  

N erassa Trp 1 48 

S. anlibiolieus Trp and synerg ist ic 1 47 

inhibit ion with Trp and 

chorismate 

Comparison of properties of microbial type 11 DAH7PSs 

tNo primary sequence information is avai lable for these enzymes; however, the 

DAH7PSs from these species are highly l ikely to be type I I  enzymes as they a l l  

have subun i t  molecular masses around 50 kDa 

4.5 C rystallization and Data Collection of Mt-DAH7PS with Trp and Phe 

To invest igate the synergist ic inhibit ion  d isplayed with Trp and Phe or Tyr ( refer to 

Section 4 .3 ) crystal structures in the presence of Trp and Phe alone and in combinat ion 

were sought after. Original ly co-crystal l izat ion of Mt- DAH 7PS and the aromat ic amino 

acids uSi11g the original crystal l izat ion conditions for nat ive Mt-DAH 7PS were tried ; 

however, a l l  attempts were unsuccessfu l in producing crystals. The next step was to try 

soaking nat ive Mt-DAH7PS crystals in mother l iquor supplemented with e ither 

combinat ion of amino acids. Nat ive Ml-DAH7PS protein was crysta l l ized usmg 

condit ions described in C hapter Three. Several datasets were col lected but only the 

h ighest resolut ion datasets for crystals soaked in Trp and Phe alone and in  combination 

wi l l  be d iscussed in this thesis. 
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4.5. 1 Mt- DAH7PS and Trp 

A native crystal was soaked in Tris .HCI  (PH 7 .0, 0 . 1 M ), ammo nium sul fate ( 1 . 5 M),  

glycero l ( 1 5  % ( v/v) ) and Trp ( 2mM) .  Crystals were left overnight at  1 0  °C then flash­

frozen in l iquid nitrogen prior to transport to the Stanford synchrotron. Cryoprotectant 

consisted of mother l iquor with an increased concentrat ion of g lycerol ( 2 5  % ( v/v) ) .  

This crystal proved to  be  trigonal, with space group P322 1 ,  unit ce l l  d imens ions 

a=b =204 . 7 1 A, c=66.26 A, a=�=90°, y= 1 20°, and two mo lecules i n  the asymmetric unit, 

with a so l vent content of 68 % ( v/v) . Data were co l lected at a wave length of 0 .97929 A 
at the Stanford Synchrotron Radiation Laboratory. The data were processed using 

DENZO and SCALEP AC K by sc ient ists at the synchrotron. Fu l l  detail s  of the data 

col lect ion stat ist ics are in table 4 . 3 .  

Table 4.3 Data col lection statistics for Mt-DAH7PS-Trp 

Val ues in parentheses are for the outemlOst she l l  

Space group P322 I 
Unit  cel l d imensions (A)  

a=b 
c 

Resolut ion range (outer she l l )  (A )  
Wavelength ( A )  
No. measured reflect ions 

No. un i que reflect ions 

Completeness (%) 

Redundancy 

< I/m 
Rmerge (%) 

204.7 1 

66.26 

50 .0-2.5 (2.59-2 .5 )  

0.97929 

1 07433  

52344 

1 00 ( 1 00)  

2 . 8  (2 .8 )  

1 0.4 (2 . 1 )  

1 3 .4 (63.3 ) 

4.5.2 Mt- DAH7PS and Phe 

A nat ive crystal was soaked in Tris. H C l  ( pH 7.0, 0. 1 M ), ammonium sulfate ( 1 . 5 M ), 

g lycero l ( 1 5  % ( v/v) ) and Phe ( 2  mM) .  Crystals were left soaki ng for seven days at 1 0  

DC. For data col lect ion the crystals were soaked in a cryoprotectant comprised of  

mother l iquor  plus an increased concentrat ion of g lycero l ( 2 5  % ( v/v)) .  The crystal was 

then flash-frozen in a co ld-stream o f  gaseous nitrogen at 1 1 0 K. This crystal proved to 

be trigonal ,  with space group P322 1 ,  unit cel l  d imensions a =b =204.65 A, c=66. 6 1  A, 
a=�=90°, y= 1 20°, and two molecu les in the asymmetric unit, w ith a solvent content of 

68 % ( v/v) .  Data were col lected at a wavelength o f  1 . 542 A ( rotating copper anode) 
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using a R igaku M icroMax007 generator with Osmic Blue opt ics and an RAxis I V++ 

detector. Ful l  detai l s  of the data collection stat i st ics are in table 4A.  A moderately 

redundant dataset was col lected to a maximum resolution of 3 .0 A and an overall R mcroc o 

of 1 6A %, using non-overlapping 0.25° osc i l lat ions col lected for fifteen minutes per 

frame at a crystal-detector distance of 1 80 mm. Data were processed using d*TREK as 

part of Crystal C lear vers ion 1 . 3 .6  ( Rigaku) .  

Table 4.4 Data collection statistics for Mt-DAH7PS-Phe 

Values in parentheses are for the outermost she l l  

Space group P322 1 

Unit  cel l  dimensions ( A )  
a=b 
c 

Re olut ion range (outer shel l )  (A)  
Wavelength (A)  
No. measured reflect ions 

No. un ique reflect ions 

Completeness (%) 

Redundancy 

< I/m 
Rl11crge 

204 .65 

66.6 1 

39.6-3.0 (3 . 1 1 -3 .0) 

1 .542 

82552 

3 1 363 

97.2 (97.2) 

2 .63 (2.68) 

5 .6 (3 .0) 

1 6.4 (34.4 ) 

4.5.3 Mt-DAH7PS and Trp and Phe 

A nat ive crystal was soaked in a cryoprotectant so lut ion containing Tris. HCI  ( 0 . 1 mM, 

pH 7 .5 ) ,  ammonium sulfate ( l A  mM), Trp (2 . 2  mM ), Phe (2 .2  mM) and g lycero l (25  % 

( v/v) ), for approximate ly 3 0  minutes. The crystal was then flash-frozen in a stream of  

gaseous nitrogen a t  1 1 0 K. This crystal proved to be trigonal, with space group P322 1 ,  

unit ce l l  d imensions a=b=204.54 A, c=66A6 A, a=�=90°, y= 1 20°, and two molecules in  

the asymmetric unit ,  with a solvent content of  68 % ( v/v) .  Data was co l lected at  a 

wavelength of  1 . 542 A ( rotating copper anode) using a Rigaku M icroMax007 generator 

with Osmic B lue optics and an RAxis I V++ detector. Full detai ls of t he data co l lection 

statist ics are in table 4 . 5 .  A moderately redundant dataset was col lected to a maximum 

reso lut ion of 2.0 A and an overal l  Rmerge of  5 . 7  %, using non-overlapping 0.25° 

osc i l lat ions col lected for fifteen minutes per frame at a crystal-detector distance of 1 80 

mm. Data were processed using d*TREK as part of  Crystal Clear 1 . 3 .6  ( Rigaku) .  
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Table 4.5 Data collection statistics for Mt-DAH7PS-Trp-Phe 

Val ues in  parentheses are for the  outermost she l l  

Space group P322 I 
Uni t  cel l d imensions (A)  

a=b 
c 

Resolut ion range (outer she l l )  (A)  
Wavelength (A)  
No.  measured reflect ions 

No. un ique reflect ions 

Completeness (%) 

Redundancy 

dim 
Rmerge (%) 

204.6 1 

66.4 1 

39 .5-2.0 (2.07-2.0) 

1 .542 

204630 

98952 

92.2 (7 1 .9)  

2 .07 ( 1 . 73 ) 

8 .3  ( 1 .9) 

5.7 (33 .4) 

4.6 Crystal Structu re Determination and Refinement 

The soaking of  the native crysta ls d id not alter the crystal pack ing in any way, in that 

the space group and cell dimension  parameters are essent ia l ly ident ical to the Se-Met 

MI-DAH7PS dataset. As a l l  structures were isomorphous we were able to use phase 

information from the Se-Met structure to determine the crystal structures of Mt­

DAH7PS in complex with either aromatic amino ac id and in combinat ion. Measured 

intensit ies were converted to ampl itudes using TRUNCATE as part of Scalepack2mtz 

o r  dtrek2mtz (CCP4 1 83 ) .  The structure was then so lved by performing t wo rounds of 

rig id-body refinement (CCP4)  calculating phase informat ion from the Se-Met 

coordinate ( PDB) file. Opt imizat ion of the model consisted of repetitive cyc les of 

rebu i ld ing using COOT and refinement with REFMAC 5 ( CCP4) . Water molecu les 

were added automatical ly in C OOT and verified using 2Fo-Fc and Fo-Fc maps and by 

the ir potential to hydrogen bond to at least one protein atom or water mo lecu le. 

4.6. 1 Mt-OA H7PS and Trp 

The init ial refinement stat ist ics had values for R of �24 %, Rfree of 28 % and FOM of 

�0. 8 .  I n  the final model for MI- DAH7PS in complex with Trp, mo lecule A comprises 

the complete polypept ide chain ( residues 1 -462 ) except for residues 266-268, 3 74-3 77, 

420-42 1 and 426-43 1 ,  and mo lecule B is simi larly complete with the except ion o f  
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residues 3 72-3 79, 4 1 9-43 1 and 435-437. The two residues ( G ly-Ala) from the l inker to 

the c leaved His6-tag are also modeled for subunit B and the alanine is mode led for 

subunit A. The main-chain torsion angles correspond we l l  with the al lowed val ues, 88 .8  

% in  most favored region of Ramachandran p lot, as  defmed by  PROC H EC K .  I n  the 

current structure Arg25 A, Ala240A, A la424A, Asp2s and Leu 1 2s are in the d i sa l lo wed 

region of the Ramachandran p lot .  I n  the current structure two manganese ions, t hree 

glycero l  mo lecules, four sulfate ions and two Trp molecules (al l  ident i fied by t heir 

shapes and environments )  were modeled into extra density. Subsequent refinement 

indicated that the occupancy of Mn2+ was -30 % and that of the S04
2- ions, glycero l and 

Trp mo lecules was - 1 00 %. Two phosphate ions were modeled into both subu nits ( 1 00 

% occupancy )  where P E P  is found in the Se-Met structure. The 2 Fo-Fc map does not 

show electron  density for the remainder of the PEP mo lecule in  the cun-ent Trp structure. 

Density for a mo lecu le of detergent Thesit was also found bound at the interface 

between subunit A and B with occupancy of 1 00 %. It was modeled in as a dodecyl 

ether mo iety with one polyethy leneglycol unit attached. Final refmement stat ist ics are 

given in table 4.6 .  The crystal structure reveals a d isu l fide l inkage between the th io l  

groups of the metal-bind ing cysteine, Cys87, and Cys440 and th i s  i s  mode led in a t  �70 

% occupancy .  The superposition of the two subunits  in the asymmetric unit o f  the Trp 

and Se-Met structures yie lds a root-mean-square deviat ion ( rmsd) of 0.72 A for the 

main-chain atoms. 

4.6.2 Mt-D A H7PS and Phe 

The initial refinement stat ist ics had values for R of �23 %, Rfree of  -29 % and FOM of 

-0.82. In t he current model for MI-DAH7PS in complex with Phe, mo lecule A 

comprises the complete polypept ide chain ( residues 1 -462 ) except for residues 4 1 9-43 1 ,  

and mo lecu le B is s imi larly complete with the exception of residues 3 76-378 and 422-

43 1 .  The two residues ( G ly-Ala)  from the l inker to the c leaved H is6-tag are mode led for 

subunit B. The main-chain torsion angles correspond wel l  with the al lowed values, 84 .2 

% in most favored region o f  the Ramachandran p lot, as  defmed by P ROC H EC K. In t he 

current structure Ser l 89A, Ser375A, Ser l 4s and Ala234s are in the disal lowed region of 

the Ramachandran p lot. I n  the current structure two sulfate ions, two phosphate ions 

and four Phe mo lecules were modeled into both subunits of the asymmetric unit .  The 

two phosphate and su lfate ions, and the four Phe mo lecules were modeled into both 
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subunits at 1 00 % occupancy. The phosphate ions are mode led in at the same p lace t hat 

t he phosphate  group of PEP is found in the Se-Met structure. The 2 Fo-Fc map does not 

show e lectron density for t he remainder of the PEP mo lecule in the current Phe structure 

and no electron density was observed for any manganese ions. The fmal refmement 

stat ist ics for the Phe structure are given in table 4 .6 .  The superposit ion of the two 

subunits in the asymmetr ic unit of the Phe and Se-Met structures yie lds an rmsd of 0 .74 

A for the main -chain atoms. 

4.6.3 Mt-DAH7PS and Trp and Phe 

The fo l lowing sect ions in  this c hapter refer to the Trp and P he binding sites of th is  

structure. This  is a higher reso lution structure and we are interested in the structural 

changes t hat occur to Mt- OAH7PS upon binding of both aromat ic amino ac ids. The 

complete solution had an init ial R and R1ree of �35 %, and FOM of 0.67. I n  the c urrent 

model for Mt-OAH 7PS in complex with Trp and Phe, mo lecu le A comprises the 

complete polypept ide c hain ( residues 1 -462) except for residues 1 1 - 1 5 , and mo lecu le B 

is s imi larly complete w ith  the exception of residues 1 0- 1 4 . I n  each mo lecu le, a 

manganese ion, a PEP mo lecule and a Trp and Phe molecule (a l l  ident ified by their 

shapes and environments) were added into extra density, in equ ivalent posit ions in the 

two mo lecu les. Subsequent refinement indicated part ial occupanc ies for each of these 

spec ies, est imated 75 % for Mn2+ and 50 % for PEP .  A sulfate ion was mode led into 

subunit B with an occupancy of 50 %. There are also seven g lycerol mo lecu les 

mode led in to the Trp and Phe structure. The main-chain torsion angles correspond wel l  

with the al lowed values, 9 1 .4 % in  most favored region (and no  residues in  the 

d isallowed region)  of the Ramachandran plot, as defined by PROCHECK. Fina l  

refinement stat istics are given in table  4.6.  
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Refinemen t statistics for Mt-DAH7PS-Trp Refinement statistics for Mt-DA H7PS-Phe Refin ement statistics for Mt-DA H 7PS-Trp-Phe 

Re olution nmge ( A )  50.0-2.5 (2.58-2 . 5 )  Resolution range (A)  39.6 (3 . 1 1 -3 .0 )  Resolut ion range ( A )  39 .5-2 .0 (2 .07-2.0) 

Number of renections (lest set ) 5 2344 (28 1 5 )  Number of renections ( test set ) 29549 ( 1 5 8 5 )  Number of renect ions ( test set ) 99865 (5 245 )  

R factor 0. 1 95 R factor 0.235  R factor 0.2 1 3  

Rfree 0.240 Rfree 0.288 Rfree 0.247 

Number of non-hydrogen atoms umber of non-hydrogen atoms umber of non-hydrogen atoms 

Protein ( two molecules) 68 1 8  Protein ( two molecules) 6900 Protein ( two molecules) 7006 

Water 3 5 1 Water 4 1  Water 577 

Mn2+ 2 Mn"+ 2 

pol 1 0  pol 1 0  PEP 20 

SO/ 20 SO}- 1 0  SO/ 5 

Glycerol 1 8  Glycerol 42 

Thesit 1 6  

Trp 30 Trp 30 

Phe 48 Phe 24 

Mean B value (A 2) 28 .8 Mean B value (A 2 )  2 5 .4 Mean B value (p)  29.0 

rms deviations from ideality rms deviations from ideality rms c\t:viation from ideality 

Bond lengths ( A )  0.02 Bond lengths (A )  0.0 1 6  Bond lengths (A )  0.0 1 4  

Bond angles ( deg. )  2 . 0  Bond angles ( deg. ) 1 .7 Bond angles ( deg. ) 1 .5 

Residues in the most favored region Residues in the most favored region Residues in the most favored region 

of Ramachandran plot (%) 88.8 of Ramachandran plot (%) 84.2 of Ramachandran plot (%)  9 1 .4 

Table 4.6 Refinement statistics for Mt-OAH7PS in complex with Trp, Phe, and Trp and Phe 
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The binding of Trp and Phe leaves the Mt-OAH7PS subunit largely unaffected with the 

largest structural c hanges observed invo lving residues surrounding the Phe and Trp 

bind ing sites. The t wo mo lecu les in the asymmetric unit of the Trp and Phe and Se-Met 

structures superimpose with a rmsd of 0.97 A for all main-chain atoms. When residues 

invo lved in  P he and Trp binding are exc luded in the superposit ion ( residues 1 - 1 8  and 

1 88-24 1 ), the main-chains are very simi lar, with an rmsd of 0.45 A, the exc luded 

segments have an rmsd o f 2 . 1 7  A (refer to Section 4 .7  and 4 .8  for further info rmation on  

residues invo lved in  Trp and Phe binding). 

4.7 The Trp Binding Site 

The Trp binding site in both the Trp only and the Trp and Phe structure is essent ial l y  

ident ica l .  One mo lecule of Trp i s  bound i n  a cavity between the extra-barrel pair o f  

he l ices (a2a and a2b) and the core barrel ( a l ) i n  each monomer, and i s  located �25 A 
away from M n2+ at the act ive s ite ( figure 4 .8 ) .  The Trp binding site is predominately 

formed by residues of the a2b and a I hel ices, and the a2b-�3 loop, which are also 

invo Ived in tetran1er association. The carboxy late group of Trp is coordinated by o f  

L ys l 23 (2 .9  A and 3 . 1 A) and two water mo lecu les ( 2 .6  A and 2 . 7  A).  The amino 

group of Trp interacts with the s ide chain of  Asn23 7 (0°, 2 .7  A),  the carbony l oxygen of  

Thr240 (2 .9  A) and a water mo lecule ( 3 .0 A) .  The hydrophobic ring is surrounded by  

hydrophobic residues, Val l l l  CY (4 . 3  A) ,  Leu l 07 C" (4 .3  A),  Leu l 94 e r  (4 . 3  A) and 

Val 1 97 Cy2 (4 .5  A) .  Trp is posit ioned in the hydrophobic pocket so that its NE hydrogen 

bonds to the main-chain carbonyl oxygen o f  A la 1 92 ( 2 . 7  A )  ( figure 4 .9 ) .  Upo n  

inhibitor bind ing the hydrophobic sidechains of  Leu 1 94, Val I I 1  and L c u  I 0 7  move 

away s l ightly ( Leu 1 94 CO 0.9 A, Val l l 1 C� 0.6 A and Leu l 07 0.7 A). Movements are 

in re lat ion to the posit ions these residues occupy in the Se-Met structure. The largest 

movement is seen by residue 0 1n239, with its Ca atom moving more than 6 A result ing 

in  the enlargement of the binding cavity ( figure 4. 1 0), al lowing Trp to bind and interact 

with Asn237, Thr240 and Lys 1 23 ,  which have moved up to 6 A c loser ( Thr240 CO 3 . 5  

A ,  Asn2 3 7  C O  6 .0  A, Lys l 23 1; 1 .2 A) as a result of inhibitor bind ing. The distances 

described here are for subunit B; simi lar contacts are observed in subunit A .  
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Figure 4.8 

Figure 4.9 

Trp binding site in the Trp and Phe structure. The site is located between 

the extra-barrel pair of helices (02a and 02b) (fi rebrick) and the core barrel (01 ) 

(grey). Subunit B is shown in this figure. Trp is shown in yel low i nside the 

green circle and M n2+ is shown as a sphere (cyan) .  

Residues involved in the binding of Trp in the Trp and Phe structure. 2Fo­

Fc map i n  b lue at contour level of 1 . 5 o. I nteractions between Trp and 

surrounding water molecules and protein  residues in subunit  B of Mt-DAH7PS 

are represented as red dashed l i nes. 
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Figure 4.1 0  Superposition of the Trp binding site i n  subunit B of the Trp and Phe 

structure (cyan)  and the eq u ivalent residues in subunit  B of the Se-Met 

structure (grey). 

The res idues invo lved in making up the Trp bind ing pocket are all within one subunit of  

the protein; however, several o f  these residues also contribute to  the tetramer interface 

of  MI-DA H 7 PS ( G In239, Leu 1 94, Val l l l , Asn2 3 7) .  The format ion of the tetramer, 

using crysta l lographic symmetry operat ions ( COOT) ( figure 4. 1 1 ), results  in the bury ing 

of Trp away from accessible so lvent . The binding of Trp appears to alter the 

interact ions between the two subunits that make up the tetramer interface ( refer to 

Section 4 .9 .2  for further detai l ) .  We propose that the tetramer is essential for either t he 

b inding of  Trp and/or the a l losteric response back to the active site of  the protein. To 

invest igate th is further, site-d irected mutagenesis studies, wruch d isrupt the tetrameric 

associat ion of  Mt-DAH7PS, are required (this is discussed in further detail in Sect ion 

4 . 1 3 ) .  
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Fig ure 4.1 1  Trp binding in Mt-DAH7PS tetramer. The four  molecules of Trp are shown as 

yel low spheres. 

4.8 The Phe B inding Site 

The Phe binding s ite in the Phe and Trp and Phe structmes is essent ial ly  identical except 

that in the latter structure residues 1 1  to 1 5  of both subunits are d isordered. Phe is 

located near the interface of the t ight din1er, and binding is through interactions with 

residues from bot h  monomers ( figure 4 . 1 2  and figure 4. 1 3 ) . The site is �25 A away 

from Mn2+ at the act ive site, and �27 A away from where Trp binds ( in the Trp and Phe 

structure) .  The Phe bind ing site consists of residues of the � I -a l  loop ( Phe9 1 ) , aOb 

( VaI5 1 ) , aOb-aOc loop ( Pro56)  and predominately the a2 helix ( Arg 1 7 1  B, Asn 1 75 B, 

Va1 1 70, Y 1 73 ,  A la l 74 B, Ala 1 78 B, where B ind icates the other subunit of the t ight 

d imer) .  The carboxylate group of Phe is coordinated by " 2 and Ne of Arg 1 7 1 ( 2 . 8  A 
and 2.9 A, respect ively) ,  N° of Asn l 75 ( 2 . 9  A )  and two water molecu les ( both 2 . 8  A).  
The amino group o f  Phe interacts with the side chain of Asn 1 75 ( 0°, 2.8  A),  the main­

chain carbony l  o f  Phe9 1 ( 2 . 8  A) and two water mo lecu les (2 .9  A and 3 . 3  A) .  The 

hydrophobic r ing is  buried in a hydrophobic pocket consist ing of residues from both 
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subunits. These residues inc lude: C;2 of  Tyr l 73 ( 3 . 7  A), CO of Pro56 (4 .5  A),  eY of 

V all  70 (4 .6  A), eY of Val5 1 (4.3 A), eP of Ala l 78B ( 3 . 7  A), eP of Ala 1 74B ( 3 . 8  A) and 

el;2 of Trp3B (4 .38  A) .  The Phe binding pocket described here i s  what is observed in 

subunit A ;  simi lar interactions are seen in subunit B .  

Figure 4. 1 2  Residues involved i n  the binding of Phe in the T rp and Phe structure. 

2 Fo-Fc map in bl ue at contour level of 1 . 2 o.  In teractions between Phe and 

surround ing water molecules and protein residues are represented as red 

dashed l i nes. Residues of different subunits are shown by either an A or B next 

to the residue name. 
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Figure 4.1 3  

A 

The binding of Phe (yellow) at the dimer interface of Mt-OAH7PS in 

complex with Trp and Phe. A, Side-on view and B, looking down the two-fold 

axis of symmetry. Molecule A is in cyan and molecule B i n  grey. Trp i s  shown 

in pink.  
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Upon the bind ing of Phe there is some movement in the residues at the N -terminus ( 1 -

1 3  in subunit B )  ( refer to the next sect ion in  this chapter for more detail) ,  as well as the 

d isrupt ion of the salt-bridge between Arg 1 7 1 B  and Asp l OA. There is a movement of the 

s idechain of Arg 1 7 1 B  so that its NE moves 2 . 7  A to interact with the carboxy late group 

of the Phe mo lecule.  This is observed in both the Phe and Trp and Phe structures. I n  

the Phe structure a second P he molecu le is bui lt into the 'Trp' bind ing site, with an 

occupancy of 1 00 %, in both  subunits of the asymmetric unit .  The binding of Phe 

results in a simi lar movement of the residues of the a2b-�3 loop ( residues 233-24 1 )  to 

what is observed when Trp b inds in the Trp and Phe structure ( figure 4. 1 4 ) (described i n  

previous sect ion) .  However, i n  t he current Phe crystal  structure the posit ion o f  the 

amino and carboxy late gro ups of the two Phe molecules in  the 'Trp' bind ing is not 

c learly defmed, making it d ifficu lt to assign any interaction between the Phe molecules  

and surrounding protein residues. The only significant d ifference between the Phe and 

Trp and Phe structures is that in the Phe crystal structure Arg236 in both subunits of the 

asymmetric un it is disordered and is modeled in as an a lanine.  I n  the Trp and Phe 

structure this residue interacts w ith  Asn237  from the other subunit making up the t ight 

d imer ( refer to Sect ion 4.9.2) .  

Figure 4. 1 4  Superposition o f  Phe a n d  Trp and P h e  crystal structures showing the 

binding of Phe (yel low) and Trp (grey) i n  subunit B, respectively. 

Residues making up the 'Trp' binding site from both structures are shown as 

sticks (Phe structure is in cyan and Trp and Phe structure is i n  grey) .  Arg236 

from subunit A is shown in l ight blue. Note that subunit A is very similar. 
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I t  should be noted that there are two Phe mo lecu les in  subunit B o f  the Trp and Phe 

structure possibly due to the high concentrat ion of amino acid (-2 mM) used to soak 

crystals in. The second Phe mo lecule is held in p lace through interactions with its 

carboxylate group and Arg23 (aOa hel ix )  and Arg256 (a3-�4 loop) . Its amino group 

hydrogen bonds with NC and N'12 of Arg256 and several hydrophobic residues, inc l ud ing 

Leu 1 8 , move out of the way a l lowing space for the hydrophobic ring. 

We propose that Tyr binds in  the same p lace as Phe binds in MI-OAH7PS due to the 

synergistic inhibit ion d isp layed in the presence of Trp and Tyr ( refer to Section 4 .3 ) .  

Analysis of  the Trp and Phe structure indicates several po lar residues that could eas i ly  

i nteract with the hydroxyl group of Tyr, inc luding a water mo lecu le that separates the 

t wo Phe mo lecu les and is 4 A away from the Cl; atoms. The addit ion of a hydroxyl 

group to Phe would a l low both amino acids to interact with this water. There are also 

some nearby main-chain CO groups that may also be able to interact with the hydroxy l 

group of a tyrosine. I nterest ing ly, in S. cerevisiae a single residue d ictates the enzyme ' s  

spec ificity for Tyr o r  Phe regulation. The mutation o f  a conserved g lyc ine ( Tyr­

regu lated OAH7PSs) to a serine ( Phe-regu lated DAH 7PSs)  and vice versa leads to a 

complete change in regulat ion pattern without affect ing enzyme kinet ics ( refer to 

C hapter One for further detai l ) .49 

4.9  Structural Changes in  Oligomerization I nterfaces upon Trp and Phe 

Binding 

4.9. 1 Tight Dimer Interface 

The tight dimer interface is  made up of contributions from residues of the extended 

terminus ( residues 1 - 1 3 ), parts of the aOb and the aOb-aOc loop, together with residues 

o f  the core a l  and a2 hel ices. Upon Trp and Phe bind ing there are no significant 

c hanges in so lvent-accessible surface area buried upon formation of the t ight dimer. 

However, there are changes in t he interactions between residues of each monomer. The 

b ind ing of Trp and Phe simultaneously resu lts in a subt le movement of residues of the 

a2 he l ix. This a l lows Serl 89 to form new interact ions with  Ser62 ( Ser 1 89 OH . . .  Ser62 

OH (3 .0  A) and Ser 1 89 CO . . .  Ser62 OH (2 .8  A) of the other subunit making up the t ight 
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dimer. This interaction between Ser62 and Ser 1 89 i s  also observed in the Trp structure 

but not in the Phe structure. 

A nother interaction gained at the dimer interface upon inhibitor binding is between 

Arg236 and Asn2 3 7  ( Arg236 N'12 . . .  Asn237  08 (2 .5 A))  of the other monomer; the latter 

residue also contributes to the tetramer interface (discussed in Sect ion 4 .9 .2) .  In t he Phe 

and Se-Met crystal structures Arg236 is disordered in both subunits in the asymmetric 

unit .  I n  the Trp structure Arg23 6A interacts with Asn23 78 and Arg2368 is d isordered. 

The largest movement upon Trp and Phe binding is seen by residues of the extended N­

terminus ( l - l O) ,  which are d isplaced up to  6 A in  subunit B and 2.5 A in subunit A. 

The difference in movement between subunits is d ue to the displacement of Thesit by 

the two Phe mo lecules ( figure 4. 1 5 ) .  [n the Se-Met structure the N-terminal arms 

contribute about 40 % of the total buried surface in the dimer; however, upon the 

binding of Trp and Phe this is reduced to just below 30  % with the extra 1 0 % made up 

with contribut ions from Ser 1 89 (a2 hel ix) ,  Arg236 and Asn23 7  ( a2b-�3 loop).  B inding 

of the Trp and Phe also resu lts in t he loss of a salt-bridge ( Asp l OA . . . .  Arg I 7 1 s ) which 

appears to destabi l ize the �O-aOa loop so that residues 1 1 - 1 5  are disordered in the Trp 

and Phe structure ( figure 4. 1 5 ) . 

Figure 4.1 5  The binding of Phe ( pink) in the Trp and Phe structu re ( l ight cyan)  results 

in a movement of the sidechain of Arg 1 7 1 s  (from the 02 helix) (g rey in Se­

Met structure and yel low in Trp and  Phe structure), which disru pts the 
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interaction (shown in  red dashed l ines) between this residue and Asp 1 0A 

observed in  the Se-Met structure (grey). Residues 1 1 -1 6 i n  the Trp and Phe 

structure are disordered and are ci rcled in this figure.  

As mentioned in the previous sect ion, Phe is located near the interface of the t ight d imer. 

The t wo Phe mo lecu les are posit ioned so that the closest contact between the two amino 

acids i s  via their CC; atoms with a d istance of 7 A. I nterest ing ly, the two Phe mo lecu les 

d isplace the Thesit mo lecule seen in the Se-Met crystal structure ( figure 4 . 1 6 ) .  The 

bind ing of Thesit in the Se-Met structure appears to have perturbed the crystal structure 

generat ing an unsymmetrical d imer interface. To date we have no wi ld-type crystal 

structure without Thesit bound ; therefore, a crystal st ructme of MI- OAH7PS purified 

without Thesit is necessary to confirm that the binding of the detergent mo lecule 

induces asymmetry in the N-terminus of the two subunits in the asymmetric unit. In  the 

Se-Met structure, Thesit interacts with several protein residues :  the hydrophi l ic  end of 

the detergent mo lecule is found in subunit A whereas its hydrophobic end is located in 

subunit B.  We propose that the interact ions that the hydroph i l ic end of the mo lecule 

makes with surround ing proteins mimic the interactions that the carboxy late and amino 

groups of Phe have with residues in subunit A. In part icu lar, 0 1 6  and 0 1 9  form 

hydrogen bonds with Asn 1 75, Phe9 1 and Arg 1 7 1  ( Thesit 0 1 9 . . .  0° 1  Asn 1 75 ( 2 . 8  A), 
Thesit 0 1 9  . . .  CO Phe9 1 ( 2 . 7  A), Thesit 0 1 6  . . .  N02 1\sn I 75,  ( 3 . 1 A),  and Thesit 

0 1 6  . . .  f; Arg 1 7 1  ( 2 . 8  A)) .  These interactions by the detergent mo lecule give a 

p lausible exp lanat ion for why we see structmal c hanges in subunit A and not B of the 

t ight dimer. Kinet ic stud ies have shown that Thesit does not have any detectable effect 

on the activity of  MI-DAH7PS ( refer to Sect ion 4 . 3 ) .  We hypothesize that the bind ing 

of Thesit triggers an interact ion with  the residues of subunit A but not B and that both 

binding sites must be occupied to see an effect on the act ivity o f  MI- OAH7PS.  Upon 

Phe bind ing the N-terminus becomes more symmetrical due to both effector mo lec u le 

bind ing s ites being occupied and e l ic it ing structural rearrangement in both monomers of 

the t ight dimer. 
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Figure 4. 1 6  The Thesit molecule (pink) i n  the Se-Met structure (blue) is  d isplaced by 

two Phe molecules (yel low) i n  the Trp and Phe structure (cyan). The 

extended r3-strand  (residues 3-9) in subunit A and S that make up the 

anti parallel (3-ribbon are labeled as A and S, respectively. 

4.9.2 Tetramer Interface 

Upon binding of Trp and Phe there do not appear to be any significant changes in  

residues contribut ing to the tetramer interface ( residues from al  and a2b hel ices, and 

the a2b-�3 loop), although these res idues undergo considerable structw-al changes, 

especia l ly residues of the a2b-�3 loop (a list of d istances moved by residues of the a2b­

�3 loop upon Trp and Phe binding is  in table 4 .7 ) .  The total surface area buried upon 

tetramer format ion also remains relat ively unchanged. However, upo n  Trp and Phe 

bind ing there is a gain of a hydrogen bond ( Asn2 3 7  A( B) N° . . .  CO Cys23 1 c(D » )  between 

subunits that make up the relat ively smal l ,  predominately hydrophobic tetrameric 

interface ( refer to Chapter Three, Sect ion 3 . 1 7 .2 ) .  Asn2 3 7, whose 00 hydrogen bonds 

to the amino group of Trp ( refer to Section 4 . 1 ), also forms a new interaction with 

Arg236 from the other subunit of the t ight d imer (CO of Asn237A(B )  . . .  N" of Arg236B(A») 

( figure 4. 1 7) refer to Sect ion 4 .8 ) .  The Trp and Phe structure c learly  ind icates that 

Asn2 3 7  al lows communication between monomers of the t ight dimer upon Trp binding 

at the tetrameric interface. Whether Asn2 3 7  p lays a cruc ial ro le in re lay ing the signal o f  
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Trp binding back to the act ive site awaits site-directed mutagenesis o f  this residue along 

with funct ional and structural studies. 

Table 4.7 

M ovement of residues of the a2b-p3 loop upon 

Residue 
Trp and Phe binding (Ca atoms (A.))  

Subunit  A Subunit B 

Va1233  2 .2  1 . 9 

Ala234 4 .3  4 .6 

Asp235 3 .0  2 .9  

Arg236 0 .7  1 .6 

Asn2 3 7  4.2 4.8 

Leu23 8  4.0 4.3 

G In239  6.8 7 .5  

Thr240 3 .4 3 . 2  

Ala2 4 1  0.4 0 .5  

G lu242 0 .3 0 .3  

Distances resid ues of the  a2b-(33 loop h ave moved upon T rp and 

Phe binding, in  relation to that observed in the Se-Met structure. 

The slight differences between the two subu nits in the asymmetric unit 

are l isted (Subunit A and 8) .  
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Figure 4.1 7  Tetramer interface of Mt-OAH7PS. Interaction between Asn237 and the 

Trp molecule and between Asn237 and Arg236 (of the other subunit 

making u p  the tight dimer) in the Trp and Phe structu re. The Trp and Phe 

structure is i n  cyan and the Se-Met structure is i n  grey . Trp is shown in  pi nk.  

Asn237 and Arg236 of chain A (and chai n D) are shown in cyan and the same 

residues are shown in yellow for chai n B (and chain C) .  

4. 1 0  The Transmission of I n hibitory Signal 

A llosteric Inhibition 

Al losteric inhibit ion IS defined as the binding of an inhibitor that influences 

conformational changes in the enzyme rather than forming a dead-end complex with the 

enzyme. These enthalpic or entropic changes in the enzyme may alter the bind ing 

character ist ics of the enzyme for a substrate or the on-going react ion characterist ics (or 

both) .  I f  the binding characterist ics alone are affected, �l1ax wi l l usual ly remain 

unchanged, so the pattern could be regarded as compet it ive. S imi larly, other forms of 

a l losteric inhibit ion, where Vlllax is altered, could be regarded as giving non-competit ive 

or mixed inhibit ion (KM is also altered) .  However, in most cases M ichae l is-Menten 

kinet ics are not obeyed in the presence of al losteric inhibitors so the terms compet it ive, 

non-compet itive and mixed inhibit ion are not appl icable. 1 59 Al losteric inhibit ion is a 
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form of negative heterotropic cooperat ivity w here the binding of the inhib itor decreases 

the affinity of the protein for a substrate/l igand . 

4. 1 0. 1  Information from Functional Studies 

To invest igate how the binding of Trp and Phe inhibit the act ivity of MI-DAH7PS 

M ichael is-Menten plots were drawn fro m  experiments performed at a fixed 

concentrat ion of o ne substrate and varying concentrations of the second substrate in the 

presence of Trp and Phe. Figure 4. 1 8  shows in it ial velocity values as a funct ion of PEP 

concentrat ion at a fixed concentrat ion of E4P and either no aromat ic amino ac ids, 200 

j..lM Trp, or 1 00 j..lM Trp + 1 00 j..l M  Phe. The p lot shows that Trp and Phe s ignificant ly 

alter the maximum veloc ity and only s l ight ly change the apparent KM with respect to 

PEP.  This would ind icate that Trp and Phe inhibit ion is mixed with  respect to PEP, 

which is consistent with what is observed for Ec-DAH7PS( Phe) ( refer to Sect ion 4 . 1 2 ). 

Figure 4. 1 9  shows init ial veloc ity values as a funct ion of E4P concentrat ion at a fixed 

concentrat ion of P E P  and either no aromat ic amino acids, 200 j..lM Phe, 200 j..lM Trp, or 

1 00 j..lM Trp + 1 00 j..l M  Phe. The plot shows that at low concentrat ions of E4P, Phe 

and Trp ( to a lesser extent ) inhibit the rate of react ion of MI-DAH7PS.  The most 

signi ficant find ing is that the M ic hael is-Menten plot becomes less hyperbo l ic and more 

s igmoidal in the presence of Trp and Phe.  Although the s igmo idal nature is not obvious 

in the data presented in figure 4 . 1 9  the data was fitted to the Hi 11 equat ion which 

produced a Hil l  coeffic ient of 2 . 3  ± 0. 1 .  This is  consistent with a sigmo ida l  curve and 

indicates cooperat ivity with respect to E4P. Thus the rate of reaction is s ignificant ly 

inh ib ited at low concentrat ions of E4P and only moderate ly inhibited at higher 

concentrations. This is different to that observed for Ec- DAH7PS( Phe) in which Phe 

inhibit ion is  compet it ive with respect to E4P ( refer to Section 4 . 1 2 ) .  
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Plot of rate (aabs/min) aga inst PEP concentration at a constant 

concentration of E4P and either no aromatic amino acids, T rp or Trp and 

Phe. The reaction consisted of E4P ( 1 85 IJ M ), M nS04 ( 1 00 IJM) and PEP (4 to 

429 IJM), in BTP (50 mM) pH 7 .5  buffer and either no aromatic amino acids, 

200 IJM Trp or 1 00 IJM Trp and 1 00 IJM Phe. The reaction was in i tiated by the 

addit ion of purified Mt-OAH7PS (2 IJL, 2.6 mg/mL)  and was carried out at 30 QC. 
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concentration of PEP and either no aromatic amino acids, Phe, Trp or  Trp 

and Phe. The reaction consisted of PEP (200 IJM) ,  MnS04 ( 1 00 IJM)  and E4P 

(8 to 1 60 IJM) ,  in BTP (50 mM) pH 7 . 5  buffer and either no aromatic amino 

acids, 200 IJM Phe, 200 IJM Trp or 1 00 IJM Trp and 1 00 IJM Phe. The reaction 

was in i tiated by the addition of purified Mt-DAH7PS (purified in the absence of 

Thesit) (2 .5  IJL ,  2 mg/mL) and was carried out at 30 QC. 

The crystal structures of ML-OAH7PS show that the four  act ives sites of the tetrameric 

protein are c learly separated and do not appear to interact d irect ly with each other. I t  

would appear that the mec hanism of cooperat ive bind ing must invo lve more general 

interact ions between subunits and the occurrence of conformat ional c hanges. 

Cooperative bind ing in proteins can be explained by the Monod-Wyman-Changeux 

( MWC) or the Kosh land-Nemethy-Fi lmer ( KN F )  models.  f n  the most simple of cases, a 

protein can exist in two conformational forms, the T -form, which predominates in  t he 

unl iganded protein, and the R-form, which predominates in the protein- l igand form. I n  

the case o f  the M WC mode l, it is assumed that a l l  o f  the subunits i n  the protein in  a 

given conformational state, e ither the R- or T-form, have ident ical and independent 

propert ies. The two conformat ional forms are in equ i l ibrium ( figure 4 .20)  in t he 
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absence of l igand, and the ratio of the R- and T- forms is disturbed by the bind ing o f  

l igand. The M WC equat ion i s  consistent with a s igmo idal bind ing c urve even though 

its derivation assumes that the binding of one molecule of l igand does not affect the 

affmity for the l igand of other bind ing sites on the mo lecu le. The explanat ion l ies in t he 

RJT equi l ibrium. When Ln ( the equi l ibrium constant between Rn and Tn) is large t he 

equi l ibrium is in the favor of the T-form in the absence of l igand. I f  l igand is  

introduced at low concentrations there is not enough to react significant ly with the R­

form; however, at  higher concentrations o f  l igand there is enough to force the formation 

of significant amounts of  Rl igand so that some R wil l be removed from the system, 

d isturbing the RlT equi l ibrium and causing the conversion of T to R. Therefore, the 

overal l  binding curve w i l l  be s igmoidal .  According to the M WC model al losteric 

inhibitors bind to the T-form of the enzyme and stabi l ize it and thus increase the val ue 

o f  Ln. Al losteric activators bind and stabi l ize the R-form and decrease value of Ln. T he 

KN F model a l lows for hybrids between the two conformational forms of the protein.  

An extra compl icat ion is t hat you need to be able to ident ify which subunits can interact 

with each other. This model a l lows al losteric modifiers to act in a variety of d ifferent 
1 -9 ways. ) 

L n  = equilibrium constant 

Tn 

F ig u re 4.20 

The interpretat ion of our k inet ic resu lts is compl icated as we are deal ing with a two 

substrate-two inhibitor system. What it does show us is that the synergist ic inhibit ion 

d isp layed in  the presence Trp and Phe is due to a change in the processing of E4P by 

Mt- DAH7PS.  Using the M WC model it can be proposed that Mt-DAH7PS exists in two 

forms; an R-form, which has a high affinity for E4P, and a T-form, which has a lower 

affm ity for E4P. If the KNF model is obeyed it is quite possible that there are more 

than two conformational forms. The act ivat ion observed by Phe ( refer to table 4. 1 )  can 
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be explained by Phe binding to and stab i l izing the R-form of the e nzyme. The 

inhibit ion by Trp and Phe can be explained by the two aromat ic amino ac ids binding to 

and stabi l izing the T-form of Mt-DAH7PS. 

4. 1 0.2 I nformation from Structu ral Studies 

Funct ional studies have shown that act ivity of Mt-DAH7PS is altered by al l  three 

aromat ic amino ac ids, with Phe and Tyr ( to a lesser extent) activat ing the enzyme and 

the combinat ion of either of these aromat ic amino acids with Trp having a synergistic 

inh ibitory effect on MI-DAH7PS act ivity. Further k inet ic studies indicated that the 

presence of Trp and Phe influences the processing of E4P by Mt-OAH 7 P S .  The crystal 

structure with Trp and Phe bound clearly indicates two dist inct bind ing sites for Trp and 

Phe. Analysis of the Trp, Phe, Trp and Phe, and Se-Met crystal structures has provided 

some c lues as to the communicat ion between the ' Phe' and 'Trp' binding s ites on Mt­

OAH7PS. 

The binding of a mo lecule of  T hesit at the t ight dimer interface in the Se-Met and Trp 

crystal structures has made it difficult to interpret structural changes due to the binding 

of aromat ic amino ac ids. The bind ing of the hydrophil ic end of the detergent mo lecu le 

in subunit A of the asymmetric unit has induced structural c hanges which we do not see 

in subunit B where the hydrophobic end of Thesit is found. As we do not have a crystal 

structure without Thesit we have made the assumption that any d ifferences observed in 

subunit B among the four crystal structures is due to the binding of the respect ive 

aromatic amino ac ids. 

Upon comparison of the -terminal residues of Mt-OAH7 PS ( residues 1 -20) we not iced 

that residues 1 - 1 7  in the Se-Met ,  Phe, and Trp structures are very simi lar but are quite 

different in the Trp and Phe structure ( figure 4 .2 1 ) . I t  is also apparent that in the Trp 

and P he structme residues 1 1 - 1 5  are disordered in both subunits  in the asymmetric unit, 

which is not observed for the other three structures. Another interest ing observat ion is 

that in  the Trp and Phe structure there is a rearrangement in residues that contribute to 

the t ight dimer interface (between subunit A and 8) in  comparison with the other three 

structures. This rearrangement in residues does not have a s ignificant effect on the total 

surface area buried upon d imer format ion. In the Se-Met, Phe and Trp structures, the N-
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terminal residues ( 1 - 1 6) contribute �40 % of the total buried surface in the t ig ht dirner 

and residues Arg236 and Asn237 do not make a contribut ion. However, in the Trp and 

Phe structure the contribut ion by the N-terminal residues is reduced to �30 % with the 

missing � 1 0 % made up by contribut ions from Arg236, Asn2 3 7  and Ser 1 89. 

Fig u re 4.21 Superposition of N-terminal resid u es (1 -20) of subunit B in Se-Met (blue) 

and Trp and Phe (yellow) crystal structures. 

The inhibition of Mt-DAH7PS act ivity in the presence of Trp and Phe suggests that 

there is communicat ion between the 'Trp' and ' Phe' bind ing s ites on the enzyme. I n  the 

Trp and Trp and Phe structures, the binding of Trp results in a subt le movement of 

residues of the a2 hel ix, inc lud ing Ser l 89, which is now able to interact w ith Ser62 of 

the other subunit of the t ight dirner. I nterest ingly,  the residues contribut ing to the Phe 

binding site are predominately from the a2 hel ix .  We are st i l l  unsure as  to  how the 

simu ltaneous bind ing of the two amino ac ids i nduces an inhibitory signal t hat is relayed 

back to the act ive site of MI-DAH7PS, but functional stud ies have indicated that the 

affinity of the enzyme for E4P is affected. A reason for the lack of structural changes in  

the active site of  Mt-DAH7PS in complex with  Trp and Phe could be because the 

aromat ic amino acids were soaked into the crystal and if the protein was locked into a 

conformation due to crystal packing this may have prevented structural movements in  

the crystal .  However, the so lvent content of  the crystals i s  high (68 %) ,  which would 
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suggest t hat this is probably not the case. It is possible that further screemng o f  

crystal l izat ion condit ions would lead to successful co-crysta l l izat ion of Mf-OAH7PS 

with Trp and Phe. 

The structure with both Trp and Phe bound has ind icated residues, inc luding Asn2 3 7, 

Arg236, Ser 1 89 and Arg 1 7 1 ,  that may be invo lved in the re lay of t he s ignal back to the 

active site.  Mutation o f  these residues, together with further structural and funct ional 

studies, is necessary to understand the complex regu latory mechanism of MI- OAH7PS .  

4. 1 1  Allosteric Regu lation of Type l a  Ec-DAH7PS( Phe) 

A crystal  structure of Se-Met subst ituted Ec-OAH7 PS( Phe) in complex with Phe was 

determined using co-crystal l izat ion methods and refined to a reso lution of 2 .8  A.54 A 

model o f  a l losteric regu lat ion of DAH7PS from E. coli has been deduced, which 

appears to be quite different to what is observed for MI-OAH7PS .  Two interrelated 

paths of conformat ional changes have been proposed to transmit the inJ,ibitory s igna l 

from the Phe binding site to the active s ite of  Ec-OAH7PS.  The fLfst path invo lves 

transmission within a single subunit ( repositioning of the �6a/�6b segment enhances its 

interact ion with the �3-a3 loop, which in turn weakens the interaction of loop �3-a3 

with loop �2-a2 signi ficant ly, fi gure 4 .22) .  The second path invo lves a lteration in the 

contacts between subunits  ( Phe bind ing weakens interact ions between �4-a4 ( from the 

other subunit making up the dimer) and �2-a2 ( both contribute residues coordinat ing 

PEP and E4P),  which does not direct ly  affect the active site but instead changes its 

nearby residues) .  The combination of these two paths changes the conformat ion of one 

of the act ive site loops s ignificant ly a nd shifts the other s l ightly.  Phe inhibit ion is 

compet it ive with respect to E4P and mixed with respect to PEP,  explaining the lack of 

SO/- in the act ive site ( bel ieved to mimic phosphate group of E4P )  and fl ipped 

orientat ion of PEP observed in the crystal structure with P he. 54 I n  the case of Mt­

OAl- £7PS, t he pathway for transmission of the signal is not as easy to deduce using the 

current crystal  structures that we have. However, funct ional studies reveal that Trp and 

Phe inhibit the enzyme by altering the enzyme's  affinity for E4P ( refer to Sect ion 

4. 1 0 . 1 ) . 
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Fig u re 4.22 Structural changes in  Ec-DAH7PS(Phe) upon Phe binding.  The protei n 

cha in  (green, blue, red, grey), M n2+ (cyan), PEP, and Phe (both i n  gold) are 

shown for the + Phe DAH7PS.  The superimposed main-chain of the -Phe 

enzyme is shown in black. The mai n-chains of the four segments colored i n  red 

shift sign ificantly upon Phe binding.  These four segments are involved in  

transmission of the inh ibition signal within a subunit from the  Phe binding site to 

the active site. The change i n  conformation of the �8-a8 loop segment, shown 

i n  dark grey, is attributed to differences in crystallization conditions. 54 

4. 1 2  Regulation and Quaternary Structure 

The quaternary structures among various DAH7PS enzymes appear to be very different. 

The type la and type I� DAH 7PSs that are feedback-regulated by t he aromat ic amino 

ac ids are homotetrameric, with one monomer-monomer interface conserved between 

these two subfami l ies. The common interface primari ly invo lves he l ices a3 , a4 and as, 

and loops �2-a2, �3-a3 , �4-a4 and �S-aS, and impacts on the posit ioning of the �2-a2 

loop that provides part of the E4P bind ing site in the act ive site of the protein. On the 

other hand Mt- DAH7PS 's  monomer-monomer interface shows no commonality with 

any subunit interface found in any previously reported DAH7PS structure. Unlike Ec­

DAH 7PS, residues of the �2-a2 loop do not contribute to any o f  the iJ1ter-subunit 

associat ions, providing further evidence for a novel regulatory mechanism. The 

re lat ionship between quaternary structure and feedback-inhibit ion needs to be 

investigated. DAH7PS enzymes that are feedback-regulated by the aromat ic ammo 

ac ids are tetrameric, as can be seen in the case of the two l a  enzymes and the type W 
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enzyme from T maritima. The P. furiosus enzyme is unregulated and although it 

crystal l izes as a tetramer, it is d imeric in so lut ion l ike the unregulated H pylori enzyme 

( refer to Chapter Two, Sect ion 2 .6) .  I ntriguingly, Hp-DAH7PS shares 67 % sequence 

simi larity (45 % sequence identity) with the synergist ica l ly  inhibited Mt- DAH7PS 

( figure 4.23) ,  and comparison of the two amino acid sequences indicates that both 

extensions to the barre l are present in Hp-DAH7PS.  

Fig u re 4.23 

l i ne). 

A ClustalW al ign ment of Hp-DAH7PS (top l ine) and Mt-DAH7PS (bottom 

M t u  MNWTVD I P IDQL PSLPPL PTDLRTRLDAALAKPAAQQPTWPADQALA - MRTVLE S V P PV T  5 9  
Hp j - - - - - - - - - - -MSNTTWSPTSWHS - - - - - - - F K I EQHPTYKDEQELERVKKELRSYPPLV 4 2  

* *  * : * * : : *  * * * * * . . . . 

M t u  VPSE IVRLQEQLAQVAKGEAFLLQGGDCAETFMDNTEPH I RGNVRALLQMAVVLTYGASM 1 1 9  
Hp j FAGEARNL QERLAQVI DNKAFLLQGGDCAE S F S Q FSANR I RDMFKVMMQMA IVLTFAG S I 1 0 2  

* * * * : * * * *  . .  : * * * * * * * * * * * : *  : :  . * *  . .  : . :  : * * * : * * * : . .  * :  

M t u  PVVKVA R I AGQYAKPRSADI DALG - - - LRS YRGDM I NGFAPDAAAREHDPSRLVRAYANA 1 7 6  
Hp j P I VKVG R I AGQFAKPRSNAT E I LDDEEVLS YRGD I I NGI S - - KKERE PKPERMLKAYHQS 1 6 0  

* . * * *  * * * * * . * * * * *  . .  . . * . * * * * * . * * *  . . . . . .  * *  . * . * : : : * *  : :  

M t u  SAAMNLVRALTSSGLASLHLVHDWNREFVRTS PAGARYEALAT E I DRGLRFMSACGVADR 2 3 6  
Hp j VATLNL l RAFAQGGLADLEQVHRFNLDFVKNNDFGQKYQQ IADRI TQALGFMRACGVE I E  2 2 0  

* : : * * : * * : : . .  * * *  * * * : *  : * * : . .  * : * :  : *  * : . * * *  * * * *  

M t u  N - - - LQTA E I YASHEALVLDYERAMLRLSDGDDG E PQLFDLSAHTVW IGERTRQ I DGAH I 2 9 3  
Hpj RT P I LR E V E FYTSHEALLLHYEE PLVRK - - - D SLTNQFYDC SAHMLW I GERTRDPKGAHV 2 7 7  

* . * . * . * * * * * . * * *  . . * . . . .  . . * * : : * * * *  : * * * * * * * : . * * * : 

Mtu AFAQVIANPVGVKLGPNMTPELAVEYVERLDPHNKPGRLTLVSRMGNHKVRDLL P P I V E K  3 5 3  
Hpj E FLRGVCN P I GVKIGPNASVSEVLELCDVLNPHNLKGRLNL I VRMGS KI I KERLPKLLQG 3 3 7  

* : : . * * : * * * : * * *  : . . : *  : * : * * *  * * * . * :  * * * . : : : : * *  : : :  

Mtu VQATGHQV I WQCDPMHGNTH E S STGFKTRH FDRI VDEVQGF FEVHRALGTHPGGI HVE I T  4 1 3  
Hpj VLKE KRH I LWS I DPMHGNTVKTNLGVKTRAFDSVLDEVKSFFE IHRAEGSLASGVHLEM T 3 9 7  

* : : : : * .  * * * * * * *  : : . * . * * *  * *  : : * * * : . * * * : * * *  * :  . .  * : * : * : *  

M t u  GENVTECLGGAQD I S ETDLAGRYETACD PRLNTQQSLELAFLVAEMLRD - - - 4 6 2  
Hpj GENVTE C I GGSQAI TEEGLS CHYYTQCDPRLNATQALELAFLI ADMLKKQRT 4 4 9  

* * * * * * * : * * : *  * . * . * :  : *  * * * * * * * : * : * * * * * * : * : * * : . 

* Conse rved resid ues • Conse rvative substitutions • Semi-conse rvative s u bstitutions 

The difference in q uaternary structw-e between Hp-DAH7PS, which is  unregulated, and 

Mt- DAH7PS, which is regulated by al l  three of the aromat ic amino ac ids,  needs to be 

invest igated. Ana l ysis of  the Mt-DAH7PS crystal structures in  the presence of Trp and 

Phe suggests that Arg236, Asn237, Ser l 89, Ser62 and Arg l 7 1  may be involved in 

re lay ing the s ignal o f Trp and Phe bind ing back to the act ive site. I nterest ing ly, none of 

1 40 



these residues are conserved in Hp-DAH7PS ( table 4 .8 ) .  Of particular note are the 

subst itutions of seri ne for glycine, which no longer can form hydrogen-bonds that Ser­

OH atoms can form. A crystal structure of Hp-DAH7PS is necessary for determining 

why there is a difference in regulat ion between the dimeric and tetrameric proteins. 

Table 4.8 

Residue in Mt-DAH7PS 
Equ ivalent residue in 

Hp-DAH7PS 

Arg1 7 1  Lys 1 55 

Ser62 G ly45 

Ser 1 89 G ly1 7 3  

Arg 2 3 6  G lu220 

Asn2 3 7  Arg22 1 

Comparison of resid ues that may be important for feed back-inh ib ition of Mt­

DAH7PS with corresponding residues in  Hp-DAH7PS (from ClustalW 

seq uence al ignment in figure 4.22). 

4. 1 3  Sign ificance of Regulating DAH7PS 

The regulat ion of DAH7PS is essential for maintaining contro l  of cel lular levels  o f  

aromat ic compounds i n  microorganisms and p lants. I t  has previously been shown that 

feedback-inhibition of DAH7PS is the main mechanism for contro l l ing carbon flow into 

t he shik imate pathway.46 Structural and funct ional studies with the type IJ M. 

tuberculosis enzyme and the type I E. coli enzyme have shown that the bind ing of 

spec ific aromatic amino ac ids to their respect ive al losteric bind ing s ite on the enzyme 

inhibits  catalysis by interfering with E4P binding. It makes  physio logical sense that 

feedback-inh ibition affects the binding of E4P and not PEP because cel lu lar levels of  

P E P  exceed those of E4P.  Furthermore, previous studies (£c-DAH7PS( Phe ) )  have 

shown that, in the absence of PEP,  E4P inact ivates the enzyme through a reversible 

Schiff-base react ion with an act ive site lysine.88 The intrace l lu lar concentration of PEP 

in the ce l l  ranges from 70- 1 50 I-l M, whereas E4P levels  in the cytosol of  the ce l l  are 

undetectable, which is expected because of E4P's  tendency to dinlerize. 1 84. 1 85 From t he 

funct ional studies discussed in this chapter, it appears that when E4P concentrat ions are 

low the act ivity of Mt-OAH7 PS is significant ly inhibited by Trp and Phe or Tyr. 
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However, at higher E4P concentrat ions inhibition of this enzyme by the aromat ic amino 

acids does not appear to be so significant. 

[n the case of M. tuberculosis, it could be argued that the regulat ion of aromat ic amino 

ac id biosynthesis ( at the protein leve l )  is more effic ient than that observed for E. coli. 

M. tuberculosis possesses a sing le DAH7PS with a monomer mo lecular mass of -50 

kDa that is feedback-regulated by al l three aromatic amino acids. At the other extreme 

E. coli has three proteins with monomer masses of -30 kDa that are each regu lated by 

one of the aromat ic amino ac ids. The act ivity of Mt- DAH 7 PS is only inhibited when 

Trp and Phe or Tyr are present, so that if one amino ac id is present in excess over the 

other, chorismate is st i l l  able to be synthesized as a precursor of the defic ient amino ac id. 

For this to work t here would have to be add it ional feedback regu latory strategies for 

each of the aromatic amino ac id biosynthetic pathways after the branch-po int at the 

common precursor chorismate. Evidence of these regulatory systems is d iscussed in  

Sect ion 4.3 .  

4. 1 4  Conclusions and Future Studies 

DAH7PS is one of the most diversely regulated metabo l ic pathway enzymes, with 

signi ficant variat ions in al losteric bind ing sites between DAH7PSs from different 

orgamsms. In E. coli there are three DAH7PS isoenzymes, each sensit ive to feedback­

regulat ion by one of the three aromatic amino acids. DAH7PS from P. jilriosus, 

possessing only t he core ( �/a)8 barre l, is reported to be unregulated and at the other 

extreme we have the highly decorated DAH7PS from M. tuberculosis which is feedback 

inhibited by Trp, Phe and Tyr. The determination of the crystal structure of Mt­

DAH7PS in complex with Trp and Phe confirms the presence of two dist inct regulatory 

binding sites formed by the two major additions that decorate the barrel .  Our k inetic 

studies reveal a novel mechanism for a l lostery, invo lving the synergistic feedback­

inhibit ion by Trp and Phe or Tyr. Structural studies ind icate that both Trp and Phe can 

bind to the enzyme; however, it is only when they are present in combinat ion that we 

see signi ficant inhibit ion o f  catalyt ic act iv ity. Future structural studies of Hp-DAH 7PS 

are essent ial to  shed some l ight into the d ifferences in regulat ion of the M. tuberculosis 

and H. pylori enzymes, as at the primary sequence leve l the two proteins appear to be 

simi lar. 
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C HAPTER FIVE 

I NVEST IGA TING T H E  ROLE MT-DAH7PS ARG284 AN D CYS440 

P LA Y I N  CAT A L  YSI S  

5 . 1  I ntroduction 

T he act ive site of Mt-DAH7PS consists of many protein residues that p lay an essent ia l 

ro le in the positioning of P E P, E4P and d ivalent metal ion, and in enzyme catalysis .  

The determinat ion of the crystal  structure of Mt-DAH7PS has al lowed us to ident ify key 

residues that contribute to t he act ive site of  the M. tuberculosis enzyme. Two of t he 

act ive site residues that attracted our attent ion were Arg284 and Cys440. To invest igate 

the role these two active site residues p lay in catalysis, site-directed mutagenesis studies 

were performed and the result ing mutant proteins were then funct ional ly and 

structural ly c haracterized. 

This chapter describes the s ite-directed mutagenesis o f  R284K and C440S, enzyme 

purificat ion, funct ional characterization and crystal structures of the two Mf-DAH7PS 

mutants. The potent ial ro le these two active sites res idues p lay in  catalysis is a lso 

d iscussed. Aspects of the crystal structure of nat ive Mt-DAH7PS are a lso d iscussed in  

th is chapter. 

5. 1 . 1  Choice of Residues for M utation 

Mutation of Mt-DA H7 PS A rg28.J (R284K) 

I n  the Se-Met crystal structure of Mt-DAH7PS, Arg284 appears to bridge between t he 

P E P  and SO/· binding s ites, being hydrogen-bonded to both the PEP phosphate and 

SO/-. The dual  binding to both substrates and the fact that this arginine is abso lute ly 

conserved across a l l  types of DAH7PS are the reasons why we invest igated the 

i mportance this residue p lays in catalys is. The mutat ion of the arginine to a lys ine, 

resu lt ing in the loss of one guanid ine group, was performed to see if the removal of one 

hydrogen-bonding partner would influence t ills residue ' s  interact ion w ith PEP and S O/-. 

The determinat ion of the crystal structure of R284K wi l l  a l low us to invest igate the 
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interact ions R284K forms with PEP and soi-. Comparison of  the affinity o f  th is  

mutant for both  substrates w ith that of wi ld-type protein wi l l  a l low us to observe the 

influence this s ingle amino ac id ubst itut ion has on enzyme catalysis. 

Mutation ofMt-DA H7PS Cys-l40 (C4-10S) 

I n  Chapter Two and Three the necessity for a reduc ing agent to maintain ful ly  act ive 

Hp-DAH7PS and Mt-DAH 7PS act ivity was d isc ussed. The crystal structure o f  Mt­

DAH7PS indicates the presence of a second cysteine ( Cys440) c lose to the metal­

b ind ing cysteine (Cys87) . The disulfide format ion between Cys87 and Cys440 has been 

captured in the crystal structure of nat ive Mt-DAH7 PS,  described in Section 5 . 5 .  

S imi lar to crystal l izat ion cond it ions of a l l  Mt-DAH7PS proteins discussed i n  this thesis,  

nat ive protein was purified in the presence o f TCEP.  However, the crystals were left for 

a whi le before diffract ion data were co l lected from them, and as no reducing agent was 

added to the mother l iquor they were able to oxid ize. The comparison of the Se-Met 

and native Mt-DAH7PS structures allows us to propose that under oxidizing condit ions 

there is a movement about Ca.-C� of Cys440, disrupt ing its interaction with L ys l 33 to 

form a d isulfide bond with Cys87. It is possible that this d isulfide format ion resu lts in 

t he exc lusion of  metal-bind i ng, explaining the requirement of  reduc ing agent to 

maintain fu l l  act ivity of Mt-DAH7PS. 

F igure 5 . 1 shows a C lustal W  a l ignment of type I I  DAH7PSs known to require reduc ing 

agent to maintain fu l l  enzyme act ivity, M tuberculosis, H pylori and S. coelicolor.
3 7  

The type I l  DAH7PS fi'om X campestris in which reducing agent has no effect o n  

act ivity is also inc luded .38 The al ignment shows three cysteine res idues are completely 

conserved in a l l  these type I l  DAH7PSs with the except ion of Cys440 ( M. tuberculosis 

numbering) .  This residue is replaced by a val ine in X campestris. The X campeslris 

enzyme has been reported to be very unstable and unl ike Hp-DAH7PS and Mt-DAH 7 PS 

its instab i l ity is not overcome nor is its act ivity restored by the inc lusion of reduc ing 

agent in purification buffers. 
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Fig u re 5 . 1  ClustalW al ignment of  type 1 1  DAH7PSs known to requ i re reducing agent for 

the maintenance of fu l l  activity and DAH7PS from X. campestris which 

appears to be insensitive to red ucing agent. 

Hpy - - - - - - - - - - - - - - - - MSNTT - - - - - - - - - WSPTS - - - - - - - - - - - - - - - - - - - - - - - - - 1 0  
Mtu - MNWTVD 1 P 1 DQL PS LP PLPTDLR - - - - - - TRLDA- - - - - - - - - - - - - - - - - - - - - - - - - 2 8  
Sea MENPD FARSRDTGVSTGPDETNPTTEDHPSWNPDLSRHPAEAAGGS SKHH S P P F SV 1ARP 6 0  
Xea - MGPAAAGVCDLLEYTMSAS SPSTDHQ PDAW SPQS - - - - - - - - - - - - - - - - - - - - - - - - - 3 4  

Hpy - - - - - - - - - - - - - WH S F K 1 EQHPTYKDEQEL ERVKKELRS YP PLVFAGEARNLQERLAQV 5 7  
Mtu - - - - - - - - - - - - - ALAKPAAQQPTWPADQALA - MRTVLE S V P PVTVPS E 1 VRLQEQLAQV 7 4  
S e a  1 FH RRLDVGKAVTEMRKPALQQPEWDDPSQVRR 1 REVLAARP PLVKAEEVHALRTLLAQV 1 2 0  
Xea - - - - - - - - - - - - - WRQRTALQMPTYPDAAAL EHTLDELRQLP PLVTSWE 1 FALKRQLAEA 8 1  

* * : * * * : . . * * :  * * . 

Hpy 1 DNKAFLLQGGDCAE S F SQ FSANR1 RDMFKVMMQMA 1 VLT FAGS 1 P 1 VKVGR 1 AGQFAKP 1 1 7  
Mtu AKGEAFLLQGGDCAETFMDNT E PH 1 RGNVRALLQMAVVLTYGASMPVVKVAR 1 AGQYAKP 1 3 4  
Sea ADGSALVVQAGDCAEHPGE CDAAHVSRKSALLDMLAATL KTATHKPVVRVGR 1AGQFAKP 1 8 0  
Xea QEGKR FLLQGGDCAENFSDCE SGT1 SNRLKVLLQMSLVLVHGLRLPVVRVGRFAGQYAKP 1 4 1  

. . .  : : : * . * * * * * * : * : * . * : * * * : * * *  

Hpy R SNAT E 1 LDDEEVLS YRGD 1 1 NG- - 1 S KKER E P KPERMLKAYHQSVATLNL 1 RAFAQGGL 1 7 5 
Mtu RSAD1 DALG - - - LRS YRGDM1 NGFAPDAAAREHDPSRLVRAYANASAAMNLVRALTSSGL 1 9 1  
S e a  RSSPSER 1 GDLQL PVYRGHMVNGPE PTPEDRRHDPLRLLT FVTMTAGDV- - - - - - - - - - - 2 2 9  
Xea RSADTETRDGVTL PSYRGDV1NAPAFTEAARVPDPRRM 1 TAHSRSAMTMNFVRAL 1 DGGF 2 0 1 

* *  * * *  . .  * * * * : :  

Hpy ADLEQVHRFNLDFVKNNDFGQ KYQQ 1ADR 1 TQALGFMR - ACGVE 1 ERTP1 LREVEFYTSH 2 3 4 
M t u  ASLHLVHDWNREFVRTS PAGARYEALATE 1 DRGLRFMS - ACGVADRN - - - LQTAE1 YASH 2 4 7  
S e a  - - - - - - - MEQLGWRAPAPFGHQ P - - - - - - - - - - - - - - - - - - - - - - - - - - - PAEPRMWTSH 2 5 5  
Xea ADLHHPEYWNLQWVGYSPLAADYQKMVSS 1 GDAVRFMET L SGAEVYN - - - LN R 1 DFYTSH 2 5 8  

Hpy 
M t u  

S ea 

Xea 

. . . * *  

EALLLHYEE PLVRK- - - DS LTNQFYDCSAHMLW 1 Gt.RDPKGAHVEF LRGVCNP 1 GVK1 2 9 1 
EALVLDYERAMLRLSDGDDGEPQLFDLSAHTVW 1 GE TRQ 1 DGAH 1AFAQV 1 ANPVGVKL 3 0 7 
EALVLEYELPM 1 RELG - - - - DGRRW FGSTHW P W 1 G  TRQLDGAHLHFAAG 1 VNPVAVKV 3 1 1  
EALLLPYEEGLTRQ - - - VPRQWGWFNLSTHYPW 1 G  RQLDGAHVEYLRGVRN P 1 A 1 KV 3 1 5  
* * * : *  * *  : * : * : *  * * *  * * : . * * * : : : * * : . : * :  

Hpy GPNASVSEVLELCDVLNPHNL KGRLNL 1VRMGS K1 1 KER L P KLLQGVLKEKR H 1 LW S 1 DP 3 5 1  
M t u  G PNMT PELAVEYVERLDPHNKPGRLTLVSRMGNHKVRDL L P P 1VEKVQATGHQV 1WQCDP 3 6 7  
S e a  G PTTTAEE 1 TLLCALLDPLRE PGRLTL 1ARMGADAVS E R L PAFVEAVRLAGHPV 1 W FRDP 3 7 1  
Xea G PSVQPDQLLRLMDVLNPEDE PGRLS F 1HRMGAAQ 1AEKLPPLLDAVKRDGRRVLWVCDA 3 7 5  

* *  * : * * * * . : :  * * *  : : * *  : : :  * : : :  * * 

Hpy MHGNTVKTNLGVKTRAFDSVLDEVKS F F E 1HRAEGSLASGVHLEMTGENVTE C 1 GGSQA1 4 1 1  
Mtu MHGNTHESSTGFKTRHFDR 1 VDEVQGFFEVHRALGTH PGG 1 HVE 1TGENVTE CLGGAQD1 4 2 7  
S e a  MHGNTVTGPDGYKTRLMETMARE 1 RG FLRAVTGAGGTAGGLHLETTPDDVLECATDVSVL 4 3 1  
Xea MHGNTESTGNGYKTRRFDN 1 R SEVELS FDLHAAAGTRLGGVHLELTGEDVTE CTGGAREL 4 3 5  

Hpy 
Mtu 

S ea 

Xea 

Hpy 
Mtu 

S ea 

Xea 

* * * * *  * * * * : : :  * . * . * : * : *  * : : * * * 

TEEGLSCHYYT

I
PRLNATQALELAFL1 ADMLKKQRT - - - - - - - - - - - - - - - - - - - - - ­

S ETDLAGRYET PRLNTQQSLELAFLVAEMLRD - - - - - - - - - - - - - - - - - - - - - - - - ­

ERETVRR - - TS PRLNQEQAVSVVSVWADAD 1 G PTATGDGSRVAQGTQGS PRAPGDRE 

TERDLERAYRSS PRLNYEQSL E 1 AMA1VRKQQQVAAQPLGG - - - - - - - - - - - - - - - - -
* * * * *  * : : . : .  

VMSVPEYREFRTRSRAEVWLNQA 5 1 2  
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Conserved cysteines in a l l  four type 1 1  DA H7PSs 

• Cysteine conserved in type 1 1  DAH7PSs known to requ i re reducing agent, 

and a val ine in an equ iva lent posit ion in the primary sequence of X. campestris 
Argin ine (Arg284 M. tuberculosis numbering) conserved in type I and 1 1  DAH7PSs 

The sequences are for H. pylori ( Hpy), M. tuberculosis ( Mtu), s. coelicolor (Sco) and X 

Campeslris ( Xca). 

The importance of Cys440 in enzyme catalysis is invest igated USing site-d irected 

mutagenesis, structural and funct ional studies. We hypothesized that by mutat ing the 

cysteine residue we would remove the requirement of a reduc ing agent, as no d isul fide 

bond with the metal-binding cysteine can occur. 

The comparison of the crystal structures of MI-DAH7PS, Pf-DAH7PS and Tm­

DAH7PS show that Cys440 ( MI-DAH7PS ) occup ies an equivalent position to that of  a 

serine found in the type r �  enzymes.  Therefore Cys440 was mutated to a serine, as both 

type I �  DAH7PSs have not been reported to be sensit ive to the presence of reduc ing 

agent . 

S.2 Cloning, Expression and Purification of Mt-R284K and Mt-C440S 

The R284K and C440S mutat ions were performed using a QuikChange@ I l  S ite­

Directed Mutagenesis Kit ( Stratagene), and pPro-ExH Ta-Mt-DAH7PS as the double­

stranded p lasmid template. The s ing le amino ac id subst itut ions ( e ither an Arg to a Lys 

or a Cys to a Ser) were introduced by designing synthetic o l igonucleotide primers, each 

complementary to opposite strands of pPro-ExHTa-Mt-DAH7PS containing the desi red 

mutat ion ( primer sequences are given in Chapter S ix) .  The result ing p lasmids were then 

e lectroporated into B L2 1 ( DE3 ) cel ls  that had been previously transformed w ith  

pGroES L. 1 70 The transformed ce l l s  were grown, induced and harvested using 

condit ions ident ical to those described for wild-type MI-DAH7PS protein in C hapter 

Three. 
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The purificat ion of  Mt-DAH7PS R284K and C440S was performed using a two-step 

procedure, invo lving passage down a N iH affi ll ity column, c leavage of the His6-tag 

using rTEV protease, and a final passage down a size exc lusion co lumn. The 

purificat ion was identical to that described for wi ld-type protein in C hapter Three, 

except buffers used for the purificat ion of C440S contained no reducing agent. Both 

mutant proteins appeared to behave in a s imi lar fashion to that observed for wi ld-type 

protein throughout the ent ire purification. The spec ific act ivity of R284K appeared to 

be very s imi lar to that of wild-type protein. However, the specific act iv ity of C440S 

was very d ifficu lt to determine due to the large apparent KM for E4P (re fer to Sect ion 

5 . 1 0) .  

5.3 Requirement of Reducing Agent in the Purification of C440S 

When C440S was purified using buffers containi ng no reducing agent, the protein was 

act ive but it appeared to be unstable, and gradual ly  lost act ivity over the durat ion of the 

purificat ion. The loss of act ivity seemed to be a lot s lower than that observed for wild­

type protein. I ncubat ion of purified C440S with TCEP ( 0 . 5  mM) for twenty-four hours 

increased the spec i fic act ivity of the protein  approximate ly two-fo ld, t herefore future 

purificat ions included the add it ion o f TCEP to a l l  purificat ion buffers. 

The requirement of reducing agent to maintain ful l  enzyme act ivity was unexpected as 

we had speculated that the mutat ion to a serine would have removed this. The p lasmid 

was sequenced and the subst itut ion of a cystei ne to a serine was successful ly achieved. 

There are five cysteine res idues in wi ld-type MI-DAH7PS:  Cys87, a metal-bind ing 

l igand ; Cys420, which is h ighly conserved in type [ [  DAH7PSs; Cys23 I , which 

contributes to the tetramer interface of the protein; Cys365;  and Cys440. under 

invest igat ion in this study. Cys420 and Cys 365 are unl ike ly to form disu lfides as 

analysis of the Se-Met MI-OAH7PS crysta l  structure ind icates that no other cysteine 

residues are in the vic inity of  these cysteines. On the other hand, the distance between 

the two Cys23 1 residues across the tetramer interface is approxin1ate ly  1 2  A, a s l ight 

movement of res idues of the a2b-�3 100p/a2b hel ix which contribute residues to the 

tetramer interface may a l low d isulfide l inkage between these two cysteine residues. 
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Analysis of chromatograms from size exc lusion co lumns of  C440S run with and 

without TCEP ( figure 5 .2 )  show that in the absence o f TCEP there is more protein being 

eluted from the column as higher molecu lar weight protein (> 1 000 k Da) than protein 

predicted to be tetrameric ( approximately a 2: 1 ratio)  ( for further detai l s  refer to Chapter 

Three, Section 3 . 7) .  However, when C440S purified in the presence of TCEP was 

passed down the Superdex S200 co lumn a d ifferent ratio of tetrameric protein and 

higher mo lecu lar weight protein (approximate ly a 4: I rat io) was observed. This 

provides evidence that suggests that one or more cysteine res idues may be responsib le 

for the stabi l izat ion of quaternary structure of Mt-DAH7PS in so lution. In the absence 

of reduc ing agent the thiol groups of cysteine residues ( inc l ud ing the metal-binding 

cysteine) could oxid ize to sulfinic ( -S02H )  and sulfonic ac ids ( R-S03 H ), which may 

change their interactions with surround ing residues. However, DTT and TCEP are 

unable to reduce these spec ies 1 86. 1 87 and because the loss of act ivity is restored by either 

TCEP or OTT it suggests that a second disu l fide l inkage between two cysteines is 

present in Mt-OAH7PS. As ment ioned ear l ier in this sect ion the change in 

destabi l izat ion of quaternary structLU'e could be due to disulfide format ion between 

Cys23 I residues, result ing in the formation of aggregated ( higher mo lecular weight) 

protein. I t  is c lear from these stud ies that further investigation into the ro le of  cysteines 

in Mt-OAH7PS ( espec ial ly Cys23 I ) and other type I l  proteins is necessary to 

understand the requirement of reduc ing agent in maintain ing enzyme act ivity and 

stabi l izat ion of quaternary structure. 
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Fig u re 5.2 Ch romatogram trace from Superdex S200 run of C440S A, without TCEP 

and B, with TCEP 

5.4 C rystallization, Data C ollection and Refinement of R284K and C440S 

Both mutant proteins crystal l ized u nder simi lar condit ions to t hat of the wi ld-type 

protein, Tris-HCI (0 . 1 M, pH 7.5 ), ammonium sulfate ( 1 . 5 M),  g lycero l ( 1 8  % ( v/v)) .  

Crystals were grown in a hang ing-drop ( 1  ilL + I IlL)  using R284K protein with a 

concentrat ion of 4. 1 mg/mL and a concentrat ion of 2.9 mg/mL for C440S. Crystals of 
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R284K and C440S grew overnight, which is the same t ime frame as observed for native 

protein. The g lycerol concentration was high enough to act as a cyro-agent so a 

cryoprotectant so lution was not necessary. The crystals of the two mutant proteins had 

a d ifferent morpho logy to each other and wi ld-type protein. C440S crystals  were very 

thin and need le- l ike  with crystal dimensions of 0 .5 x 0 .02 x 0 .02 mm. R284K crystals 

(0 .5  x 0.07 x 0 .07 mm) were approximate ly the same length but one and a half t imes the 

width of that seen for wi ld-type crystals. 

Crystals of  C440S that were grown d id not d iffract wel l  and the highest reso lut ion 

dataset that we were able to co l lect was to 2 . 8  A. In contrast, the R284K crystals 

diffracted moderate ly wel l  and a dataset was co l lected to a maximum reso lution o f 2 .2  

A. Both data sets were co l lected in-house using a Rigaku M icroMax007 generator with 

Osmic blue optics and an RAxis I V++ detector. The R284K dataset was col lected using 

non-over lapping 0 . 1 250 osc i l lat ions co l lected for ten minutes per frame at a crystal­

detector separation of 1 80 nun. The dataset for C440S was col lected using non­

over lapp ing 0 .20 osci l lations for ten minutes per frame at the same crystal-detector 

distance as R284K. 

The data were processed and scaled using CrystalC lear 1 . 3 . 6  ( Rigaku ) .  F u l l  detai ls  of  

the data col lect ion statistics for R284K and C440S are in tables 5 . 1 and 5 .2 ,  respect ive ly .  

Both the mutant c rystals belong to  the same space group as  that of Se-Met protein 

(P322 I ) .  The unit ce l l  d imensions for both C440S and R284K were very simi lar to 

those of Se-Met MI- DAH7PS.  Based on this fmding we were able to solve the structure 

by performing two rounds of rigid-body refmement calcu lat ing phase information f]-om 

a water and l igand free Se-Met MI-DAH7PS structure. The init ia l  so lut ion  for both 

mutant proteins had an R and Rfree value of  �30 %, and FOM of  �0.76. Opt im izat ion of  

the model consisted of repet it ive cycles of  rebui ld ing using COOT and refi11ement with 

REFMAC 5 ( CCP4) .  Water molecules were added automat ica l ly  in COOT and verified 

using 2Fo-Fc and Fo-Fc maps and by their  potential to hydrogen bond to act least one 

protein atom or water mo lecule. I n  the R284K structure, two manganese ions, two PEP 

mo lecu les and one sulfate ion ( subunit B )  (a l l  ident ified by their shapes and 

environments) cou ld be added into extra density .  Subsequent refinement indicated that 

the occupancy of  M n2+ was 1 00 % and that of  PEP and soi- was 75 %. Density for a 

mo lec u le of detergent Thesit was also found bound at the interface between subunit A 
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and B with occupancy of 50 %.  I t  was modeled in as  a dodecyl ether mo iety with one 

po lyethyleneglyco l unit attached. I n  the C440S structure t wo manganese ions (�75 % 

occupancy)  and one su l fate ion ( subunit B) were mode led in  to both subunits. Two 

phosphate ions were modeled into both subunits ( 1 00 % occupancy) where PEP is 

fou nd in the Se-Met and R28 4 K  structure. The 2Fo-Fc map does not show electron 

density for the remainder of the PEP mo lecule in the current C440S structure. Final 

refmement stat ist ics for R284K and C440S are given in tab le  5.3 and 5 .4, respect ive ly .  

Table 5 . 1  Data collection statistics for R284K 

Val ues in parentheses are for the outermost shel l 

Space group 

Un it cel l  dimensions (A)  
a=b 
c 

Resolut ion range (outer she l l )  (A)  
Wavelength (nm ) 

No. measured reflect ions 

No. un ique reflect ions 

Completeness (%) 

Redundancy 

< I/m 
Rmerge (%) 

204.44 

66.37 

3 1 .6-2.2 (2.28-2 .2 )  

1 . 542 

33 7447 

79940 

99. 1 (98.0) 

4 .2  (4.2) 

9.5 (3 .8)  

1 0.0 (35.0) 

Ta ble 5.2 Data collection statistics for C440S 

Values in parentheses are for the outermost shel l 

Space group P322 1 

Uni t  cel l d imensions (A)  
a=b 203 . 1 

c 

Resolut ion range (outer she l l )  (A)  
Wavelength (nm ) 

o. measured reflect ions 

No. un ique reflect ions 

Completeness (%) 

Redundancy 

< I/m 
Rmerge (%) 

66.4 

39.3-2.8 (2.9-2.8 )  

1 . 542 

1 23 1 33 

3 86 1 6  

99.3 (99.0) 

3 .2 (3 . 1 )  

4 .0 ( 1 .7) 

1 8 .6 (47. 5 )  
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Table 5.3 Refinement statistics for R284K 

Resol ut ion range (A)  
Number of reflect ions (test set) 

R factor 

Rfi-ee 

3 1 .6-2.2 

759 1 6  (40 1 7) 

0.2 1 3  

0.247 

Number of non-hydrogen atoms 

Protein (two molecules) 693 8 

Water 325 

Mn� 2 

PEP 40 

S04
2
. 5 

Thes i t  1 6  

Mean B va lue ( A2)  3 1 .3 

rms deviations fi'om idea l i ty 

Bond l engths (A) 0.0 1 8  

Bond angles (deg.) 1 .9 

Residues in the most favored region 

of Ramachandran plot (%) 89.8 

Table 5.4 Refinement statistics for C440S 

Resol ut ion range ( A )  36. 7-2 .8  

33026 ( 1 740) 

0.236 

Number of reflections (test set) 

R factor 

Rfree 0.294 

Number of non-hydrogen atoms 

Protein (two molecu les) 7045 

Water 3 1  

Mn2+ 2 

P043 - 1 0  

S042- 5 

Mean B val ue (N) 43.7 

rms deviations fi'om ideal ity 

Bond l engths (A) 0.0 1 4  

Bond angles (deg. ) I . 7  

Residues in t h e  most favored region 

of Ramachandran plot (%) 85 .  I 
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5.5 Data Collection, Refinement and Structure Determination of 

Native Mt-DAH7PS 

The crysta l l izat ion conditions for nat ive MI-DAH7P S  are in Chapter Three, Section 

3 . 1 2 . A higher reso lution dataset of the nat ive protein were co l lected at a wave length of  

0 .97929 A on beamline 8 . 2  at the Advanced L ight Source ( Lawrence Berkeley Nat ional 

Laboratory, CA) .  The data were processed using SCAL E P  ACK and DENZO by 

M inmin Yu ( Berkeley, C A) .  Ful l  detai ls of  the data col lection stat ist ics for native Mt­

DAH7PS is in table 5 . 5 .  Reduction o f  the integrated intensities was performed using 

Scalepack2mtz ( CCP4).  The two datasets col lected for the native and Se-Met 

subst ituted protein were found to be isomorphous. The native structure was k ind ly  

so lved and refmed by H eather Baker, Auck land University. The fmal refmement 

stat istics for the native protein are in table 5 .6.  

Table 5.5 Data col lection statistics for native Mt-DAH7PS 

Val ues in parentheses are for the outermost shel l 

Space group P322 1 

Un i t  cel l  d imensions (A)  

a=b 
c 

Resol ut ion range (outer she l l )  (A) 

Wavelength (nm) 

No. measured reflections  

No .  un  ique reflect ions 

Completeness (%) 

Redundancy 

< f/m 
Rmerge (%) 

20 1 .83 

65 .96 

43 .7-2.0 (2 .07-2.0) 

0.97929 

34602 1 2  

1 03 542 

99.3 (98.6) 

5.7 (5 . 5 )  

20.4 (2.6) 

9 .6 (69.7) 
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Table 5.6 Refinement statistics for native 

Mt-OAH7PS 

Resolut ion range (A) 

Number of reflect ions (test set) 

R factor (%) 

Rrree (%) 

umber of non-hydrogen atoms 

Protein (two molecu les) 

Water 

Mn2+ 

PEP 

042. 
Thesit 

Mean B va l ue (A  2 )  
rms deviations trom ideal i ty 

Bond lengths (A)  
Bond angles ( deg. ) 

Residues in the m ost favored region 

of Ramachandran p lot (%) 

43.7-2.0 

97552( 5 1 40 )  

1 8 .9 

22 .4 

7097 

53 1 

2 

20 

1 0  

1 6  

3 1 .27 

0.0 1 6  

1 . 85 

88 .3  

The asymmetric unit of nat ive MI-DAH 7P contains two molecules and in the current 

model, subunit A consists of the complete po lypept ide chain ( residues 1 -462 ) and 

subunit B is equal ly complete. The main-chain torsion ang les mo lecu les correspond 

we l l  with al lowed values, with 8 8 .3 % of res idues in the most favored region of the 

Ramachandran plot, as defmed by PROCHECK.  In  the current structure Asp 1 38A, 

Asp 1 99B, Arg202A, Cys420A, Ser1 4B, Asp263 B and Phe37913 are in the disal lowed 

reg ion of the Ramachandran plot. The current model also contains two Mn2+ ions, two 

PEP mo lecu les, two SO/- ions, a molecu le of the detergent Thesit and five hundred and 

thirty-one water mo lecules. The two SO/- ions and a Thesit mo lecule ( modeled in as a 

dodecyl ether moiety with one po lyethy leneglycol  unit attached ) are mode led in at 1 00 

% occupancy, and the two PEP mo lecules mode led in at 75 % occupancy. 

The monomer-fo ld and tetrameric quaternary structure are simi lar to that observed for 

the Se-Met protein. The most intr igu ing feature of this crystal structure is the d isul fide 

l inkage between Cys440 and the metal-bind ing Cys87 ( figure 5 . 3 ) . The d isul fide 

formation is observed in both subunits of the asymmetric unit and has been mode led in 

with an occupancy of 50 % in subunit A and 80  % in subunit B .  A Mn2+ ion is  mode led 
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into subunit A at -50 % occupancy and -20 % occupancy in subunit B .  The meta l  

occupanc ies are lower than that observed in  the  Se-Met Mt-DAH7PS crysta l  structure, 

which does not show disul fide formation between Cys440 and Cys87. There appears to 

be an assoc iation between d isulfide formation and reduced metal ion occupancy .  This 

a l lows us to suggest that the formation of a d isulfide l inkage between Cys440 and 

Cys87 results in  the exclusion of metal from the enzyme act ive s ite. 

Figu re 5.3 Disulfide formation between Cys440 and Cys87 in native Mt-DAH7PS. The 

residues here are from subunit B in the asymmetric unit. The 2Fo-Fc map (blue) 

is at a contour level of 1 . 2 o.  

5.6 Structure Determination of Mt-DAH7 PS R284K 

As was found for t he Se-M et Mt-DAH7PS structure the asymmetric unit of the R284K 

crysta l  contains two mo lecules. I n  the current model ,  subunit A comprises t he complete 

po lypept ide chain ( residues 1 -462) and subunit B is s imi lar ly complete except for 

residues 1 0- 1 3  and 3 74-379, which are disordered. The two residues (Gly-Ala) from 

the l inker to the c leaved H is6-tag are also mode led for both subunits. The main-chain 

torsion ang les mo lecules correspond wel l  with  a l lowed values, with 89. 8 % of residues 

in the most favored region and Ser l 36A, Glu2 70A, Ser375A and Cys440A in the 

d isallowed region of the Ramachandran p lot, as defined by P ROCHECK. The current 

model also contains two Mn2+ ions, two PEP molecules, one SO/- ion, a mo lecule of  

the detergent Thesit and three hundred and twenty-five water mo lecules. 
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Monomer-fold and Quaternary Structure 

The monomer-fo ld and tetrameric quaternary structure of R284K are essent ial ly 

superimposable with that of Se-Met Mt-DAH7 PS.  Superposition of the two mo lecu les 

in the asymmetric unit yie lds an rms d ifference of �0. 5 A for mainchain atoms, using 

Lsqkab (CCP4) .  

Active Site 

I n  the Se-Met Mt-DAH 7PS structure Arg284 is 3 . 3  A away from SO/- and 3 . 7  A away 

from the phosphate group of P E P  ( figure 5 .4) .  The arginine interacts with the phosphate 

group of P E P  via a water mo lecu le ( Arg284 . . .  ( 2 .9 A )  . . .  HOH . . .  ( 2 . 6  A) . . .  P04J-) .  The 

mutat ion o f  an arginine at residue 284 of J\I/I-DAH7P to a lysine appears to have 

removed its interactions with both the phosphate moiety of P E P  and the SO/- group 

bel ieved to represent the phosphate group of E4P. No intermediate water mo lecu le is 

found in the R284K structure e ither. However, in one of the subunjts in the asymmetric 

unit several residues of the �2-a2 loop that interact with E4P are part ia l ly disordered 

and there appears to be no S04
2- molecule present . Lys284 appears to be more 

d isordered in this subunit as we l l .  Mn2+ is mode led in both subunits with an occupancy 

of  1 00 %. 

Figure 5.4 Su bstitution of an arginine for a lysine at resid ue 284 in Mt-OAH7PS. 

Arg284 in Se-Met Mt-DAH7PS (yellow) is superim posed onto Lys284 (green) i n  

R284K. 2Fo-Fc map of R284K is i n  b lue  a t  a contour level of 1 .2 o .  This figure is 

what is obseNed i n  subunit B, i n  subunit  A Lys284 is more d isordered. 
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5.7 The Role of Lys1 33 and Cys440 i n  E nzyme Catalysis 

I n  the crystal structure of R284K a salt-bridge between L ys 1 33 from the p2-a2 loop, 

w ith Cys440 from loop p8-a8 ( figure 5 . 5 )  is more c learly defmed than in the Se-Met 

structure, where this lys ine residue appears to be more disordered (described further on 

in this sect ion ) .  Because of this, the R284K structure wi l l  be used to discuss t he 

i mportance of  L ys 1 33 and its i nteraction with Cys440 in Mt-DAH7PS.  Lys l 33 (M 
tuberculosis numbering) is conserved across a l l  DAH7PSs and it has bee n  proposed t hat 

this lys ine provides the proton necessary to convert the carbonyl oxygen atom of C l  o f  

E4P to a hydroxyl group.53 The equiva lent lys i ne i n  T. maritima ( L y s 1 3 1 )  has been 

mutated and has been shown to be essent ial  for enzyme catalysis.5 1 A superposit ion o f  

Mt-DAH7PS wit h  the type l a  enzyme from S. cerevisiae and the type I P  enzyme from T. 

maritima shows that the s idechain of  Lys 1 33 in the type I I  enzyme is  in a different 

posit ion to that observed for the type I DAH7PSs ( figure 5 .6 ) .  I n  the crystal structure of  

Tm-DAH7PS the equivalent lysine interacts with both PEP and E4P and this has been  

proposed for Sc_DAH7PS . 5 1 ,53 I nterestingly, the equ iva lent lysine residue in Pf­

DAH7PS ( Lys60) is disordered in the crystal structure and has been bui lt in as havi ng 

two conformations.47 

Fig u re 5.5 Salt-bridge between Lys133 and Cys440 in Mt-R284K. The 2Fo-Fc map is 

i n  blue at a contour level of 1 . 2 o. Rotation of the Cys440 sidecha in  would 

a l low disu lfide formation with the metal-binding cysteine (Cys87) .  
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Figure 5.6 S uperposition of Mt-DAH7PS R284K (blue), Tm-DAH7PS ( POS code 1 RZM, 

light g rey) and Sc-DAH7PS(Tyr) (PDS code 1 0FA, dark grey). Lys1 33 and 

Cys440 of Mt-OAH7PS R284K are in cyan and the eq u ivalent lysine 

resid ues in Tm-DAH7PS (Lys1 31 , orange) and Sc-DAH7PS(Tyr) (Lys1 1 2, 

l ight grey). The PEP and E4P molecules displayed are taken from how they 

a re observed in the Tm-OAH7PS structure. 

I t  appears that in the case of the M tuberculosis enzyme, the salt-br idge between 

Lys 1 33  and Cys440 may act as a "gate" to the active site, prevent ing E4P binding unt i l  

the enzyme is ready for the second substrate ( figure 5 . 7 ). This salt-bridge does not 

appear to be present in the type I enzymes and it could be that this interac t ion may only 

be found in type I I  enzymes exempl ified by MI-DAH7PS, which has been shown to 

d isplay a novel and complex mode of feedback-regulat ion by the aromat ic amino ac ids 

( as described in C hapter Four ) .  

1 58 



Figure 5.7 Salt-bridge between Lys1 33 ((32-02 loop) and Cys440 ((38-08 loop) acting as 

a gate to Mt-DAH7PS's active site. Lys1 33 and Cys440 are shown as sticks i n  

p ink.  PEP (yellow) and sot (orange)  are shown a s  sticks and M n2+ i s  shown as 

a sphere (cyan) .  

In t he absence of reduc ing agent the interaction between Lys 1 33 and Cys440 is 

d isrupted due to disulfide formation between the thiol groups of Cys440 and metal­

binding l igand, Cys87. In the nat ive crystal structure this disulfide l inkage is  associated 

with the exc lusion of metal (refer to Section 5 . 5 ), which explains the requirement of 

reducing agent to maintain ful l  enzyme act ivity ( refer to Section 5 . 3 ) .  This wou ld 

suggest that Cys87 is essential for the binding of  metal at the act ive site of Mt-DAH7PS. 

S ite-directed mutagenesis studies of  the metal-binding cysteine have been performed in 

Pf-DAH7PS (C3 ] 0) 1 88 and Ec-DAH7PS( Phe)  (C6 1 0) 1 89 and the result ing protein is 

able to bind metal and retains metal-dependent enzyme act ivity. However, when the 

metal-binding cysteine is mutated to either a serine, valine or alanine the mutant protein 

exhibits  no detectable DAH7PS-activity and is  unable to b ind metal .89 The loss of 

enzyme act ivity in  Mt-DAH7PS in the absence of reduc ing agent is most defmit e ly due 

to the formation of a disulfide l inkage between Cy87 and Cys440. The invo lvement of 

the SY group of Cys87 in a disulfide bond with Cys440 results in the C� atom facing 

towards the metal-binding site, which is equivalent to having an a lanine res idue at t his 
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posit ion. The reduction i n  metal  occupancy and the loss of enzyme activity is cons istent 

with results observed w it h  the E. coli C6 1 A mutant. 

I n  the native Mt-DAH7PS crystal structure the format ion of the d isu lfide appears to 

render the p8-a8 loop ( res idues 4 1 3 -444) part ia l ly d isordered, inc luding Asp44 1 ,  a 

metal-binding l igand. The comparison of the crystal structures of R284K ( resolut ion of 

2 .2  A and mean B value of  30 .8  A2) and native Mt- DAH7PS ( resol ut ion  of  2 .0 A and 

mean B value 3 1 . 3 A 2) shows that Asp44 1 has a signi ficant ly higher B factor in the 

native structure (�70 A2 compared with �40 A 2 in the mutant structure) than in the 

mutant structure. Residues 429-44 1 have B factors of �80- 1 00 in the nat ive structure 

and �30-50 A2 in the R284K structure. Residues 425-428 are missing in the nat ive 

structure and residues 4 1 4-424 have B-factors of �70-80 A2 compared w ith �30-50 A2 
in the mutant structure. The mode l ing of E4P in Tm-DAH7PS ind icates that the metal­

binding aspartate residue ( Asp309) interacts, using both of its 08 groups, with the 

hydroxy l group of  C3 of E4P.5 1 The format ion of a d isulfide l inkage between the two 

thiols groups of Cys87 and Cys440 in the nat ive crystal structure appears to disorder 

Asp44 1 ,  a residue invo lved in the b inding of metal  and proposed binding of E4P. 

In the Se-Met structure ( 2 . 3  A resolution and mean B value of 43 . 5  A2) Lys 1 33 and 

Cys440 are partial ly d isordered ( B  factors of �60 and �80 A2, respect ive ly )  m 

comparison with the R284K structure ( B  factors of �30 and �40 A2, respective ly) .  A 

portion of the p8-a8 loop is presumed disordered in the Se-Met structure with residues 

422-436 in subunit A and 4 1 8-43 1 in subunit B missing. We propose t hat the interaction 

between Lys 1 3 3  and Cys440 is necessary for the stabi l izat ion of thc p8-a8 loop, 

inc l ud ing t he metal-binding l igand Asp44 1 .  
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5.8 Structure Determin ation of Mt-DAH7PS C440S 

As with the crystal  structures discussed in this thesis, t here are two mo lecules in the 

asymmetric unit .  In the current model, mo lecule A comprises the comp lete polypept ide 

chain ( residues 1 -462), except residues 236-239 and mo lecule B is s imi larly comp lete 

except for residues 376-37 8  which are d isordered. Two addit ional residues (G ly-Ala) 

from the l inker to the c leaved H is-tag are also modeled in  for subunit B .  The main-cha i n  

torsion angles mo lecules correspond wel l  with a l lowed values, with 85 . 1 % o f  res idues 

i n  t he most favored region and A la43 1 A, Leu432A and Ser 1 36B in  the disal lowed region 

of t he Ramachandran p lot, as defmed by PROCHECK. The final model also contains 

t wo Mn2+ ions, two P04
3- ions, one SO/- ion,  and thirty-one water mo lecules. 

Monomer-fold and QuaternQ/Y Structure 

The monomer-fo ld and tetrameric quaternary structure of C440S is essent ial l y  

superimposable with the Se-Met Mt-DAH7PS structure; with the superpos it ion o f  t he 

t wo mo lecules in the asym metric unit yie lding an rms difference of  �0. 5  A for a l l  

mainchain atoms. 

A ctive Site 

A nalysis of the current C440S structure shows differences between the subunits. I n  

subunit B there is a c lear interaction between Ser440 and Lys 1 33 ( figure 5 . S )  whereas in  

subunit A the two residues are further apart (�3 . S  A).  A lso, residues of  the p2-a2 loop 

in  subunit A that contribute to the binding of the phosphate group of E4P are disordered 

( Arg 1 35 and Ser 1 36 are mode led in as Ala residues and there appears to be no sol ion  

present) .  In  both subunits i n  the asymmetric unit a l l  residues of the pS-a8 loop are 

present and M n2+ is modeled in both subunits with a occupancy of 75 % ( refer to 

previous sect ion) .  Analysis of the current C440S structure ( reso lution of 2 .S  A) 
indicates no significant structural changes in the act ive site of Mt-DAH7PS upon t he 

mutat ion of  Cys440 to a serine. A higher resolution dataset of C440S may shed some 

l ight into how this conservative mutation can have such a significant influence on the 

enzyme' s  affinity for E4P ( refer to Sect ion 5 . 1 0) .  It w i l l  at least allow us to be able to 

compare B-factors of residues, as the current structure is at too Iow a resolut ion to be 

able to do th is. At the moment t here are two possible explanat ions for the dramat ic 

increase in the binding of E4P to Mt-DAH7PS: 
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( 1 )  I t  has been proposed that Lys 1 33 ( M  tuberculosis numbering) is required to 

provide the proton to C l  of E4P in the DAH7PS-catalyzed react ion ( Sect ion 

5 .7 ) .  The interaction between Lys 1 33 and Cys440 may be essent ial for 

stab i l izing Lys 1 33 so that it is protonated and able to del iver a proton. A 

cysteine has a nominal pKa of �8 whereas a serine residue i s  less read i ly  

deprotonated with a pKa value of � 1 4 . At  physio logical pH Lys 1 33 w i l l  most 

l ikely be protonated as a lysine has a pKa value of � 1 0 . Given t he c loseness of  

its nominal pKa value to  the pH and the environment in  which C ys440 is found 

it is possible that Cys440 is deprotonated. On the other hand a serine res idue 

in its p lace ( Ser440 )  wi l l  be a lmost certain ly  protonated. This change III 

ionizat ion state of residue 440 in M tuberculosis may a lter the abil ity of 

Lys 1 3 3  to donate its proton, and could explain the significant increase in the 

KM for E4P. To invest igate this further the pH profi le of the C440S protein 

wi l l  need to be examined to see if this single amino acid mutat ion has an effect 

on the optimum pH of the enzyme. 

( 2 )  Alternat ively, the conservative mutat ion may c hange the entropic propert ies o f  

the enzyme, preventing the correct posit ioning o f  E4P for catalysis t o  occur. I n  

subunit B o f  the C440S structure L ys 1 33  appears to be d isordered, as can be 

seen by the absence o f  density in the 2Fo-Fc map .  I t  is quite possible that the 

salt-bridge between Lys 1 33 and Cys440 is required to order the lysine res idue 

proposed to protonate the carbony l oxygen o f  E4P. As ment ioned ear l ier a 

higher resolut ion dataset is required to invest igate this theory further. 
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Figure 5.8 Interaction between Lys1 33 (cyan) and Ser440 (yellow) in the C440S 

crystal structure. This is in subunit B of the structure and the 2Fo-Fc map i n  

blue is a t  a contour level of 1 . 1  o. The equivalent residues in subuni t  A d o  not 

appear to interact with each other and the sidechain of Arg 1 35 and 8er1 36, as 

well as a 80/- ion are missing i n  this subunit . 

5.9 Determination of Kinetic Parameters for Mt-DAH7PS R284K 

The apparent KM values for E4P and PEP were 67 ± 4 !lM and 24 ± 1 . 7 !lM ,  

respective ly  and the kcat val ue was calculated as 6 .0  ± 0. 1 S- I ( figure 5 .9 ) .  I t  shou ld be 

noted that E4P concentrat ions above 1 80 !lM gave substrate inhibit ion of this mutant 

protein. These values are within the same order of magnitude as those observed for 

wi ld-type protein. This ind icates that the R284K mutation has no significant effect on 

the binding of E4P and PEP, and the turnover of substrates by the enzyme. 
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Figure 5.9 Michaelis-Menten plots for determination of KM values for E4P A, and PEP B. 

The reaction mixtures for the determi nation of the KM of E4P consisted of PEP 

( 1 80 I-lM) ,  MnS04 ( 1 00 IJM)  and  E4P ( 1 8  to 1 47 IJM) ,  in  BTP (50 mM) pH 7 .5  

buffer. The  determi nation of the KM of PEP consisted of  reaction mixtures of  E4P 

( 1 47 I-lM) ,  MnS04 ( 1 00 IJM) and PEP ( 1 2  IJM to 420 IJM) ,  in BTP (50 mM) pH 7 .5  

buffer. The  reaction was in i ti ated by  the addition of purified Mt-OAH7PS (2  IJL, 2 

mg/m L) and was carried out at 30 QC. KM and kcat values were determined by 

fitt ing the data to the Michaelis-Menten equation using Enzfitter ( Biosoft). 

Both substrates are held in posit ion in the active site via an extensive hydrogen-bond ing 

network so the e l iminat ion of just one hydrogen bond may not be enough to alter 

catalysis significantly. Resu lts show that mutating Arg284, which in the crystal 

structure of Se-Met Mf-DAH7PS appears to interact with both phosphate groups of PEP 

and E4P, to a lysine has l it t le effect on the binding of PEP and E4P to the enzyme. 

Arg284 ( M. tuberculosis numbering) is conserved across a l l  DAH7PSs with the 

equivalent residue in Ec-DAH7PS( Phe ) ( Arg I 6S )  and Pj-DAH7PS ( Arg I I S ) interact ing 

with the phosphate moiety of PEP.47) 1  
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5. 1 0  Determ ination of Kinetic Parameters of C440S 

The apparent KM values for E4P and PEP were 2050 ± 369 fl M  and 22 ± 3.0 flM, 

respect ively and the kcat value was calculated as 3 . 8  ± 0.05 S- I ( figure 5. 1 0 ) .  The KM of 

PEP i s  similar to that of wild-type protein, however the KM of E4P is more than one 

hundred-fo ld higher than that observed for nat ive Mt-DAH7PS. 
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Figure 5. 1 0  Michael is-Menten plots for determ ination of KM values for E4P A, and PEP B. 

The reaction mixtures for the determination of the KM of E4P consisted of PEP 

( 1 90 IJM) ,  MnS04 ( 1 00 IJM)  and E4P (540 IJM to 3540 IJM) ,  in  BTP (50 mM) pH 

7 . 5  buffer. The determi nation of the KM of PEP consisted of reaction mixtu res of 

E4P ( 1 780 IJM) ,  MnS04 ( 1 00 IJM) and PEP (4 IJM to 255 IJM) ,  in BTP (50 mM) pH 

7. 5 buffer. The reaction was init iated by the addition of purified Mt-DAH7PS (2 . 5  

IJL, 2 . 9  mg/m L) and was carried out at 30 DC. KM and kcat values were determi ned 

by fitti ng the data to the Michael is-Menten equation using Enzfitter ( Biosoft). 

These values indicate that a single conservative mutat ion of a cysteine for a serine at 

residue 440 in Mt-DAH 7PS has l it t le effect on the binding of PEP but has a significant 

effect on the binding of E4P to the enzyme. I t  should be noted that the KM of PEP was 

determined using E4P concentrations wel l  below the KM for E4P, which wi l l  tend to 

give a lower value for the KM than the actual value. The crystal structure of C440S at 

the reso lution we have does not appear to provide any insight into how this conservative 

mutat ion could have suc h a signi ficant effect on the interact ion of E4P with the protein. 

The kcat value, or turnover o f  substrates does not appear to have changed significant ly 

by this mutat ion. 
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5. 1 1  Role of Cysteines in DAH7PS 

Functional studies with both  Hp-DAH7PS and MI-OAH 7PS ind icate that cyste ine 

residues play a cruc ial ro le in the regulat ion of enzyme activity of  both these type I l  

DAH7PSs, and a disulfide l inkage between the thiol groups of Cys440 and Cys87 in M 

tuberculosis has been captured in a crysta l  structme. Unl ike Ec-OAH 7PS( Phe) the M. 

tuberculosis enzyme does not appear to be stabi l ized upon the add it ion o f  EO TA and/or 

PEP alone and requires reducing agent for the maintenance of fu ll enzyme act ivity 

( descr ibed in further detai l in Chapter Three, Section 3 .6) .  

Stud ies with Ec-DAH7PS( Phe) have shown that loss of  enzyme act ivity is assoc iated 

with the net loss of two thiols per subunit, 87 and peptide mapping revealed a d isulfide 

l inkage between Cys6 1 (equ ivalent to Cys87 in Mt-DAH7PS)  and Cys328  (conserved in 

type la  enzymes only) .  The loss of act ivity of the E. coli enzyme is  proposed to be via 

metal-catalyzed oxidat ion of the two cysteine residues. Mutation of eit her of these two 

act ive-site cysteines resulted in enzyme that was insensit ive to meta l  attack and loss of 

activity ( refer to Chapter One, Section 1 . 5 . 1 for further detai l ) .  Cys32 8  was found to be 

nonessential, a lthough conservat ive rep lacements at this position d id have an effect on 

k inetic properties of the enzyme: Cys328  to Val showed a 20 % reduction in the 

catalyt ic constant and two to three- fold increases in  KM-PEP and KM_E4P. 89 

The comparison of the crystal structures of  Ec-DAH7PS( Phe) and Mt- OAH7PS shows 

that the second cysteine ( Cys440 in MI-OAH 7PS and Cys328 in Ec-DAH 7 PS(Phe) )  

invo lved in  d isulfide format ion with the metal-bind ing cysteine ( Cys87 in  Mt- DAH7PS 

and Cys6 1 in Ec-DAH7PS( Phe) ) do not occupy equ ivalent positions in  the act ive site of 

OAH7PS ( figure 5 . 1 1 ) . I nterest ing ly, both cyste ine residues come from the �8-a8 loop 

of the W/a)8 barrel .  The space that Cys440 occupies in the MI-OAH 7PS structme is 

fil led with a threonine or a serine in type l a  and type I �  enzymes, respect ive ly. 

Analysis of the two type I �  crystal structures indicates that there is no second cysteine 

in the vic inity of the metal- binding cysteine residue .  I n  both type la  crystal structures 

Cys328 in Ec-DAH 7PS( Phe ) and Cys344 in Sc-OAH7PS( Tyr) do not obviously interact 

with any other residuc. This is quite d i fferent to what is observed in Mt-OAH7PS 

where Cys440 forms a salt-br idge with Lys 1 33 ( from the �2-a2 loop) .  0 interactions 

between residues of the �8-a8 and �2-a2 loops are observed in the la structures, and 
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residues 3 1 3-3 1 6  and 328-33 1 ( part of the B8-a8 loop) are rrussmg m the crystal 

structures of Ec-DAH7PS(Phe) and Sc-DAH7PS(Tyr), respective ly .  

2+ 

Figure 5 . 1 1 Su perposition of Se-Met Mt-DAH7PS (cyan) and Ec-DAH7PS(Phe) (PDB 

code 1 GG 1 )  (pink) showi ng metal-bind ing Cys and second Cys involved in 

d isu lfide bond formation. 

There appear to be d ifferences in t he role cysteine residues play in the regulat ion of 

enzyme act ivity between the three types of  DAH7PSs: type I P  enzymes have been 

reported to not require reducing agent for enzyme activity; 1 88 the type la enzyme fi"o m 

E. coli requires the presence of either EDT A or PEP to prevent disulfide formation 

between Cys6 1 and Cys328 and loss of enzyme act ivity; and the type I I  enzyme from M. 

tuberculosis abso lutely requires red uc ing agent for the maintenance of fu l l  enzyme 

activity. 

Comparison of the amino ac id sequences of Mt-DAH7PS with type I I  enzymes from 

higher p lants show that Cys440 (M tuberculosis numbering) i s  a lso conserved in a 

number of p lant DAH7PSs. P lant DAH7PSs have been shown to be hysteret ica l ly  

act ivated by DTT, and recent ly i t  has been reported that an A rabidopsis isoenzyme 

requires reduced thioredoxin or reducing agent for activity.67 I nvest igat ion of the genes 

up and down stream of Hp-DAH7PS in the H. pylori genome indicates the presence of a 

peroxiredoxin ( two genes upstream of  DAH 7PS) and a putative ferredoxin ( four genes 

upstream of DAH7PS) .  I n  the case of the genome of M tuberculosis, genes upstream 

and down stream of the DAH7PS gene are yet to be annotated with an actual  or putative 

1 67 



funct ion. I nterest ing l y, three disulfide reductase activit ies have been ident ified in  H. 

pylori whose reactions contribute to the redox balance of t he cel l .  1 90 Enzyme act ivity 

has a lso been ident ified that use cyst ine ( Cys-Cys) as a substrate. Therefore, it is 

conceivable that the activity of type I l  DAH7PSs from M tuberculosis and H. pylori is 

regulated by the intracel lu lar redox potent ia l  of their respective bacterium. Further 

invest igat ions are req uired to confirm this. 

5. 1 2  Conclusions and Future Studies 

The ro les of several act ive-site residues of Mt-OAH7PS that attracted our attention were 

examined using site-directed mutagenesis, enzyme kinet ics and X-ray crystal lography. 

Invest igat ion of the role of Arg284 led us to propose that this residue is not essential for 

the correct posit ioning of PEP and E4P for enzyme catalysis to occur. I nstead we 

bel ieve that Arg284 provides several of  t he numerous interactio ns between both  

substrates and the protein. On  the other hand, Cys440 in Mt-DAH7PS appears to  p lay 

an important role in the binding of E4P as can be seen by a significant increase in the 

KM of E4P upon mutation of this residue to a serine. The requirement of  C440S for a 

reduc ing agent suggests that cysteine residues p lay an important ro le in  the stab i l izat ion 

or regu lat ion of Mt- DAH7PS. Future studies are needed to invest igate the ro le of  

cysteines in  this type 1 1  enzyme. The importance of the salt-bridge formed between 

Lys I 33 and Cys440 o n  enzyme act ivity also needs to be looked into. 
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C HAPTER SIX 

6. 1 Overall  Conclusions 

SUMMARY OF THESIS 

The studies described in this thesis cover the functional characterizat ion of two type 1 1  
DAH7PSs from H. pylori and M tuberculosis, and the structural characterization of t he 

M tuberculosis enzyme. The crystal structure of Mt-DAH7PS repOtted in  t his thesis is 

t he fITst solved structure of a t ype I I  DAH7PS. The extensive characterizat ion of  both 

type I I  enzymes i s  the result of  the successful  so lubi l izat ion of both enzymes by the co­

expression with the E. coli molecu lar chaperones, GroEL and GroES. 

The funct ional  studies of Hp-DAH7PS described in C hapter Two of this thesis show 

that this type 1 1  enzyme catalyzes a metal-dependent, ordered sequent ial react ion with 

defined stereochemistry as seen for type I DAH7PSs. The results are consistent with a 

react ion mechanism where E4P b inds to the PEP-DAH7PS complex and phosphate is 

re leased from the enzyme befo r  DAH7P. I nvestigat ion of  the substrate specificity of  

Hp- DAH7PS indicates that th i s  type 1 1  enzyme is  able to uti l ize, although relat ively  

poorly, five carbon sugars, in which the C2 hydroxyl group is either absent or present i n  

e it her possible configurat ion, as  a lternat ive substrates to  E4P. This paral le ls  

observations made with the type I enzymes from E. coli and P. !uriosus.77,47 Substrate 

spec ific ity studies have not been performed on any other m icrobial type I I  enzymes to 

date.  Although the overal l  seq uence identity between type I and type n enzymes is 

relat ively low the comparison o f  a C lustalX a l ignment of n inety type I I  DAH7PSs with 

sequence and structural information avai lable for Ec-DAH7PS shows that key residues 

impl icated in metal, PEP and E4P binding are conserved between the two enzyme 

fam i l ies. These residues are found in the same order and relat ive spac ing in the primary 

sequence in both  enzyme types, and are found in regions of relat ively high sequence 

s imi lar ity, or conservat ion. These results suggest that catalysis by type I and type I I  

enzymes occurs o n  a simi lar act ive s ite scaffo ld  and that the two DAH7PS fami l ies may 

indeed be d istantly related. 

To identify the evo lut ionary re lat io nship between the two DAH7PS fami l ies structural 

information for type I I  enzymes is required. As part of the studies in this thesis  the 

crysta l  structure of Mt-DAH7PS was determined. Analysis of the crystal structure 
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revealed s ignificant simi larit ies and differences between the two types of DAH7PS, as 

detailed in Chapter Three. The comparison of the MI-DAH7PS structure with t he 

crystal structures of  the type T enzymes reveal a remarkable s imi larity in fo ld and 

fu nction between both fam i l ies of enzyme. Despite their minimal  sequence identity t he 

key residues that interact with PEP and the divalent meta l  ion are completely conserved 

and positioned almost ident icall y  in the two DAH 7PS types. The common act ive s ite 

architecture and chemistry, housed within a shared protein fo ld, suggest very strongly 

that the type T and I l  e nzymes have arisen from a common DAH7PS ancestor. 

I nterestingly, whi le the core W/a)g barrel is shared between both  enzymes the 

quaternary structure and extensions to the basic barrel are significant ly d ifferent . Whi le 

the four type r enzymes ( Ec-DAH7PS, Sc-DAH 7PS, Tm-DAH7PS and Pf·DAH7PS) 

and MI-DAH 7PS crystal l ize as homotetramers, t he associat ion of the tetramers use 

complete ly different structural e lements. While the type la and I �  enzymes share a 

common dimer, the monomer-monomer interface of MI-DAH7PS shows no 

commonal ity with any subunit interface in any previous ly  reported DAH7PS structure . 

The second important difference between the DAH 7 PS enzymes is the addit ional 

structural e lements that decorate the core ( �/a )8 barrel .  The studies described in C hapter 

Four provide further evidence that suggests that these extra structural mot ifs are 

invo lved in a l losteric regulat ion by the aromat ic amino ac ids. The type I �  Pj-DAH7 PS 

is t he most stripped-down DAH7PS, its mono mer comprising just the core ( �/a)s  barre l, 

is not regulated a l losterical ly  as it lacks these extra structural motifs.47 The type I �  Tm­

DAH7PS, which is very s imi lar in the core W/a)s barre l structure to ffDAH7PS, has a 

ferredoxin- l ike domain attached to the N-terminus o f  the barrc l which has been 

impl icated in Phe and Tyr inhibition.5 1 .95 The crystal structures of type la Ec­

DAH7PS(Phe) and Sc-DAH7PS(Tyr), in complex with Phe and Tyr, respect ive ly, 

reveal that both amino ac ids binding s ites invo lve extensions of the N-terminus and 

extended a5-�6 100p.
49.52.54 In these studies t he crystal structure of Mt-DAH7PS was 

determined in complex with Trp and Phe which revealed that the two extra structmal 

e lements decorat ing the barrel, an extended �-strand fo Howed by three hel ices ( aOa, aOb 

and aOc) at the N-termi nus, and a pair of he l ices ( a2a and a2b) that extend the a2-�3 

connect ing loop are invo l ved in the bind ing of Phe and Trp, respect ively.  This is 

consistent with the synergistic inh ibit ion d isplayed in the presence of Trp and either Phe 

or Tyr. Whi le the nature of the communicat ion between both aromat ic amino ac id 

1 70 



b inding sites and the transm ission of inhibit ion back to the act ive site sti l l  remams 

unclear; functional studies of Ml-DAH7PS ind icate t hat the presence of Trp and Phe 

influences the processing of E4P by Mt-DAH7PS. I nt erestingly, whereas the tetrameric 

Mt-DAH7PS is feedback -regulated by all three aromatic amino acids Hp-DAH7PS, 

which exists  as a din1er in solut ion, i s  unregulated by Trp, Phe and Tyr. Future 

structural studies of Hp-DAH7PS are essential  to shed some l ight into the differences  in  

regulat ion of  t he M tuberculosis and H. pylori enzymes, as a t  the prin1ary sequence 

level the two proteins appear to be simi lar. 

An intriguing observat ion of  both the H. pylori and the M tuberculosis enzymes i s  t he 

absol ute requirement for a reducing agent . Without reducing agent both proteins 

rapid ly lost activity over t ime. This loss in enzyme act ivity could then be restored upon 

the addit ion of reducing agent . The crystal structure of Mt-DAH 7PS indicated the 

presence of a second cysteine residue (Cys440) c lose to the metal-binding cysteine 

( Cys87 ) .  A s imp le rot at ion about Cys440 Ca-C� to another rotamer would a l lo w  

formation of a d isulfide bond with Cys87, prec luding metal binding and explaining t he 

need for a reducing agent to maintain ful l  act ivity o f  the enzyme. To invest igate t he 

i mportance of this second cysteine ( Cys440) on enzyme act ivity this residue was 

m utated to a serine. The conservat ive mutation appeared to have l itt le effect on the 

b ind ing of  PEP but increased the KM of  E4P by approximately l OO-fo ld. A crystal  

structure of  the C440S Mt-DAH7PS mutant, although at poor reso lution, revealed no 

s ignificant changes in the act ive site to explain this dramat ic change in the binding 

affmity of Mt-DAH7PS for E4P. The most p lausible exp lanat ion is that the mutation of  

Cys440 to a serine one has altered the interact ion between this residue and Lys 1 3 3 ,  an 

essent ial residue specu lated to provide a proton for t he reaction. Further studies are 

required to understand the ro le Cys440 p lays in catalysis .  

A second act ive-s ite res idue that attracted our attent ion was Arg284 which in the Se­

Met MI-DAH7PS crystal structure interacts with both phosphate groups of PEP and E4P. 

This residue is a lso abso lute ly conserved across a l l  types of DAH7PS. The mutation of 

this arginine to a lys ine appeared to have l it t le effect on the KM of  PEP and E4P, and kcat. 
The crystal  structure of t he Ml-DAH7PS mutant also revealed no significant changes in  

the active s ite which suggests that this residue is not essential for the correct posit ioning 
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of PEP and E4P for enzyme catalysis to occur. I nstead it i s  specu lated that Arg284 

provides several of  the numerous  interact ions between bot h  substrates and the protein.  

6.2 I mportant Notes about Data Reported in this Thesis 

It should be noted that there are several deviat ions between data presented in the art ic le  

publ ished in the Journal of  Molecular B io logy l 8 1 and in this thesis. The first deviat ion 

is that Mt-DAH7PS is reported in the paper to exist as a dimer in so lut ion and 

crystal lographical ly .  After more extensive invest igations this was found to be incorrect 

and Mt-DAH7PS is in fact tetrameric in solut ion and in the crystal-form. The second 

d iscrepancy is that in the published art icle Trp, Tyr and c horismate are repot1ed to 

inh ibit Mt-DAH7PS act ivity whi le Phe is stated to have no effect on enzyme act ivity .  

However, further i nhibit ion studies with the aromat ic amino acids and chorismate 

ind icated that both  Phe and Tyr activate Mt-DAH7PS; whereas Trp and chorismate have 

no notable effect on Mt- DAH7PS act ivity. The most p lausible exp lanat ion for t he 

d ifferences between the two sets of data i s  that the experiments in the paper were 

performed on enzyme that had been pre-treated with EDTA for twenty- four hours prior 

to inhibit ion assays with the aromatic amino acids. Studies in this thesis show that 

incubat ion with E DT A for twenty-four hours induces protein to convert fi'om its 

tetrameric form to an aggregated state .  This can then be reversed by overnight 

incubat ion with P E P  and MnS04 . I t  is possible that react ion rates performed on EDT A­

treated protein are affected by t he equ i l ibrium between the two states of protein in t he 

assay system. I n  order to c larify this, one would need to compare MI- DAH7PS treated 

and untreated with EDT A keeping al l  other assay variables constant . 

6.3 Possible Future Experiments 

o To determine the crystal structure of Hp-DAH7PS which may help explain why 

this type I l  enzyme, which appears to be very s im i lar to Mt-DAH7PS at the 

primary sequence level ,  i s  dimeric in so lution and unregulated by the aromat ic 

amino acids and chorismate. Structural informat ion may a l low one to ident i fy 

putative smal l mo lecule/s responsible for regulat ion o f  this enzyme. 
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o The d isruption of  the MI-DAH7PS tetramer i nterface would be interest i ng to see 

i f  tetramer formation was associated with feedback-inhibit ion by the aromatic 

amino ac ids. A possible mutat ion wou ld be to mutate Phe227,  which 

contributes 1 4  % of the interface buried upon tetramer format ion, to a charged 

residue, for example, an aspartate. 

o A crystal structure of  Mt-DAH7PS without the presence of Thesit is necessary to 

e l iminate any movements in  the structure i nduced by the binding of this non­

ionic detergent molec u le .  This may al low o ne to extract more informat ion out o f  

the crystal structures with and without Trp and Phe bound, i n  order t o  ident i fy 

the transmission of  inhibit ion from Trp and Phe bind ing, to altered processing o f  

E4P at the enzyme ' s  act ive-site. Determinat ion of the binding constants of Trp 

and Phe are a lso required to help explain th i s  novel mode of al losteric i nhibit ion.  

This could be ach ieved by label ing Trp and Phe and using NMR spectroscopy to 

look at the effect on the s ignal in the presence of Mt-DAH7PS. A series o f  

experi ments at different concentrat ions o f  labeled amino acids may a l low a 

binding constant to be determined. 

o The fmding that the mutat ion of Cys440 to a serme resulted in a dramat ic 

increase in  the KM of  E4P ind icates that this residue p lays an important ro le i n  

enzyme cata lys is. To invest igate whether the mutat ion of  a cysteine t o  a serine 

resu lts in an a ltered relat ive pKa of Lys 1 3 3  a titrat ion curve of pH against 

enzyme act ivity could be performed. 
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CHAPTER SEVEN EXPERIMENT AL P ROCEDURES 

7. 1 GENERAL M ETHODS 

Agarose Gel Electrophoresis 

DNA fragments were separated on the basis of size using agarose gel e lectrophoresis. 

Agarose gels (0 .8  % ( w/v) ) were prepared by add ing 0.4 g agarose to 50 mL 1 X T AE 

buffer (40 mM Tris. HCI, 20 mM acetic acid and 2 mM EDTA at pH 8 .0 )  and heat i ng 

unt i l  d isso lved. A l l  ge ls were run using a Sub-Ce l l® GT Agarose Gel e lectrophoresis 

system ( B io-Rad) in I X  T AE buffer. DNA samples were premixed with 6X load ing 

buffer ( (0 .2  % ( w/v) bromopheno l blue in 50 % ( v/v) g lycero l )  and then loaded into the 

we l ls. E lectrophoresis was performed at 80 V unt i l  the dye front had migrated to t he 

other end of the gel. The DNA on the gels was visual ized by staining the gel in  

ethid ium bromide (�0 .5  Ilg/mL ), fo l lowed by exposure to  u lt ravio let l ight ( 3 02 nm). 

P ictures of  the gels were taken using an Alpha I mager ge l documentation system ( Alpha 

I nnotech Corporat ion, USA) .  

Quantification and Size Determination of  DNA Fragments 

The concentrat ion of DNA samples was est imated by comparison with DNA samples of  

known concentrat ion run alongside on an  agarose gel .  The approximate size of  a DNA 

band was est imated by comparing its migrat ion through the gel against that of DNA 

standards with known size ( 1  Kb Plus DNA ladder, I nvit rogen) which were run 

alongside the DNA sample of interest. 

DNA Sequencing 

DNA sequencing services were provided by the Massey University Al Ian Wi l son Center 

for Mo lecu lar Evo lut ion and Eco logy Genome Service. DNA sequencing was carried 

out on ei ther an ABI Pr ism 3 77-64 sequencer or an A B J  Prism 3730  cap i l lary sequencer, 

using BIGDYE labeled dideoxy chain terminat ion chemistries ( Appl ied B iosystems) .  
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Transformation of pG roESL into Competent E. coli BL2 1 ( DE3)  and D L4 1 (DE3 )  

Cells 

Transformation into competent BL2 1 ( D E 3 }  ( kind ly donated by Trevor Loo) and 

DL4 1 ( DE3 ) ce l l s  ( donated by Dr Shaun Lott ) was performed as described by I noue et 

al. 1 9 1  This consisted of thawing 50 ilL al iquots of  cells on ice and incubating for 3 0  

minutes with pGro ESL ( 5  ilL o f  � 1 0 nghlL )  ( kindly donated by Dr Mark Patchett) on  

ice. The cel l s  were heat-shocked at 42  QC for 60  seconds and returned to  ice for a 

further 1 0  minutes. The ce l ls  were p lated onto pre-warmed ( 3 7  QC) LB agar plates 

containing ch loramphenico I (25  Ilg/mL) and incubated at 37 QC for � 1 6  hours. 

P reparation of Electro-Competent E. coli BL2 1 (DE3 )-pG roESL and D L4 1 (DE3)­

pGroESL Cells 

E lectro-competent E. coli BL2 1 ( DE3 )-pGroESL cel ls were prepared using the protocol 

described by Dower et al. 1 92 3 mL of LB (25 Ilg/ mL chloramphenico l )  was inoculated 

with a scraping from a g lycero l stock o f  BL2 1 ( DE3 )-pGroESL and left to grow 

overnight . This was then used to inoculate 1 00 mL LB (25  Ilg/ mL chloramphenico I ) .  

Ce l l s  were grown unt i l  the ce l l  density reached an OD600 of �0. 5  and the culture was 

then centrifuged ( 6400g) for 5 minutes at 4 QC . The supernatant was d iscarded and t he 

pel let re-suspended in 1 00 mL cold 1 mM H EPES pH 7 .0  buffer (0 .2  IlM fi ltered) .  The 

re-suspended cel ls  were centr ifuged again, supernatant discarded and pel let re­

suspended in 50 mL HEPES buffer. The re-suspended ce l ls were then centrifuged again,  

pe l lets re-supended in 4 mL co ld ster i le  g lycerol ( 1 0  % ( v/v) ) .  The cel ls  were 

centrifuged ( 7700g) for the [mal tinle for 1 0  minutes at 4 QC and re-suspended in 500 il L 

g lycero l ( 1 0  % ( v/v)) .  They were then p ipetted out into 50 ilL a l iquots  on ice, snap­

frozen in l iqu id nitrogen and stored at -80 QC . 
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Transformation of Competent E. coli BL2 1 (DE3)-pGroESL and D L4 1 ( D E3)­

pGroESL Cells 

The transformat ion of the DAH7PS p lasmid into e lectro-competent BL2 1 (DE3 )­

pGroESL cel l s  was performed by e lectroporat ion fo l lowing the protocol  described by 

Dower et a!. 5 0  �L of cel ls were thawed on ice and added to a e lectroporation cuvette 

( B io-Rad, 0.2 cm gap) a long with 2 �L o f  plasmid preparat ion ( 1  0-5 0  ng/�L ) .  The 

cuvette was fl icked to mix and incubated on ice for 2 minutes. The cuvette was 

removed from t he ice, sides wiped down, and the ce l ls  were e lectroporated using a B io­

Rad Gene Pu lser ( 200 n, 25 /IF, 2 . 5  kV) with a t ime constant of �4. 6  msec. 500 /lL of  

SOC was immediate ly added to  the cuvette, mixed and the ce l ls transferred to  a steri le 

1 . 5 mL Eppendorf tube and i ncubated at 37 QC for 1 hour. The cel ls were plated onto 

pre-warmed L B  agar plates ( l OO /lg/mL Amp and 25 /lg/mL c hloramphenico l )  

undi luted and 5 -fo ld d iluted with SOC med ia (e .g I 0 �lL ce l l s  added t o  90 � L  SOC).  

M edia 

A l l  E. coli cultures grown up in this project were grown in Luria Broth ( L B )  base unless 

otherwise stated. LB broth ( Invitrogen) was made up ( 2 5  g/L ) with M i l l i-Q water and 

steri l ized by autociaving at 1 2 1  QC and 1 5  psi for 20 minutes. Agar media for agar 

p lates was prepared by add ing 1 . 5 % agar ( Oxo id) to the l iquid media prior to 

autoc iaving. 

SOC media was used to i ncubate freshly transformed E. coli cel ls after e lectroporation. 

SOC med ia consists  of 20 g/L bacto-tryptone ( Merck),  5 g/L bacto-yeast extract 

( I nvitrogen), 0 . 5  g/L NaCI (Univar), 2 . 5  mM KCI ( M erck) ,  1 0  mM MgCb ( BO H )  and 

1 0  mM glucose ( lnvitrogen). A l l  components were added to M i l l i-Q water, except 

g lucose, and autoclaved. So lut ions of g lucose ( 1 00 mM) and MgCh ( 1  M )  were fi lter­

steri l ized ( 0.2  /lM)  and added immediate ly prior to use . 

Antibiotic Stocks 

Stock so lut ions of amp ic i l l in  ( 1 00 mg/mL) in M i l l i-Q water were fi lter steri lized ( 0 .2 

/lM)  and stored at -20 QC. Stock so lut ions o f  chloramphenico l ( 5 0  mg/mL) were made 

up in -95 % ethanol and stored at -20 QC . 
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Storage of Cultures 

A l l  strains of E. coli were stored at -80 °C as frozen g lycerol stocks. An a l iquot of each 

culture was taken when the optical density at 600 run (OD600) reached -0.6 .  G lycerol 

was added to the culture to give a [ma l  concentration of 1 0  % ( v/v) and the al iquot was 

snap-fi.'ozen in l iquid nitrogen and stored at -80 °C. 

Centrifu gation 

Centrifugat ion in this project was performed in o ne of three centrifuges: a SORV ALL 

E vo lut ion RC centrifuge, a SORV ALL Heraeus mult ifuge® 1 S/ 1 S-R or a M iniSp in® 

centrifuge ( Eppendorf). 

Sonication 

Sonicat ion was performed using a V irTis V irSonic digital 475 u ltrasonic cel l  d isrupter 

using an 1 /8 inch probe at �60 Watts.  

pH M easurement 

The pH of  buffers used in this project was measured using a Model 20 pHIConductivity 

Meter ( Denver I nstrument Company) and a Sartorius Professional Meter. The pH of the 

so lution was adjusted using 1 0  M NaOH and - 1 2  M HC!.  

G rowth of E. coli CelJs 

A l l  1 L cel l  cu ltures were grown from an overnight 25 mL c u lture of L B  

( Amp/Chloramphenico l )  which had been inoculated with a scraping o f  a glycero l stock 

of the appropriate strain of E. coli cel ls .  E. coli cel ls containing pGroESL and the 

DAH7PS-plasmid construct were gro wn in L B  containing ampic i l l in ( 1 00 Ilg/mL) and 

ch loramphenico l (25  Ilg/mL )  in baffled flasks ( 1  L media per 5 L flask ) at 3 7  QC with 

shaking ( 1 50 rpm) unt i l  mid- logarithmic phase (OD600 � 0 .4-0 .6) .  The growth 

temperature was then lowered to 25 QC before induction. 

1 77 



I nduction of Protein Expression 

Expression of genes inserted into the mult ip le c lo ning s ite of pET-32a( + )  and pProEX­

HTa are under the contro l  of  the lac promoter and is therefore induced by the add it ion 

of lactose or isopropyl-p- D-thiogalactopyranos ide ( I PTG) ( Applichem) .  I PTG i s  a non­

physio logical analogue of lactose which act ivates gene expression but is not 

metabo l ized by the cel l  l ike lactose.  I PTG was added to cultures to a final concentration 

of 1 mM ( un less otherwise stated)  to induce protein expression. 

Harvesting and Lysis of Cells 

The cel ls  were harvested approximately 6 hours after induct ion by centri fuging at 6400g 

for 20 minutes at 4 °C. The cell pellets were then stored at -80 °C unti l  lysis .  

The cel l  pe l lets were re-suspended in the appropriate lysis buffer (on ice) .  Volumes 

smal ler than 5 mL were lysed by sonicat ion on ice and larger vo lumes were l ysed using 

a French Press ( 8000 psi)  or by passage through a ce l l  d isrupter ( Constant Cel l  

Disrupter Systems) at 97 MPa. The DNA was broken up by sonicat ion on ice and the 

cel l  debris removed by centrifugat ion (27,OOOg at 4 °C for 1 5  minutes ) .  

The lys is  buffer used for Hp-OAH7PS consisted of  1 0  mM BTP pH 7 .5 ,  2 mM OTT, 

0.005 % ( v/v) Thesit and 200 /J.M PEP.  The lysis buffer used for Mf-OAH7PS cons isted 

of 20 mM BTP pH 7 . 5 ,  1 50 mM NaCI, 0 .5  mM TCEP, 0 .005 % ( v/v) Thesit, 200 �lM 

PEP and 1 00 /J.M MnS04 . The BTP buffer was made up and treated with Chelex ( 1 -2 

hrs at room temperature) prior to addit ion of add it ives. 

Polyacrylamide G e l  E lectrophoresis 

Sodium dodecy l  sul fate-polyacrylamide gel e lectrophoresis ( S OS-PAGE )  was 

performed using the method of Laemml i l 93 with a 4 % ( w/v) stacking gel and a 1 2  % 

( w/v) separat ing gel, using a Mini  Protean I I I  cel l  ( B io-Rad ) .  A l l  samples were 

prepared in SOS loadi ng buffer without boi l ing except for whole  ce l l  samples, which 

were bo i led for one minute. Low range SOS-PAGE mo lecu lar weight standards ( B io­

Rad) were used. A constant vo ltage of 260 V was appl ied across the e lectrodes unt i l  the 

dye front reached the bottom of the separat ing gel .  A fter e lectrophoresis, gels were 
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stained for protein using Coomassie B lue. The staining solut ion cons isted of 1 g/L 

Coomassie Bri l l iant B lue R 250  ( Park Scientific) in 50 % ( v/v) methano l ,  1 0  % acetic 

ac id ( v/v) in water for approximately  20 minutes. To remove excess dye the gel  was 

then destained in an ident ical so lut ion without the dye. 

Storage of Enzymes 

A l l  enzyme preparations were stored as aliquots of vo lumes no greater than 200 �L,  

snap-frozen in l iqu id nitrogen and stored at  -80 °C. 

Determination of Protein Concentration 

Protein  concentrations were determined by the method of Bradford, 1 94 usmg bovine 

serum albumin as a standard. B radford reagent ( Bio-Rad) was d i luted 5-fo ld with M i l l i­

Q water and fi ltered (0 .2 �lM) .  The BSA protein standards were made from di lut ion of  

a stock ( B io-Rad, 20 mg/mL) .  The assays were performed by  thoroughly  mixing 1 00 

� L  of protein standard solut ion or sample with 1 mL of Bradford reagent. Absorbance 

readings ( 595 nm) were t hen taken of a l l  the standards and samples and t he 

concentration ( mg/mL) was determined using Cary UV soft ware. 

P u rified Water 

Water was purified by passage through a SybronlBarnstead NANOpure I 1  fi ltrat ion 

system ( Maryland, USA), containing two ion-exchange and two organic fi lters. This 

water is referred to as Mi l I i-Q water t hroughout this thesis .  Double dist i l led water was 

generated by fi ltering M i l l i-Q water through a layer o f  charcoal powder and then 

d ist i l l ing over charcoal. All M i l l i -Q water used in the c loning of genes was autoclaved 

prior to use. Chelexed water in this thesis refers to M i l l i-Q water which has been 

t reated with Chelex ( Bio-Rad) by stirring for 1 -2 hours before it is removed by fi l trat ion 

(0 .2  �M) .  
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Fast Protein Liquid Chromatography ( FP LC) 

FPLC was carried out using a B io-Rad B io logic protein chromatography system at  4 QC . 

A l l  buffers and solvents for FPLC were fi ltered using a 0 .2  IlM fi lter ( Mi l l ipore) .  

Immobilized Metal Affinity Chromatography 

I mmobi l ized Metal Affinity Chromatography ( I  MAC) is the most commonly used 

procedure in purifying recombinant protein with either a C- or an N- terminal po ly-H is 

tag. I t  al lows a one-step purificat ion of  the protein o f  interest to be achieved. I n  this 

project the metal-chelat ing resin used cons isted of nitri lo triacet ic ac id ( NT A) (a metal­

chelator) immobi l ized onto a polysaccharide matrix through a spacer arm. The resin 

was charged with N i2+ ions which al lowed the retent ion of recombinant protein through 

coordination of the poly-H is tag to the metal  ions. Proteins were e luted from the 

column using an im idazo le gradient which competes with the His  residues for a 

coordination s ite of  N i2+ . Proteins with few surface h istidines are eluted with low 

concentrations of imjdazo le, whi le proteins with a po ly-H is tag are retained unti l  high 

concentrations of imidazo le are reached. 

In this study �6 mL o f  Chelat ing Sepharose resin ( Amersham B iosc iences) was packed 

into a low pressure 1 cm x 1 0  cm Econo-co lumn ( B io-Rad).  The resin was charged 

with j2+ ions using a NiCh solut ion (�0. 1 M) and the excess unbound metal ions were 

removed from the co lumn by extensive washing with  M i l l i-Q water. The loading buffer 

(equivalent to lysis buffer) consisted of 20  mM BTP pH 7 .5 ,  1 50 mM NaCI, 0 . 5  mM 
TCEP, 0.005 % v/v Thesit, 200 llM PEP, 1 00 llM MnS04. The column was 

equi l ibrated with loading buffer, then crude lysate t hat had been fi ltered through a 0 . 8  

�lm fi lter was loaded onto t he column a t  a flow rate of  OA-0 .5  mL/min.  The co lumn 

was washed with  5 co lumn vo lumes of loading buffer before bound proteins were e luted 

with a l inear gradient of 0-500 mM in1idazo le (over �20 co lunm vo lumes ( 1 30 mL) )  in  

load ing buffer. The purificat ion was performed at  4 DC and the buffers were appl ied to  

the co lumn using an Econo peristaitic pumping system ( Bio-Rad) and gradient mixer. 

The flow rate was set at 1 mL/min, and 2 mL fractions were co l lected using a Econo 

fi·action collector. Fract ions were analyzed for OAH7PS act ivity and by SOS-PAGE .  

The resin was regenerated b y  stripping N i2+ ions with 0 . 5  M E OTA, p H  8 . 0  then washed 

extensively with M i l l i-Q water. 
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Cleavage of N-term inal  H is6 Tag by rTEV 

The fract ions exhibit ing DAH7PS act iv ity were poo led and washed with loading buffer 

to di lute the concentrat ion of imidazo le to �200 mM. This invo lved d i lut ing  with 

loadi ng buffer and then concentrating using a spin concentrator ( 1 0 kDa molecular­

weight cutoff ( M WCO) fi lter ( V ivasc ience)) repeated ly. The protein was then 

incubated for up to 1 5  hours at 22 QC with recombinant tobacco etch virus ( rTEV) 

protease ( 0 . 1 mg per l it re of original culture) ( kindly donated by Trevor Loo) .  The 

comp leteness of c leavage was monitored by SOS-PAGE. The enzyme preparat ion was 

then concentrated to no more than 5 mg/mL using a spin concentrator ( 1 0  kDa M WCO 

fi lter ) .  The rTEV was s uccessful ly removed in  the fi nal  step of the purificat ion by size 

exc lusion chromatography. 

Size Exclusion Ch romatography (SEC) 

SEC or gel fi ltrat ion chromatography separates prote ins on the basis  of mo lecular mass. 

The matrix is porous act ing l ike a mo lecular sieve that exc ludes large proteins which are 

e luted in the vo id volume and retains smal l  proteins  that are e luted from the co lumn 

between the void vo lume and total co lumn volume in order of decreasing mo lecular 

mass. 

SEC using a Superdex S200 H R  1 0/300 co lumn ( Amersham B iosciences) was used as a 

final purification step in  the purificat ion  of a l l  the proteins discussed in  this thesis. This 

step removed rTEV protease from Mt-OAH7PS proteins cleaved from the His6 tag. 

This step was also used to exchange Hp-OAH7PS and Mt-OAH7PS proteins into more 

suitable buffers for crysta l l ization tria ls .  �400-450 ilL of protein was injected onto the 

column with an isocrat ic flow of 0.4 mLlmL for 40 mL.  The Gel fi ltration buffer used 

for the purificat ion of Hp-DAH7PS consisted of BTP ( 1 0  mM , pH 7 . 0)  supplemented 

with PEP ( 200 IlM ), MnS04 ( 1 00 IlM )  and OTT ( 1  mM) .  The purification of the MI­

OAH7PS proteins used a s imilar buffer but with the addition of 1 50 mM NaCl and the 

subst itut ion of TCEP for DTT. Al l  buffers were made up using charcoal d ist i l led 

Chelcxed Mi l l i-Q water. Fractions that gave a UV absorbance ( 2 80 and 2 1 4  nm) were 

analyzed by SOS-PAGE. 
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Determination of Molecula r  M ass using SEC 

S ize exclusion chromatography (Superdex S200, Amersham B iosc iences) was used to 

determine the mo lecu lar mass of Hp-DAH7PS and Mt- DAH7PS in so lut ion  by 

comparing e lut ion t imes with those for mo lecular mass standards ( MW-GF-200, Sigma) .  

The mo lecular mass standards were cytochrome C ( 1 2 . 5  kDa) ,  carbonic anhydrase (29  

kDa), bovine serum albumin ( 66 k Da), a lcohol dehydrogenase ( I SO kDa) and �-amy lase 

( 200 kDa) .  The ge l fi ltrat ion buffers used are described in the previous sect ion. The 

same buffer was used to elute both DAH7PS and the standards. A l l  SEC was performed 

at a flow rate of 0.4 mLlmin over 40 minutes. 

For t he determinat ion of the mo lecular mass of Hp-DAH7PS -2 mg of bovine serum 

album, - 1  mg of �-amylase and � I mg of cytochrome C was d isso lved in 300 ilL ge l 

filtrat ion buffer, centrifuged at max-speed on a Eppendorf bench-top centrifuge for 2 

minutes to remove any sma l l  so l id part ic les and injected onto the colunm. A second run 

was performed by inject ing � 1 mg of alcoho l dehydrogenase in 300 ilL gel fi lt rat ion 

buffer .  A standard curve was p lotted using the known protein standards and the 

mo lecular mass of Hp-DAH7PS was est imated using its e lut ion t ime from the co lumn. 

E lut ion times for Hp-DAH7PS and standards are in Chapter T wo, Sect ion 2 .6 .  

For the determinat ion of the mo lecular mass of MI-DAH 7PS -2 mg of carbonic 

anhydrase and -3 mg of alcoho l dehydrogenase were disso lved in 500 ilL gel fi ltrat ion 

buffer, centrifuged at max-speed on a Eppendorf bench-top centrifuge for 2 minutes to 

remove any smal l so l id particles and injected onto the co luilU1. A second run was 

perfo rmed by inject ing - \  mg of cytochrome C and �2 mg p-amylase in 500 il L  ge l 

fi ltrat ion buffer. A standard curve was p lotted using the kno wn protein standards and 

the mo lecular mass of MI-DAH7 PS was estimated using its e lut ion t ime from the 

colunU1. The e lut ion times for the four protein standards and Mt-DAH7PS from the gel 

fi ltrat ion co lunm were: cytochrome C, 44.4 nuns; carbonic anhydrase, 40.7 nLins; 

alcoho l dehydrogenase, 3 1 .6 mins; �-amylase, 28 . 5  mins and Mt-DAH7PS, 29.0 mins. 

Standard Enzyme Assays and K inetic M easurements 

The assay system for DAH7PS was a mod ified form of the assay used by Schoner and 

Herrmann. 75 The consumpt ion o f  PEP was monitored at 232  nm (8 = 2 . 8  X 1 03 M- I cm- I 

at 3 0 °C)  using e ither a Varian Cary 1 or \ 00 U V  V is ib le spectrophotometer. 
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Measurements were made using 1 cm path length quartz cuvettes. Standard react ion 

m ixtures contained PEP (� 1 50 IlM )  ( Research Chemicals), E4P ( � 1 50 IlM )  ( S igma), 

and M nS04 (� 1 00 Il M )  ( S igma) in  BTP buffer (50 mM, pH 7 . 5 ) .  The BTP buffer was 

t reated with Chelex. P E P  and E4P solut ions were made up in buffer and t hen treated 

with Chelex. The M nS04 so lut ion was made up with BTP buffer that had been pre­

treated with Chelex. The reaction was init iated by the addit ion of enzyme to g ive a fma l  

vo lume of 1 rnL .  Al l  assays were performed at 30 °C. I nit ial rates of reaction were 

determined by a l east-squares fit of the init ial rate data. One unit ( 1  U )  of enzyme 

act ivity is defmed as the loss of 1 11010 1 of PEP per minute at  3 0 °C.  Specific act iv ity is 

defmed as the loss of 1 110101 of PEP per minute  at 30 °C per mg of protein ( U/01g) .  Kill 

and kcat values were determined by fitt ing the data to t he M ichae l is-Menten equat ion 

usi ng Enzfitter ( B iosoft, 1 999). Errors between measurements were no more than 1 0 %. 

The concentrat ion of PEP,  E4P and E4P analogues was determined using this assay 

system. For example, to determine the concentrat ion of E4P a reaction mixture 

consist ing of >200 IlM PEP, � 1 00 IlM M nS04 and 5 ilL o f  E4P stock solut ion ( o f  

unknown concentrat ion)  i s  made u p  and in it iated with enzyme to give a fma l  volume o f  

1 m L .  The reaction i s  a l lowed to go to completion and the d ifference between t he 

absorbance before enzyme init iat ion and the absorbance at complet ion o f tbe react ion i s  

measured (L1AI ) .  This c hange i n  absorbance does not take into account the increase i n  

absorbance due t o  the addit ion o f  enzyme s o  a correct ion factor i s  needed. To 

determine the correction factor an ident ical assay is performed in the absence of E4P, so 

that no reaction takes p lace.  This a l lows the determinat ion of the increase in absorbance 

due to the addit ion of enzyme to the cuvette (L1A2) '  The corrected change in absorbance 

is then given by L1AI + L1A2 . To convert absorbance into concentration Beer ' s  Law is  

app l ied (A=E.C . C ,  where C= l cm and £= 2 .8  x 1 03 M-I cm- I a t  30 °C) .  

Crystallization Trials 

Screening for c rystal l izat ion condit ions was achieved using sitt ing-drop vapour 

diffusion in 96-wel l  I nte l l ip lates ( Hampton Research) at 1 8 °C by mixing 1 00 nL of  

protein so lut ion wi th  1 00 n L  of  wel l  so lution. The init ial screens were set down using 

the Centre for Molecular Biodiscovery Crysta l l izat ion fac i l ity, which consists of a 
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modified Perk in E l mer MUlt iprobe robot for the t ransfer of  mother l iquor from pre­

made stoc k  solutions into I nte l l ip lates and a Cartes ian Honeybee robot for assembl ing 

the nano l it re crystal l ization exper iments. I nit ial  screens incl uded the Hampton Crystal 

Screens I and I I  ( Hampton Research), a systematic PEG-pH screen, a PEG/Ion screen 

( Hampton Research)  and the footprint Screen. Screens using nat ive and Se-Met Mt­

DAH7PS used protein concentrated to �3 mg/mL. Screening of  Hp-DAH 7PS invo lved 

using protein with a concentration of �20 mg/mL. 

Further manual screening was performed using hanging-drop vapor diffus ion in 24-we l l  

p lates ( 1  ilL + 1 ilL drops and 400 ilL of appropriate wel l so lut ion).  Crystal  trays were 

set up at room temperature and then transferred to 1 0 °C. Crystal t rays, p ipette t ips and 

covers l ips were blown, using compressed air, to remove any dust. 

Data Collection 

Crystals were transferred straight from the mother l iquor drop, if  the concentrat ion of  

g lycero l was > 1 5  %, onto the goniometer using an appropriate s ized loop attached to  a 

crystal mount ( Hampton) . I f  a cryo-protectant was necessary the crystals were 

transferred into a � 5 ilL drop of cryo-so lut ion, left for � I minute and then mounted. I n  

the case o f  crystals that were soaked, the crystals were transferred into a second 

hanging-drop in � 2 ilL of appropriate soaking so lut ion. Crystals were frozen upon 

mount ing onto the goniometer by a stream of gaseous nitrogen at 1 1 0 K. Crystals that 

were stored for transfer to a synchrotron were frozen in the same manner but then 

transferred to a dewar fi l l ed with l iquid nitrogen. Crystals were t ransported overseas in 

a dry-dewar. 

Once the crystals  were mounted onto the goniometer two images were taken 90° to each 

other (exposure t ime of � 1 0 minutes) to check the level of diffract ion by the crystal .  

The spac ing between spots on the image p lates was also checked and because the spots 

overlapped the detector was moved o ut to 1 80 mm. I f  d i ffract io n  was good the two 

images were indexed and strategy was run to determine the opt imum starting angle and 

required rotation for a complete dataset with suffic ient redundancy ( C rystalClear 1 . 3 .2 ) .  
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X-ray Diffraction Apparatus 

The apparatus used in the col lection of crystal data in-house was a Rigaku M icroMax-

007 rotati ng anode X-ray generator (A= 1 .54 1 8  run, 800 W, 40 kV) ,  with Osmic B lue 

confocal optics, R-Axis I V++ image p late detector and an Oxford Series 700 cryostream. 

Data col lected at the Advanced L ight Source Source ( Berkeley, C A) was performed 

using beaml ine 8 .2  at a wavelength of 0 .9796 A (the peak of the Se absorption edge). 

Data that was co l lected at the Stanford S ynchrotron Radiat ion Laboratory was perfo med 

at a wavelength of 0.97929 A. 

P rocessing of Data 

Data that was co llected in-house was processed using Crystal Clear l .3 . 6  (R igaku) and 

d*TRE K  software. The processing of the data collected at the Advanced L ight was 

performed by M inmin Yu using DENZO and SCALEPACK. 1 73 The processing of data 

at the Stanford Synchrotron Radiation Laboratory was performed using DENZO and 

SCALEPACK. 

Other Crystallographic M ethods 

The stereochemical quali ty of the prote in  model was monitored with PROCHECK. 1 76 

Protein-protein interactions were analyzed using the Protein-Protein I nteraction Server 

( http://www . b iochem.ucl . ac .uklbsmJPP/server). based on princ ip les described by Jones 

and Thornton. 1 95 Hydrogen bonds were identified fo l lowing the criteria of Baker and 

H ubbard. 1 9
6 

Structural figures were prepared with P YMOL (http://www.pymol .org) .  

Superposit ion of  molecules was performed by Lsqkab (CCP4 1 83) and distances reported 

in this thesis  were measured in COOTI 78and PYMOL. 

Amino Acid Sequence Alignments 

Amino ac id sequence al ignments disp layed in  this thesis were performed by copying 

and past ing the des ired prImary sequences into Clusta l W  ( EMBL-E B I )  

( http://www .ebi .ac .uklC lustaIW and performing a mult iple sequence al ignment. 
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7.2 EXP E R I M ENT AL FOR C HAPTER TWO 

Expression, Solu bilization and Biochemical Characterization of Type I I  DAH7PS 

from H. pylori 

Amplification of the Hp-DAH 7 PS gene by PCR 

DNA corresponding to the open read ing frame (ORF) of  H. pylori strain J99 DAH7PS 

(GenBank accession number Q9ZMU5 )  was amp l ified from H. pylori strain 199 

genomic DNA using Pfu Turbo DNA polymerase (Stratagene ) .  The primers used were: 

forward 5 '-GATT ATACAT ATGTCAAACACAACCTGGTCGC incorporating a Ndel 

restrict ion site and reverse 5 '-TGGG A  TCCA TT AAGTGCGTTGTTTTTT AAGC 

incorporating a BamHI restrict ion site. The PCR react ion mixture consisted of � 7 ng of 

genomic DNA, 6 pmol of both primers, 250 �M of each of the deoxyribonuc leot ide 

triphosphates (dN TPs), I x  Mg2+ free polymerase buffer and 1 mM MgCh, and 2 unit s  

of Pfu Turbo DNA polymerase in a total reaction vo lume o f 20 �L.  The thermo-cyc l ing 

program consisted of an init ia l denaturat ion at 95 °C for 3 minutes and this was 

fo l lowed by 35 cycles of denaturation for 30 seconds, primer annea l ing at 5 7  °c for 30 

seconds with extension at 72 °c for 2 minutes. The 1 . 3 kbp PCR product was then 

purified direct ly using a Nucleospin Extract Kit ( Machrey-Nage l ) .  

Digestion with Restriction Endonucleases 

The Hp-DAH7PS gene was digested with 20 units of NdeI in a total vo lume of 56 �L in 

I x  SuRE/cut Buffer H ( 50 mM Tris-HCI, l OO mM NaCl, 1 0  mM MgCh, 1 00 �M OTT, 

pH 7.5,  Roche )  at 3 7 °C for �2 hours. The DNA was precipitated with 0 .2  vo lumes o f 3  

M sodium acetate p H  5 .2, 2 volumes o f  ethano l,  stored at -80 °C overnight and then 

centrifuged ( 1 4,000 g, 1 5  minutes) at 4 qc. The supernatant was removed and the DNA 

pe l let rinsed with 70 % ethano l, centrifuged again ( 1 4,000 g, 5 minutes) at 4 °c and then 

the pel let was a ir-dried and re-suspended in 20 �L M ill i-Q water. D igestion with 

BamH I  invo lved incubat ion with 10 units of BamHI in a total vo lume of  24 �L of I x  

SuRE/cut Buffer B ( 1 0  mM Tris-HCl, 1 00 mM NaCl, 5 mM MgCb, 1 mM 2-

mercaptoethano l, pH 8 .0, Roche) for �2 hours at 3 7 °C . The d igested Hp-DAH7PS 

gene was then ge l purified using a Nuc leospin Extract Kit with a final concentrat ion of 

� 1 00 ng/uL, as est imated by agarose ge l .  
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Ligation of Hp-DAH7PS Gene i nto p ET-32a(+) 

The Hp- DAH7PS gene was l igated into pET-32a(+) previously d igested with  NdeI and 

Bam H I  ( kindly  donated by Dr Mark Patchett )  using T4 DNA l igase ( Roche). The 

l igat ion reaction consisted of �6 ng of pre-cut pET-32a(+), 0 .2  units of l igase and �25 

ng of DNA insert made up to 5 ilL with l x  l igation buffer (66 mM Tris-H C l, 5 mM 

MgCb, 5 mM OTT, 1 mM ATP, p H  7 . 5 )  and incubated overnight at 16  QC . 

Transformation into E. coli X L I -B lue Cells 

The l igat ion mixture was used to transform competent E. coli X L l -B lue ( Stratagene) .  

50 ilL of competent cell s  were thawed and incubated o n  ice for 30 minutes with 2 ilL of  

l igat ion m ixture. The cel ls were then heated shocked at 42  QC for 30 seconds and then 

returned to ice before 250 ilL of sac was added. The cel ls were i ncubated at 3 7  QC for 

1 hour with shak ing (220 rpm).  T he cel l s  were p lated onto LB-Amp p lates fo l lowing an 

appropriate d i lution ( 1 - 1 00 fo ld) and incubated overnight at 3 7  QC. P lasmid DNA was 

iso lated from 5 mL cultures in LB-Amp using a Quantum Prep p lasmid mini-prep k it 

( B io - Rad) and used as the template in PCR sequencing react ions to identifY p lasmids 

containing the DAH7PS ORF. The sequence of the insert DNA in  these recombinant 

p lasmids was ident ical to the H. pylori OAH7PS ORF. A sequenced pET-32a(+)­

HpyOA H 7PS plasmid was used to transform, by e lectroporation, E. coli B L 2 1  ( OE 3 )  

ce l ls  already containing the pGroESL plasmid (described i n  the General Methods 

Section) .  

P urification by Ion  Exchange C h ro matography ( I EC) 

I E C  separates proteins based on their different net charges at a gIven pH. The 

s idechains of surface amino acids  can be either protonated o r  deprotonated depend ing 

on the pH of the environment, so that the overal l  charge on the protein can d ictate t he 

protein' s behavior on an ion-exchange matrix .  This type o f  chromatography a l lows 

purificat ion of  a given protein based on its i soelectric po int (p I ) .  Stationary phase 

matrices can carry charged groups that are either negat ively c harged ( Cat ion  Exchange 

Chromatography ( CEC» or posit ive ly c harged ( Anion Exchange C hromatography 

(AEC » . The charges on t hese matr ices are balanced by counter-ions such as cr in the 

case of  anion exchange and Na + for cation exchange. The net charge o f  the protein o f  
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interest is the same as that of the counter-ions and therefore the protein competes with 

the counter-ions to bind to the charged matrix. If t he protein carries no charge or the 

opposite charge of the counter-ions it wi l l  pass through the column in  the mob i le p hase. 

I n  the case of Hp-OAH7PS the predicted pI is 7 . 5 .  At I pH unjt above this (e .g  pH 8 . 5 )  

the overa l l  charge on the protein i s  negat ive therefore AEC can be used as  a purification 

step. The second step in the purificat ion of Hp-OAH7PS invo lved decreasing t he pH to 

6.5 and using CEC.  

Purification us ing AEC and CEC 

The supernatant fraction col lected after cel l lysis and centri fugation was fi ltered using a 

0 .2 f.lM fi lter ( M i l l ipore) and di luted five-fo ld with buffer A ( 50 mM BTP, p H  8 . 5 ,  1 

mM OTT) and loaded onto a co lumn ( 8  mL) of Source 1 5Q® ( 1 0/ 1 0 )  (Amersham) 

equil ibrated in buffer A at 4 cc .  The unbound protein was removed with two co lumn 

vo lumes of buffer A, and the bound protein  was e luted with  a 50 mL l inear gradient 

between buffer A and buffer A + 0.33 M NaCl, at a flow rate of 1 . 5 mLlmin. Act ive 

fractions ( 1  mL) were pooled, concentrated using a 20 mL V ivaspin 1 0  kDa M WCO 

concentrator ( V ivascience), d i luted five- fo ld with buffer B (50 mM BTP, pH 6.5 ,  1 mM 
OTT), and loaded onto either a Mono® S ( 5/5 ) co lumn ( Amersham) or a Source 1 5S® 

( 5/ 1 0 ) co lumn ( Amersham )  equi l ibrated in buffer B at 4 cc .  The unbound protein was 

removed with two column vo lumes ( 1 6  mL) of buffer B, and the bound protein was 

e luted with a 45 mL l inear gradient between buffer B and buffer B + 1 M NaC I, at a 

flow rate of  0 .7  mL/min.  Act ive fractions ( 1  mL)  were pooled and concentrated using a 

2 mL Vivaspin 1 0  kDa M WCO concentrator. The enzyme preparat ion could be further 

purified using size exc lusion chromatography ( refer to General Methods Section) .  

M ichaelis-Menten K inetics 

For the determinat ion of  kinet ic mechanism, P E P  ( 9. 9 to 32 .5  f.l M )  and E4P ( 2 0  to 200 

f.lM)  concentrat ions were varied at different fixed concentrations of the other substrate 

( E4P:  1 3 . 5 ,  1 6. 5 ,  22 .5  and 43 .  5 f.lM) ( PEP :  20, 50, 1 00 and 200 f.l M )  with M nS04 ( 94 

�lM)  in BTP ( 5 0  mM, p H  7 . 5 )  buffer. Reactions were in it iated by the add it ion of  

purified Hp-OAH7PS ( 2  f.lL ,  1 0  mg/mL) .  A l l  assays were performed in  dupl icate. 
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OAH7P for product inhibit ion studies was obtained by purificat ion of a large-sca le 

reaction between E4P and P E P  catalyzed by E. coli DAH7PS as previously described. 1 97 
DAH7P generated in this way was purified by AEC ( Source 1 5Q®) e lut ing with 

ammonium bicarbonate ( 0  - 500 mM, pH 8 .0) .  Fract ions containing OAH7P were 

pooled and lyoph i l ised. The assay mixtures used to determine DAH7P inhibit ion w ith  

respect to  PEP contained E4P ( 1 20 IlM),  PEP ( 1 0, 20, 5 0  or  1 00 IlM) ,  M nS04 ( 1 00 IlM )  

and OAH7P (0,  1 or 2 mM) .  M ixtures used to determine inhibition w it h  respect to E4P 

contained P E P  (250  1lM ), E4P ( 1 0, 20, 5 0  & ] 00  IlM ) ,  MnS04 ( 1 00 1lM )  and DAH 7 P  

( 0, 1 ,  o r  2 mM) .  Reactions were init iated by the addit ion of purified Hp-OAH7PS ( 2 . 5  

ilL ,  1 2 . 3  mg/mL )  and dupl icate assays were performed for al l  react ion cond it ions. 

M etal Activation 

Hp-DAH7PS apoenzyme was prepared by incubation w ith EOT A (0 .5  mM, pH 8.0) for 

3 0  minutes at 4 °C  prior to the assay. The final concentration of E OT A in the react ion 

m ixture was 1 IlM .  The assay mixture contained PEP ( 1 96 IlM ) ,  E4P ( 1 35 IlM ), and 

1 00 IlM metal  salt ( except CdS04, 300 IlM )  in BTP buffer ( 5 0  mM, p H  7 .5 ,  with E DTA 

( l 0  IlM) ) .  Al l  so lutions ( except the metal salts) were pre-treated w ith  Che lex. The 

react ion was init iated by t he add it ion of apoenzyme (2 ilL, S mg/mL ) .  The metal sal ts  

used were MnS04 (S igma), ZnS04 ( BD H ), MgCb ( BOH) ,  CdS04 ( May and Baker), 

COS04 ( May and Baker), N iC h  ( M ay and Baker), CUS04 ( May and Baker) and CaCb 

( Pro labo). A l l  metal so lutions were made up in  Chelexed M i l l i -Q water. 

Effect of DTT 

Hp-OAH7PS (0 .2  mg/mL) was part ial ly inactivated by incubat ion at 4 °C for 24 hours 

in BTP buffer ( 5 0  mM, p H  7.5 )  retaining approximately 20 % of  its original activity.  

React ivat ion with OTT was investigated by pre- incubat ing the enzyme in the presence 

and absence of 1 mM DTT at 30 °C for 1 0  minutes prior to init iat ion of an assay. 

Standard assay condit ions were used ( refer to General Methods Section) with t he 

addit ion of enzyme to the c uvette fo 1 I0wed by init iation with E4 P .  
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S u bstrate Specificity 

Assays to determine act ivity with DL-g lyceraldehyde 3-phosphate (G3P )  and D-glucose 

6-phosphate (G6P)  contained 2S0 �M PEP and 6 mM G3P (S igma) or 1 mM G6P 

( Sigma).  Activity on a range of five-carbon sugars was also investigated. To determine 

k inet ics for PEP the reaction mixture contained 4 - SOS �LM PEP and either 1 0  mM AS P 

( S igma) or 8 mM RS P ( Research Organics l nc . )  or  S . S  mM 2dRSP ( S igma). To 

determine kinet ics for the phosphate sugar the reaction mixture contained eit her 300 � M  

PEP and I - I S  mM AS P o r  202 � M  PEP and I - I S  mM RS P,  o r  2S3 � M  PEP and O . S  -

30 mM 2dRSP. The reaction was init iated by the add ition of Hp-DAH7PS (2  �L, -2 

mg/mL ) .  To confirm the eight-carbon sugar formed from PEP and RSP, a large-scale 

reaction was carried out .  PEP and RSP were dissolved in water ( 2.S  mL) and MnS04 

was added ( to give a final concentration of 1 00 � M ) . The pH of  the solut ion was 

adjusted to 7. 1 with 1 0  M NaOH. The total volume was made up to 3 mL, Hp­

DAH 7PS was added (40 �L,  9 mg/mL) ,  and the reaction fo l lowed at 232 ruu. After the 

loss of PEP had ceased the mixture was fi ltered to remove enzyme C 1 0 kDa MWCO 

ultrafi ltrat ion device) and the product was purified by AEC ( Source I SQ®, eluted with a 

1 7S mL l inear gradient of 0 - SOO mM ammo nium bicarbonate) .  Fractions containing 

product were poo led and lyophi l ized. The white so l id was redisso lved in D20 and 

analyzed by I H MR ( Bruker Avance 400) .  

Facial Se lectivity of t h e  Hp-DAH7PS Catalyzed Reaction 

(Z)-3-FluoroPEP (>9S % stereochemically pure) was synthes ized according to reported 

procedures. 1 98 The react ion mixture init ial ly contained (Z)-3 -fluoroPEP ( 1  mM ), E4P 

( 1 00 �M) and MnS04 ( 1 00 � M ), in buffer ( SO mM BTP, pH 7.S) .  Hp-DAH 7PS (S � L, 

20 mg/mL) was added and the d isappearance of  3-fiuoroPEP was fo l lowed at 232 nm (£ 

= 1 .2S x 1 03 M- I cm- I ) .  The reaction was performed at 30 °C. As the react ion rate 

slowed due to the deplet ion of substrates more E4P and 3- fluoroPEP were added ( which  

wou ld have been equivalent to  an init ial concentration of 4 mM for 3-fluoroPEP and 

I . S mM for E4P) .  When the reaction had ceased, the reaction mixture was treated with 

Chelex overnight at room temperture, filtered (2 mL, 1 0  kDa MWCO) disso Ived in D20 

and analyzed by 1 9F NMR ( Bruker Avance 400) .  1 9F chemical-shifts were referenced to 

CFCb. 
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7.3 EXPE R IMENT AL FOR CHAPTER T H REE 

Structura l  & Functional Characterization of the Type I I  DAH7PS from M. 

tuberculosis 

Cloning of the Gen e  for Mt-DAH7PS 

The c lo ning of the gene for Mt-DAH7PS into pProEx-HTa (Novagen) expression vector 

was performed by Dr Shaun Lott prior to the start of this project. The DNA encodi ng 

t he opening reading frame encoding Mt-DAH7PS ( Rv2 1 78c) was amp l i fied from M. 

tuberculosis H 3 7Rv genomic DNA using the PCR with primers designed to introduce 

NcoI and SacI restrict ion sites at the 5' and 3' ends, respective ly .  The PCR product was 

c loned into pProEx-HTa, yielding a protein containing an N-terminal  tobacco etch virus 

(TEV) protease-c leavable H is tag upstream of the predicted translation start site .  

P roduction of  Se-Met substituted Mt-DAH7PS Protein 

For production of selenomethionine ( Se-Met)-substituted protein, the pProEx-HTa-Mt­

DAH7PS p lasmid construct was transformed i nto cells of t he methionine auxotroph 

DL4 1 ( OE 3 )  that also contained pGroESL. O L4 1 ( DE3 ) cel l s  were transformed with 

pGroESL, e lectro-competent OL4 1 (DE3)-pGroESL cel ls prepared and pProEx-HTa­

Mt-OAH7PS transformed into the ce l ls  using electroporat ion (protoco ls descri bed in t he 

General  Methods Section) .  The transformed ce l ls were grown in minimal med ia 

( 5 00mL) (described below )  with Se-Met ( 1  mL of  a 1 2 . 5  mg/mL stock solut ion) t he 

only methionine source. The Se-Met stock solut ion was made up with autoclaved Mi l l i­

Q water and fi lter-steri l ized (0 .2 IlM ) .  Cells were otherwise grown fol lo wing the 

method described in the General Methods Section .  

LeMaster M edium for Se-Met Protein Production :  

LeMaster solution I 

Chemical Amount needed to make 1 L (g) 

Ala 0 .5  

Arg HCl  0 .58  
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Asp 0.4 

Cys 0.03 

Glu 0.67 

GIn 0 .33  

G ly 0 .54 

H is 0 .06 

I so 0 .23 

Leu 0 .23 

Lys HCI 0 .42 

Phe 0. 1 3  

Pro 0 . 1 

Ser 2 .08 

Thr 0.23 

Tyr 0 . 1 7  

Val 0 .23 

Adenine 0 .5  

Guanosine 0.67 

Thymine 0 . 1 7  

Urac il 0 .5  

Sodium acetate 1 . 5 

Succinic Acid 1 . 5 

Ammonium ch loride 0 .75 

K2HP04 1 0. 5  

Total 23.02 

To make up the LeMaster so lut ion I 1 1 . 5  g of the powder mix and 0.5 g of NaOH were 

made up to 500 mL with M i l l i-Q water and autoc laved. 

LeMaster solution 11 

To make up the carbon source so lution, the fo l lowing was d isso lved in 1 0  mL o f  M i l l i­

Q water and then filter-steri l ized (0 .2  �lM ) :  
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I ngredient Per 1 0  mL 

G lucose 1 g 

M gS04•7H2O 0.025 g 

FeS04'7 H2O 0.00043 g 

Cone. H2S04 0 .83  �L 

Thiamine (vitamin B2) 0.000 1 g 

To make up the complete medium 50  mL of carbon source was aded to 450 mL o f  

LeMaster so lut ion I and fmal ly 1 rnL o f  1 2 . S  mg/rnL of  Se-Met was added. 

Effect of EDT A and PEP on the Stability of Mt-DAH7PS Activity 

A NAP-S co lumn ( P harmac ia) desalt ing/buffer exchange column pre-packed with 

Sephadex G-25 media was equilibrated with  approximate ly 1 0  mL buffer. The buffer 

contained BTP ( 20 mM, pH 7 .0), NaCI ( 1 S0 mM),  PEP (200 �M)  and M nS04 (200 �M) .  

� 1 00 ilL purified M/-DAH7PS was loaded onto the co lumn and al lowed to  completely 

enter the gel bed before 400 �lL buffer was added. The protein was e luted with � 1 m L  

of  buffer and concentrated t o  � 1 0 0  �L using a 2 rnL 1 0  kDa M WCO concentrator. The 

enzyme sample was then assayed using the fo l lowing assay condit ions: P E P  ( 1 75 �M) ,  

E4P ( 8 0  �M)  MnS04 ( 1 00 �M)  made up to 1 mL with BTP ( 5 0  mM, p H  7 . 5 )  and 

in it iated by t he addition of Mt-DAH7PS ( 2  ilL, 4.6 mg/mL) .  Duplicate columns were 

performed simultaneously; one with TCEP (0 . 5  mM) and the other without TCEP in the 

buffer. Colunms were run with and without TCEP under several further condit ions; ( 1 )  

with E DT A substitut ing MnS04 and ( 2 )  no PEP.  Specific act ivity of  MI-DAH7PS after 

buffer exchange using t he NAP-5 column was determined. To determine whether loss 

of spec ific act ivity could be regenerated upon addit ion of TCEP,  both enzyme 

preparat ions ( with and without TCE P )  were then put down a second NAP-5 column 

(using the above protoco l )  in the presence o f TCEP.  
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M etal Activation of Mt-DAH7PS 

For analysis of diva lent metal activat ion of Mt-DAH7PS the enzyme was treated with 

EDTA (250 mM, pH 8 .0)  for 24 hours at 4 cc. The EDTA concentration was then 

reduced to 50  mM, by di lut ion and concentrat ion using a 2 mL 1 0  kDa M WCO 

concentrator, prior to assay. The final concentration of EDT A in the react ion mixture 

was 1 00 IlM.  The activity was determined upon addition of metal sa lt . The reaction 

mixture contained PEP ( 1 74 IlM), E4P ( 1 78 IlM ), and 200 IlM metal  salt in BTP ( 5 0  

mM )  pH 7 . 5 .  The reaction was init iated b y  the add it ion of enzyme ( 2 . 5  ilL, 2 . 1  mg/mL ) .  

The metal salts were MnS04, ZnS04, MgCh,  CdS04, CoS04, NiCb, CUS04, CaCh,  and 

FeCh ( Riedel-de Haen).  

pH Profile of Mt-DAH7PS 

To determine the pH profile of MI-DA H 7PS assays were performed o ver a pH range 

from 3 . 8-9.2 .  Buffers used were 1 00 mM BTP for pHs in the range 6 . 3-9.2 and 1 00 

mM acetate buffer for pHs in the range 3 . 8-5 .7 . The acetate buffer was prepared from 

two solut ions o f  1 00 mM sodium acetate and 1 00 mM acetic ac id. The assays used to 

determine act iv ity consisted of  PEP (220 IlM),  E4P ( 1 80 �lM ), MnS04 ( 1 00 IlM)  made 

up to 1 mL in  a quartz cuvette. The reaction was init iated by the addit ion of Ml­

DAH7PS ( 3  �lL ,  3 .6  mg/mL) .  

Solving the C rystal Structu re of Se- M et Mt-DAH7PS using SAD M ethods 

Single wavelength anomalous d ispersio n ( SAD) methods were used to so lve the 

structure of  Se-Met MI-DAH7PS. SAD requires the presence o f  heavy and/or 

anomalous scattering atoms. The most popular is Se-Met which is introduced into 

proteins in p lace of normal ly occurring methionine by genetic engineeri ng. Anomalous 

scattering of  X-ray radiation by heavy or  anomalous scattering atoms leads to a 

breakdown of  Friedels'  law, which states that the intensity of  the reflection hkl i s  

ident ical to  the  intensity of  t he reflection _h_k_I. 1 99 The abi l ity of  the heavy atom to 

absorb X-rays of  a speci fied wavelength results in smal l  d ifferences in intensity between 

reflect ions hkl and -h-k-l ( referred to as Bijvoet differences).  You can use the 

nonequivalence of Friedal pairs in the anomalous scattering data to establish phases 

from the anomalous scattering atoms (e .g Se) ,  and use it to provide phase information 
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for the determination of the structure o f  the macromo lecule.  The avai labi l ity of  acc urate 

detectors and improved data processing a lgorithms now makes it possible to precise l y  

measure the sma l l  Bijvoet difference s  which can be used for SAD phasi ng b y  new 

efficient phasing programs.200 A descript ion of t he methods used to determine t he 

structure o f  Se-Met Mt-DAH7PS is in Chapter Three, Section 3 . 1 6. The structure 

determinat ion of Se-Met Mt-DAH7PS was performed by M inmin Yu at the Advanced 

L ight Source ( Berkeley, CA) . 

7.4 EXP E R IM ENTAL FOR C HA PTER FOUR 

Feedback Regulation of  Type I I  DAH7PS from M. tuberculosis and H. pylori 

Feedback-inhibition Studies with Hp-DAH7PS 

So lutions of Phe (20 mM) ( S igma), Tyr ( 1 0 mM) ( S igma) and Trp (20 mM) ( S igma) in 

water alone or  in  combination were added to standard assay react ion mixtures ( P E P  ( 75 

�M) ,  E4P ( 6 1 �M)  and M nS04 ( 1 00 � M )  in  BTP buffer (50  mM , pH 7 .5 ) )  to give a fma l  

total aromat ic amino acid concentration of 250 �lM.  The reaction  was in it iated by  the 

add it ion of  Hp-DAH7PS ( 1  �L, 1 0  mg/mL ) .  A freshly prepared solut ion of chorismic 

ac id ( 1 0  mM) in  water was added to an assay system ( PEP ( 300 �M), E4P ( 1  00 �M) 

and MnS04 ( 1  00 �M)) to give final concentrations of 200 �M or 400 �M. 

Feedback-in hibition Studies with Mt-DAH7PS 

Solutions of  Phe, Tyr, Trp and chorismic ac id were made up as described in the 

previous sect ion.  The aromatic amino acids and chorismic acid were added alone or in  

combinat ion to standard assay reactio n  mixt ures to  g ive a fina l  concentration of 200 � M  

for each aromat ic amino acid or chorismic ac id . The assay solut io n  contained PEP ( 200 

� M ), E4P ( 1 42 � M )  and MnS04 (1 00 �M) in BTP buffer ( 50 mM , pH 7 .5 ) .  Assays 

performed using different rat ios of Trp and Phe, or Trp and Tyr are described in Chapter 

Four. The total concentration of  aromatic amino acid in the react ion mixture was 200 

�M for all assays. Assays were also performed in  the presence of either Trp ( 0-200 

�M) ,  Phe ( 0-200 �M), or Tyr ( 0-200 � M ) .  A l l  assay solut ions contained PEP (250  �M) ,  

E4P ( 1 40 � M )  and MnS04 (1 00 � M )  in  BTP buffer ( 50 mM, pH 7 . 5 ). A l l  react ions 
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were in it iated by the addit ion of Mf-DAH 7PS ( 2  �lL, 4 .6  mg/mL )  to give a total react ion 

vo lume of 1 mL.  A l l  react ions were performed in dupl icate. 

Soaking of Native C rystals in  Trp and Phe 

To obtain a crystal structure of Mt- DAH7PS in the presence of Trp and Phe a lone and in 

combinat ion, native crystals were grown in 0 . 1 M Tris-HCI pH 8 .0, 1 . 5 M ammonium 

sulfate, 1 2  % ( v/v) g lycerol overnight at 1 0 °C. The crystals were then transferred to a 

second hanging drop consist ing o f  mother l iquor supplemented with cryo-agent ( 1 5- 1 8  

% g lycero l )  and the appropriate aromat ic amino acid (�2 mM) ( referred to as the 

soaki ng solution) .  This hanging-drop consisted of  a 2 �L drop above a reservo ir of 400 

�L soak ing solution. The crystals were al lowed to equi l ibrate in the soak i ng so lut ion at 

room temperature for the desired period of time before they were mounted onto the 

goniostat. 

Trp and Phe Inh ibition of Mt-DAH7PS with Respect to PEP and E4P 

The assay mixtures used to determine the effect of the aromatic amino ac ids on the 

Michaelis-Menten p lot with respect to PEP contained PEP (4-429 � M ), E4P  ( 1 85 � M ), 

MnS04 ( l OO � M )  in BTP ( 50 mM, pH 7 . 5 ) .  The effect of Trp and Phe on the 

Mic haelis-Menten p lot with respect to E4P used assay mixtures that contained E4P ( 8-

1 60 �M) ,  PEP ( 200 � M ), MnS04 ( l OO � M )  in BTP ( 5 0  mM , pH 7 . 5 ) . Reaction 

mixtures e it her had no aromatic amino acids, 200 �M Trp or 1 00 �M Trp + 1 00 �M 

Phe. The reaction was init iated by the add it ion of Mt-DAH7PS (2  �lL, 2.6 mg/mL) and 

dupl icate assays were performed for all reac t ion condit ions. 

7.5 EXPER I M E NTAL FOR CHAPTER F I VE 

I nvestigating the Role Arg284 and Cys440 play in Catalysis by Mt-DAH 7PS 

Cloning of the Mt- DA H7PS R284K and C440S Genes 

The R284K and C440S mutations were performed using the QuikChange® I I  S ite­

Directed Mutagenesis Kit ( Stratagene) ,  and pPro-ExHTa-Ml-DAH7PS as the double­

stranded p lasmid template. The single amino ac id subst itutions (e ither an Arg to a Lys 
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or a Cys to a Ser) were introduced usmg synthetic o l igonucleot ide pruners, each 

comp lementary to opposite strands of pPro-ExHTa-Mt-DAH7PS, containing the desired 

mutat ion. The primers used for C440S were: forward 5'- CTATGAGACGGCAAGTG 

ATCCGCGGCT and reverse 5 '- AGCCGCGGATCACTTGCCGTCTCATAG 

incorporating a Cys to Ser mutation ( TGT to AGT in the forward primer and ACA to 

ACT in the reverse primer) .  T he primers used for R284K were: forward 5 '- GGATCG 

GCGAGAAGACACGACAAATCGATGG and reverse 5'- CCATCGATTTGTCGTG 

TCTTCTCGCCGATCC incorporating a Arg to Lys mutation (CGG to AAG in the 

forward primer and CCG to CTT in t he reverse primer) .  The procedure inc luded three 

steps ( described in the QuikChange® manual ) :  the primers with the desired mutation 

were extended during temperature cyc l ing by PfuUltra high fidelity DNA po lymerase, 

generat ing a mutated plasmid containing sticky ends. The product was then treated with 

Dpn I to digest the parental  DNA template and the pPro-ExHTa-mutant construct was 

t ransformed into XL I -B lue supercompetent ce l ls  suppl ied in the kit .  P lasm id mini-prep 

DNA was iso lated from transformants using a H ighPure P lasmid I so lat ion Kit CRoche ) 

and t he insert DNA sequenced to verify the sequence was correct before the plasmid­

mutant construct was used to transform, by e lectroporation,  E. coli BL2 1 (DE3)  already 

containing the pGroESL p lasmid (described in the General Methods Section). 
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APPENDIX ONE 

Sequences inc luded in a l ignment : A rabidopsis thaliana (G r :  1 52 3 6093, G I :  1 52 3 42 1 7, 

G I :  1 52 1 98 7 8 ), A .  mediteranni ( G I : 7 8395 7 5 ,  G 1 : 2 7923 2 2 ), A ctino.synnema pretiosum subsp. 
auranticum (GI : 3 0469 84),  A.  tumefaciens (G l :  1 7 740040), A. nidulans ( G I :4074 563 7), 

Bartonella henselae (G [ :49475432), Bartonella quintana ( G l ), Burkholderia cepacia (x  2; 

G l :N A), Bradyrhizobium japonicum (GI ), Brevibacterium linens (GI :N A ), Brucella melitensis 

( G I :  1 7982929), Brucella suis ( G I :23 50 1 893 ), Caulobacter crescentus ( G [ :  1 6 1 26539), C. jejuni 

N C TC 1 1 1 68 (G I :  1 5 792065 ), C. jejuni RM 1 22 1  (Gr :NA), Clavibacter michiganensis ( G I :N A), 

C. diphtheriae ( G  1 :3 8234 1 9 1 ), Corynebacterium efficiens ( G l : 2 5028629), Corynebacterium 

glutamicum (G I :4 1 3 263 5 7 ), Cryptococcus neoformans ( G I :N A ), C. merolae ( C MQ 1 206), 

Desulfuromonas acetoxidans ( G I :N A ), Gibberella zeae ( G I  :46 1 09208), Helicobacter hepaticus 

( G I :3 226705 6), Helicobacter mustelae (GI :NA), Helicobacter pylori 2 6695 (G I :  1 5 644764 ), 

Hyphomonas neptunium ( G I :N A), Kineococcus radiotolerans ( G I :463 65623 ), Legionella 

pneumophilia ( G I :NA), Magnaporthe grisea ( G I : 3 8 1 0290 1 ), Magnetospiril/um 

magnetotacticum (G I :  A), Mesorhizobium loti (G I :  1 3 4709 7 8 ), Mycobacterium avium (G I :N A), 

Mycobacterium avium subsp. paratuberculosis ( G I :4 1 4080 1 4), Mycobacterium leprae 

( G I :  1 5 82 74 1 7 ), M tuberculosis ( G I :29 1 1 098), M bovis ( G I : 3 1 6 1 8948), Mycobacterium microti 

(G I :N A ), Mycobacterium marinus (G I :N A ), Myxococcus xanthus ( G I :N A ), N. crassa 

( G I : 2 8925 693 ), N. aromaticivorans (G I :  4885 1 1 20), Oryza sativa (cDN A is G I :29 1 5 7098, 

cDN A is GI :29 1 5 5 73 5 ), Propionibacterium aenes (G I : 5 0 8422 1 4), Proteus mirabilis (NC B t  

patents database G 1 :400 805 29), P. aeruginosa ( G  L :  1 5 5 98039), P. putida (G 1 :26988596 ), 

Pseudomonas jluorescens ( G t : 24929 73, G I :4872874 1 ), Pseudomonas syringae (G I :46 1 8 75 73, 

G I : 2 8 868978, G I :N A), Rhodobacter sphaeroides (G I :N A ), Rhodopseudomonas palustris 

( G I :39648904), Rhodo.spirillum rubrum (GI :N A ), Rhizobium leguminosarum (G I :  A ), 

Silicibacter pomeroyi (G r :N A), Solanum luberosum (G I :  5 84 7 7 7),  S. coelicolor ( G I :44906 1 9, 

G I :2 1 220593 ), S. collinus ( G I :488483 3 ,  G I :488484 8 ), Streptomyces sp. ( G I :268 7 63 3 ), 

Streptomyces venezuelae (G 1 :4 7 846869) Streptomyces sp. H K803 (G 1 :3 5 1 86988), 

Sinorhizobium meliloti 1 02 1  (G I :  1 5965606), S. aurantiaca ( G I :  I 3 924499, G I : I I 1 2 7900), 

Stenotrophol11onas maltophilia (GI :N A )  S. avermitilis ( G I  :29609748), Streptomyces 

hygroscopicus ( G I :26249 5 3 ), T. gondii ( G I : 3 3 3 5 6632), Trophelyma whipplei ( G I :28493 1 82,  

G I :2 8 5 72 704), USlilago maydis ( G I :4609743 9 ), Wolinella succinogenes ( G I :345 5 779 6 ), X 
campestris (G I :  1 3 1 723 1 0, G I :2 1 23039 1 ), XanthOl11onas axonopodis (G I :2 1 1 07 1 3 7 ), Yarrowia 

lipolytica (G I : 5 0547503) .  



A P PENDIX TWO 

Below are residues invo lved in the dimer interface as determined by the Prote in-Protein 

Interaction Server (hup:/ /www. b iochem.uc\ .ac. uklbsmlPP/server). Displayed are 

residues from subunit A and their interact ion with subunit B. Contribut ions from 

residues in subunit B are not shown but are very simi lar. 

I nterface accessible % I nterface accessible 
Residue 

surface area surface a rea 

G ly- 1 1 . 70 0 . 1 0  

AlaO 1 1 . 94 0.67 

Asn2 1 . 78 0 . 1 0  

Trp3 9 1 .39  5 . 1 4  

Thr4 1 0.69 2 .29 

Val5 94. 1 8  5 .29 

Asp6 43 .58  2 .45  

I I Ie7 1 22 .87  6.9 1  

Pro8 68 .64 3 .86 

I 1 le9 53 .47 3 .00 

Asp l 0  64.03 3 .60 

G ln 1 1 5 1 .57 2 .90 

Leu 1 2  40.08 2 .25 

Pro 1 3  1 . 5 7  0 .09 

Leu 1 5  50.56 2 . 84 

G ln44 23 .47 1 .32  

A la47 3 1 . 1 6  1 . 75 

Val5 1 1 2 . 8 1  0 . 72 

Ser54 20.22 1 . 1 4  

Val55 2 .06 0 . 1 2  

Pr056 95 .32  5 . 3 6  

Pro 5 7  47.2 1 2 .65 

Val58 1 1 .49 0.65 

Val60 5 l .57  2 .90 



Ser62 23 .59  1 .3 3  

Glu63 1 3 . 1 1 0 .74 

Asn94 1 9 .40 1 .09 

Thr95 27.98 1 .5 7  

G lu96 33 .95 1 .9 1  

I l le99 4 .54 0 .26 

Asp 1 65 25 .0 1  1 .4 ] 

Pro 1 66 5 . 54 0 .3 1 

Ser 1 67 43 .05 2 .42 

Va 1 1 70 5 .28 0 .30 

Arg 1 7 1  87 . 1 5  4 .90 

Tyr 1 73 9 .85 0 .55  

Ala 1 74 27 .52  1 .5 5  

Ser l 77 3 3 . 9 1  1 .9 1  

Ala 1 78 58 .27 3 .27  

Asn 1 8 1  1 05 .60 5 . 94 

Leu 1 82 36.34 2 .04 

Arg 1 84 62.09 3 .49 

Ala 1 85 56 .59 3 . 1 8  

Leu 1 86 9.40 0 .53 

Ser 1 88 1 0 .90 0.6 1 

Ser 1 89 29. 1 0  1 .64 

Gly 1 90 3 . 1 0  0. 1 7  

Thr240 5 . 83  0 .33  

Arg260 1 . 89 0. 1 1  

Asp263 6.94 0 .39 



AP PENDIX T HREE 

Below are residues invo lved in the tetramer interface as determined by the Protein­

Protein I nteraction Server (http://www. biochem.ucl .ac .  uk/bsm/PP Iserver). D isplayed 

are residues jiom subunit B and their interaction with subunit D .  Contributions from 

residues in subunit 0 are not hown. Subunit D is generated using crystal lographic 

symmetry o perat ions. 

Residue 
I nterface accessible % I nterface accessible 

surface a rea surface a rea 
Val I ] ]  8 . 59  0 .86 

Thr1 1 4  43 .33  4 . 32  

Tyr 1 1 5  69.47 6 .93 

G l y 1 1 6  1 . 72 0 . 1 7  

Ser l 1 8  78 .95 7 .88  

Pro 1 20 36 .7 1 3 .66 

Leu 1 94 30 .46 3 .04 

G lu220 36 . 57  3 .65  

I le22 1 4 .39  0 .44 

Arg223 1 00 .86 1 0 .06 

G ly224 3 0.88  3 .08  

Leu225 1 9 .97 1 . 99 

Arg226 28 .33  2 .83  

Phe227 1 42 .94 1 4 .26 

Ser229 2 .68 0 .27  

Ala230 82 .56 8 .24 

Cys23 ] 67 .88 6 . 7 7  

G ly232 1 2 . 52 1 . 25  

Va1233 4 8.26 4 . 82 

Asn2 3 7  40.54 4 . 04 

Leu238 34 .52 3 .44 

G ln239  3 3 . 72 3 . 3 6  

Arg46 1 46 .35  4 . 63 




