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The enzyme-catalyzed phosphorylation of glucose to glucose-
6-phosphate is a reaction central to the metabolism of all life.
ADP-dependent glucokinase (ADPGK) catalyzes glucose-6-
phosphate production, utilizing ADP as a phosphoryl donor in
contrast to the more well characterized ATP-requiring hexoki-
nases. ADPGK is found in Archaea and metazoa; in Archaea,
ADPGK participates in a glycolytic role, but a function in most
eukaryotic cell types remains unknown. We have determined
structures of the eukaryotic ADPGK revealing a ribokinase-like
tertiary fold similar to archaeal orthologues but with significant
differences in some secondary structural elements. Both the
unliganded and the AMP-bound ADPGK structures are in the
“open” conformation. The structures reveal the presence of a
disulfide bond between conserved cysteines that is positioned at
the nucleotide-binding loop of eukaryotic ADPGK. The AMP-
bound ADPGK structure defines the nucleotide-binding site
with one of the disulfide bond cysteines coordinating the AMP
with its main chain atoms, a nucleotide-binding motif that
appears unique to eukaryotic ADPGKs. Key amino acids at the
active site are structurally conserved between mammalian and
archaeal ADPGK, and site-directed mutagenesis has confirmed
residues essential for enzymatic activity. ADPGK is substrate
inhibited by high glucose concentration and shows high speci-
ficity for glucose, with no activity for other sugars, as deter-
mined by NMR spectroscopy, including 2-deoxyglucose, the
glucose analogue used for tumor detection by positron emission
tomography.

Glucose metabolism is central to the biochemistry of all
living systems with the enzymatic phosphorylation of glu-
cose playing a key role in cellular energy metabolism by
ensuring that this energy-rich substrate is available to the
cell. A relatively recently discovered ADP-dependent glu-
cokinase (ADPGK)3 (EC 2.7.1.147) catalyzes the phosphoryla-

tion of D-glucose to glucose-6-phosphate using MgADP as
phosphoryl donor in contrast to the more typical ATP-utilizing
hexokinases and glucokinases. ADPGK was first identified in
Archaea, being involved in a modified Embden-Meyerhof gly-
colytic pathway (1), in which Archaea can also use an ADP-de-
pendent phosphofructokinase (ADPPFK; EC 2.7.1.146). Bioin-
formatic analysis led to the identification of ADPGK in metazoa
and the subsequent cloning and initial characterization of
mammalian ADPGKs (2, 3). Mammalian ADPGKs show mod-
est sequence similarity to archaeal orthologues (�20% amino
acid identity). ADPGK is highly expressed in a wide variety of
both normal and tumor mammalian tissues (3) and has been
found to be localized to the endoplasmic reticulum in T cells (4)
consistent with the sequence-based annotation of an N-termi-
nal signal peptide. Furthermore, ADPGK has been identified as
a cholesterol binding protein in a proteomics screen (5).
Despite the role of archaeal ADPGK in glycolysis, overexpres-
sion of ADPGK in H460 and HC116 human tumor cells showed
no cell proliferative or glycolytic effects (3). ADPGK knock-out
in these cell lines showed no detectable effect on glycolysis or
extracellular acidification as assay end points, although O2 con-
sumption was generally lower for the ADPGK knock-out cells
(6). Knock-out of ADPGK had no effect on cell survival under
normal growth conditions, but ADPGK is protective for H460
cells under anoxia and reduced glycolysis (hexokinase 2 silenc-
ing) stress conditions, but not for HCT116 cells (6). ADPGK
activity is associated with T cell receptor signaling, resulting in
mitochondrial reactive oxygen species production as activated
T cells switch from mitochondrial respiration to a dependence
on glycolysis (4). Apart from this role in T cells, a function for
ADPGK remains to be defined for most eukaryotic cell types.

The crystal structures of three archaeal ADPGKs have been
determined in varying liganded states revealing an overall sim-
ilarity in topology to the ribokinase superfamily and no homo-
logy to hexokinases. Archaeal ADPGK crystal structures have
been determined for apo-ADPGK from Pyrococcus horikoshii
OT3 (PDB code 1L2l) (7) and glucose- and AMP-bound Pyro-
coccus furiosus ADPGK (PDB code 1UA4) (8). Thermococcus
litoralis ADPGK structures have been determined in the ADP-
bound form (PDB code 1GC5) (9) and apo (PDB code 4B8R)
and AMP/glucose ternary complexes (PDB code 4B8S) (10).
The ADPGK structure contains two �/� domains; the large
domain is a Rossmann-type fold of an eight-stranded �-sheet
enclosed by eight �-helices, with five helices on one side and
three on the other. The substrates glucose and ADP bind in a
shallow groove in the large domain that is covered over by the
small domain acting as a “lid.” The different archaeal ADPGK
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liganded states are consistent with an induced fit ligand-bind-
ing model involving a hinged rigid body interdomain confor-
mational change with a domain closing movement over the
ADP and glucose once bound in the active site. Kinetic studies
of T. litoralis ADPGK have led to a proposed ordered sequential
enzymatic mechanism with MgADP binding before D-glucose
(10). This mechanism has been rationalized with respect to the
observed structural states, although SAXS data suggest that the
conformational change in solution is greater than that seen by
the ADPGK crystal structures (10). For archaeal ADPGKs, the
specificity for ADP over ATP has been explained by amino acid
side chains within the nucleotide binding site positioning the
ADP �-phosphate in an homologous position to the �-phos-
phate of ATP-dependent kinases (9) for phosphoryl transfer.

Because the function of eukaryotic ADPGK remains unclear,
we have determined the structures of mammalian apo-ADPGK
to 2.1 Å resolution and AMP-bound ADPGK to 3.0 Å resolu-
tion, shown substrate specificity for glucose, and investigated
AMP and glucose inhibition. We show that mammalian
ADPGK conserves the ribokinase-like fold of archaeal ortho-
logues and highlight features of the enzyme active site, confirm-
ing the identity of key amino acids by site-directed mutagenesis.
We have characterized AMP and glucose inhibition and shown
that mammalian ADPGK has a strong preference for glucose
with no activity with other sugars tested as substrate, including
2-deoxyglucose, the glucose analogue in widespread clinical use
for detection of a variety of tumors by positron emission
tomography (11).

Materials and Methods

Cloning of Recombinant Mammalian ADPGK—Sequence
analysis predicted a possible N-terminal signal sequence for
mammalian ADPGK (e.g. SignalP4.1 (12), mouse ADPGK
(mADPGK) 1–18, and human ADPGK (hADPGK) 1–22, so a
number of N-terminally truncated ADPGK cDNA sequences
were designed, as well as full-length sequences. The cDNA for
mADPGK�51 amino acids 52– 495 and hADPGK (�50, �151,
or full-length) codon-optimized for expression in Escherichia
coli were PCR-subcloned into vector pBAD-TOPO, and the
resulting vectors pBAD-mADPGK�51 and pBAD-hADPGK
were sequence-verified. Mutant hADPGK constructs (D84A,
R228A, H264A, H382A, H382V/H387V, H387A, D481A,
D481E, and D481E) were prepared using whole plasmid PCR
with primers containing the required nucleotide substitution
with pBAD-hADPGK as template. The hADPGK numbering is
�1 relative to mADPGK after amino acid 313. The presence of
the mutated nucleotide substitution(s) was confirmed by DNA
sequencing.

Purification of Mammalian ADPGK—For ADPGK expres-
sion E. coli LMG194 were transformed with the appropriate
pBAD construct encoding hADPGK variants or mADPGK�51
and grown in 2� YT medium containing 100 �g/ml ampicillin.
Cultures were grown at 37 °C to an A600 of 0.8 and induced with
0.1% (w/v) L-arabinose. The cells were harvested after 12 h by
centrifugation for 20 min washed in cold PBS buffer and frozen
at �80 °C. The cell pellets were resuspended in lysis buffer (50
mM Tris, pH 8.0, 500 mM NaCl, 4 mM DTT, Roche complete
protease inhibitor tablet EDTA-free) and lysed by two passes

through a French press. The soluble fraction was separated
from cell debris by centrifugation at 46,000 � g for 90 min at
4 °C. Imidazole was added to the supernatant to a final concen-
tration of 20 mM. The solution was loaded onto a 5-ml Ni2�-
NTA HisTrapFF column. ADPGK was eluted with a linear gra-
dient from 20 to 500 mM imidazole in phosphate buffer (25 mM

Na2HPO4, pH 8.0, 500 mM NaCl, 500 �M DTT, or 2 mM �-mer-
captoethanol). The elution fractions containing ADPGK were
pooled, dialyzed against low ionic strength binding buffer (40
mM Tris, pH 8.0, 20 mM NaCl), loaded onto a Uno Q6 column
(Bio-Rad) pre-equilibrated with binding buffer, and eluted with
a linear gradient to 1 M NaCl in Tris buffer, pH 8.0. The elution
fractions containing ADPGK were pooled and concentrated,
and glycerol was added to 20% (w/v) before storage at �20 °C
(hADPGK) or directly frozen (mADPGK).

Analytical Gel Filtration Chromatography—Analytical gel
filtration was used to estimate the oligomerization state of
hADPGK on a Superdex 200 10/300 GL column (GE Health-
care) in 40 mM Tris buffer (pH 8.0), 200 mM NaCl. For column
calibration blue dextran, alcohol dehydrogenase, bovine serum
albumin, carbonic anhydrase, and cytochrome c were used as
molecular weight standards in addition to previously character-
ized recombinant mADPGK. The purified human ADPGK for
kinetic studies was shown to be in monomeric state in solution
by analytical gel filtration, comparable to the mADPGK (2).

Mammalian ADPGK Crystal Structure Determination—
Crystals were obtained from a mADPGK�51 solution of initial
concentration 9.0 mg/ml (20 mM HEPES, 25 mM NaCl, 1 mM

TCEP) after hanging drop vapor diffusion for 2 weeks with pre-
cipitant 0.2 M NH4Cl, 20% (w/v) PEG 3350 (JCSG screen con-
dition A9; Molecular Dimensions) at 21 °C. These crystalliza-
tion conditions were refined with an additive screen. X-ray
diffraction data were collected on a crystal grown in the above
conditions supplemented with Silver Bullets Bio condition A1
(Hampton Research). For AMP crystal soaking experiments,
larger mADPGK�51 single crystals were obtained by seeding.
Crystallization drops were set up with 0.2 M NH4Cl and 20%
(w/v) PEG 3350 mixed with mADPGK�51 solution of initial
concentration 9.0 mg/ml and incubated at room temperature
for 2 weeks. Seeding was then performed placing small needle
shaped crystals into an equilibrated drop of the same experi-
ment where no nucleation event had occurred, and the crystals
were incubated for another 2 weeks. AMP was introduced to
select crystals by addition to a final concentration of 5 mM, and
the experiment was incubated for another 4 days at room tem-
perature, during which minimal cracking of the crystals was
observed.

X-ray diffraction data of 0.5° oscillation images over a total
scan range of 120° were collected on the MX2 beam line at the
Australian synchrotron at 100 K from single crystals of apo-
mADPGK�51 frozen in a loop by rapid immersion in liquid N2
using perfluoropolyether oil as cryoprotectant. For the AMP-
bound mADPGK�51, 0.5° oscillation images were collected on
a Rigaku Micromax HF007 equipped with R-Axis IV detector at
120 K frozen in a loop with paratone N as cryoprotectant. Crys-
tals were of orthorhombic symmetry with a solvent content of
�43% with one molecule in the asymmetric unit. Diffraction
intensities were processed with XDS (13) and Pointless/Aim-
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less (14) in the most likely space group P212121 based on dif-
fraction symmetry and systematic absences (Table 1). The apo-
mADPGK�51 structure was solved by molecular replacement
using Phaser (15) with a search model prepared in Phenix (16)
from an ensemble of archaeal ADPGK large domain structures
available from the PDB with model alteration (side chain and
main chain deletions) informed by multiple sequence align-
ment. The molecular replacement solution was obtained with
one molecule in the asymmetric unit, confirming the P212121
space group, with positive difference density visible for the
small domain and other atoms not included in the search
ensemble. Extensive model rebuilding was carried out in Coot
(17) in combination with auto-building and maximum-likeli-
hood refinement conducted with Phenix (16) and Refmac (18)
to build the small domain and improve the large domain struc-
ture. Solvent molecules were added to the model into positive 3
sigma peaks in the weighted Fo � Fc difference map where
chemically sensible hydrogen bonds could be made. The refine-
ment (including TLS refinement) at later stages converged to
yield a final model with an R factor of 0.192 and a free R factor of
0.242 (5% of reflections excluded from refinement) for data
47–2.10 Å. The AMP-mADPGK�51 structure was solved by
molecular replacement in Phaser using the refined structure of
apo-mADPGK�51 as a search model. The AMP-mADPGK�51
structure was refined, using restraints to the apo-mADPGK�51
structure, converging to an R factor of 0.227 and Rfree of 0.243
(5% of reflections excluded from refinement) for data 39 –3.0 Å.
Further x-ray data and model quality statistics are presented in
Table 1. The atomic coordinates and structure factor ampli-
tudes for the apo-mADPGK�51 and AMP-mADPGK�51 crys-
tal structures are available in the Research Collaboratory for

Structural Bioinformatics Protein Data Bank under PDB codes
5CCF and 5CK7, respectively. The structure and sequence fig-
ures were prepared with CCP4mg (19) and Espript (20). Struc-
tural alignments were performed with Promals3D (21).

NMR Spectroscopy Assay for Mammalian ADPGK Substrate
Specificity—For screening alternative hADPGK substrates with
NMR spectroscopy, the following 1-ml reaction mixtures were
set up: 100 mM KCl, 1 mM MgCl2, 50 mM Bis-Tris-propane (pH
7.0 at 37 °C), 1 mM MgADP (first substrate) and 1 mM second
substrate candidates. Tested candidates included D-glucose,
L-glucose, 2-deoxyglucose, D-galactose, D-fructose, D-mannose,
D-tagatose, L-rhamnose, D-glucosamine, D-xylose, D-ribose, myo-
inositol, L-arabinose, D-arabinose, D-fructose-6-phosphate, �-D-
glucose-1-phosphate, 1-O-methyl-�-D-glucopyranoside, 1-O-
methyl-�-D-glucopyranoside, 3-O-methyl-D-glucopyranoside,
and methyl-�-D-xylopyranoside. The reactions were started by
the addition of hADPGK, and after incubation at 37 °C for 30
min, the reactions were stopped by adding 10 mM EDTA and
heating to 80 °C for 5 min. For controls, the reaction mixtures
were prepared without the addition of enzyme and/or MgADP.
For NMR measurements, 5% D2O was added for deuterium
frequency lock to compensate for slight magnetic drifts of the
NMR magnet. A Bruker Avance 400 MHz NMR spectrometer,
operating at 400.13-MHz proton frequency, was used with a
5-mm QNP 1H/13C/31P/19F probehead. One-dimensional
proton (1H) spectra were acquired with presaturation or exci-
tation sculpting to suppress the abundant water signal and
32,768 data points, 32 scans, 16.0204-ppm spectral width
(6,410.256 Hz), and 2.0-s pulse delay time. One-dimensional
phosphorus (31P) spectra were acquired with and without
power-gated decoupling with 65,536 data points, 2,048 scans,

TABLE 1
X-ray diffraction data and refined ADPGK model statistics
Rmerge � ��Ii � 	Ii
�/�Ii where Ii is the intensity of a single reflection, and 	Ii
 is the mean intensity of that reflection. r � ��Fo � Fc�/�Fo. Rfree is the R factor calculated
for the cross-validated test set of reflections. Geometry scores and Ramanchandran statistics calculated with MolProbity (37). Rmerge, Rpim, and CC1⁄2 were calculated by
Aimless as defined in Ref. 14.

Apo-ADPGK AMP-ADPGK

PDB code 5CCF 5CK7
Beam source Australian Synchrotron MX2 Rigaku Micromax 007
Detector Quantum 205 R-Axis IV
Distance to detector (mm) 315 200
Wavelength (Å) 0.9184 1.5418
Resolution range (Å) 47.42–2.09 (2.17–2.09) 30.00–2.99 (3.20–2.99)
Space group P212121 P212121
Unit cell dimensions (Å) 45.92, 58.68, 160.94 45.68, 58.49, 161.71
Total number of reflections 126,165 53,669 (6,958)
Number of unique reflections 24,797 (1,318) 9,031 (1,438)
Multiplicity 4.8 (4.9) 5.9 (4.8)
Completeness (%) 99.5 (99.8) 97.1 (88.3)
Mean I/�I 9.3 (2.0) 10.1 (2.8)
Wilson B factor (Å2) 19.2 51.5
Rmerge 0.12 (0.77) 0.091 (0.61)
Rpim 0.088 (0.43) 0.10 (0.37)
CC1⁄2 0.98 (0.57) 0.99 (0.77)
Rwork (%) 19.2 (29.3) 22.7 (32.6)
Rfree (%) 24.2 (31.5) 24.3 (29.8)
Number of non-hydrogen atoms 3729 3497
Number of ligand molecules 0 1
Number of water molecules 282 27
Number of protein residues 446 447
Root mean square deviation bonds (Å) 0.009 0.015
Root mean square deviation angles (°) 1.27 1.69
Ramachandran favored (%) 98 97
Ramachandran outliers (%) 0.45 0.45
MolProbity score 0.61 2.11
MolProbity clash score 0.29 8.2
Average B factor (Å2) 36.2 64.1
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400.9142-ppm spectral width (64,935.066 Hz), and 4.0 s delay
time. Two-dimensional 31P-1H HMBC spectra were recorded
with a pulse sequence that is optimized for long range cou-
plings, with no decoupling during acquisition and using shaped
pulses for off resonance presaturation. Parameters included:
4,096 � 64 data points, 16.0204 � 20.0013-ppm sweep width,
256 scans, and 3.0 s relaxation delay time. The spectra were
processed with Topspin versions 1.3 and 2.1 (Bruker-Biospin,
Rheinstetten, Germany). NMR assignments were confirmed by
adding known amounts of ADP, AMP, and glucose-6-phos-
phate and repeating the NMR experiments.

ADPGK Kinetic Analysis—Human ADPGK enzymatic activ-
ity was measured in triplicate using a coupled assay with glu-
cose-6-phosphate dehydrogenase as previously described (2, 3).
Assays contained 50 mM Bis-Tris-propane (pH 7.0 at 37 °C),
100 mM KCl, 1 mM NADP�, 1:1 molar ratio of ADP-MgCl2, 2
units Leuconostoc mesenteroides glucose-6-phosphate dehydro-
genase (Sigma-Aldrich). Units are defined as �mol/min. For
ease of comparison of ADPGK activity to previously character-
ized hexokinases, assays were conducted at the “conventional”
pH of 7.0. The glucose-6-phosphate dehydrogenase concentra-
tion was kept in large excess for all coupled assays. For measure-
ment of the pH optimum of hADPGK activity the Bis-Tris-
propane pH was varied from 6.0 to 9.25 in steps of 0.25. For
determination of apparent Km values for MgADP or D-glucose,
the other substrate was kept constant; D-glucose 0.7 mM or
MgADP 1 mM. Analysis of AMP product inhibition was assayed
by adding increasing concentrations of AMP (0, 1, 2, 5, and 10
mM) to reactions containing 0.7 mM glucose and variable con-
centrations of ADP. The values for Km and Ki were determined
by nonlinear regression with Prism 6 (GraphPad Software).
Inhibition by the product AMP was modeled to a kinetic model
for competitive inhibition.

v �
Vmax�S�

�S� � Km�1 �
�I�

Ki
� (Eq. 1)

Inhibition by high concentrations of glucose substrate was
modeled using the following equation.

v �
Vmax

1 �
Km

�S�
�

�S�

Ki
(Eq. 2)

The activities of site-directed mutant ADPGK enzymes were
measured in the same assay format. Assays were carried out at
least in duplicate in 100-�l microcuvettes using a Cary 300 UV-
visible spectrometer. The detection level for null activity for
mutant ADPGK is estimated at 1:100,000 of wild type ADPGK
activity (3 � 10�4 units/mg).

Results

Structure of Mammalian ADPGK—The apo-mADPGK�51
(amino acids 52– 495) crystal structure has been determined
using x-ray diffraction data to 2.1 Å and refined to an R factor of
0.19 and a free R factor of 0.24. The asymmetric unit of the
P212121 cell contains a single ADPGK molecule consistent with

a monomeric structure for ADPGK with no crystallographi-
cally related intermolecular contacts greater than 739 Å2 as
determined with PISA (22). Size exclusion chromatography
during protein purification indicated a monomeric solution
state (2).

The mammalian ADPGK structure has a ribokinase-like
topology (Fig. 1) similar to that of other members of the PfKC
(ADP-dependent kinase-like) group of the ribokinase super-
family. This overall fold is similar to the archaeal ADPGK and
ADPPFK enzymes consisting of a large domain and a small
domain connected by an intermediate hinge-containing region.
Compared with archaeal ADPGK structures, the mADPGK
structure is most similar to the unliganded “open” ADPGK con-
formation with a solvent-exposed active site cleft between the
two domains (Fig. 1).

The large domain is comprised of a central curved
10-stranded mostly parallel �-sheet that packs against 5 helices
on its convex face and 4 helices on its concave side. The small
domain core comprises a curved 5-standed (�-strands 2– 4, 8,
and 11) �-sheet with 3 �-helices (2– 4) and 2 additional short
�-strands (9, 10) on the top of its convex face. The concave face
of the sheet is unadorned and forms the upper part of the active
site located between the two domains. Loops and three short
helices form the complex multielement intermediate hinge
region connecting the two domains.

The region most divergent from archaeal ADPGKs is after
helix �14 (i.e. residue Cys-414) where �15 is much shorter and
�16 is replaced in mADPGK (430 – 445) with a short two-
stranded antiparallel �-sheet (Figs. 2 and 3) occupying a similar
position and volume on the protein structure as the helices do
for archaeal ADPGK. This change requires a minor reorienta-
tion of �1 at the N terminus. The structure of the mADPGK
small lid domain compared with P. furiosus ADPGK (PDB code

FIGURE 1. The structure of mouse ADPGK. Shown is a ribbon representation
of the mADPGK�51 structure color-ramped blue to red from the N to C ter-
mini. The large (orange) and the small (yellow) nucleotide-binding loops are
labeled. The disulfide bond is displayed as sticks with sulfurs in yellow (Cys-
414 –Cys-469), and other key amino acid side chains are displayed in stick
representation colored by atom type.
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mmADPGK   52         A              V    N   D         L                            E       D  I    R  R    G    V  V         Q             S        S SP SRLAA W AL AQPA RW R AV V AC  V IS..GVK L ALGLS......PG GKDHAILH R
hsADPGK   52         A              V    N   D         L                            E       D  I   VR  R    G    V  V         Q                      S SP GRLAA W AL VRP  RW R AV V AC  V LS..GVK L ALGLS......PGNGKDHSILH R
phADPGK    8         A              V    N   D         L                            E LY    D      IR VRG LL Y TNI AIKYL   D E RI   GKE V   SEE P  I  I.. S  EK L KVEAS.  K      A           KRE   K  EKV   E LRY   L KE ET 
pfADPGK    5         A              V    N   D         L                            E LY    E  I   V  V G LLGY TNI AIKYL   D EERI   GKE V   SEE P  I  V.. E  KN I KA KS. PK K                DSK      IKA   E IKY   L DK NT 
tlADPGK   13         A              V    N   D         L                              LY    E      I  V G LL Y TNI AIKYL   D E RV   GKE V    EN P  I SI..KR  VN F NALNA. PN K    A           DKD   K  TEI   K FEII  P EK S  

                                     TT                   TT         

mmADPGK  113   L          G A E                          GG                     P  D     L        A  F    E          E    Q  V  NA    Q         V      S  EEAF YFMGK A   R FSDK TFHDIAQAAS FPGA HY     ALIG RFAANTDLK LLCG I
hsADPGK  113   L          G A E                          GG                     P  D              A  F    E          E    Q  V  NA    Q         V      N  EEAFIHFMGK A   R FSDK TFHDIAQVAS FPGA HY     ALIG KFAANSDLK LLCG V
phADPGK   74   L          G A E                          GG                     P  Q LG IL SI   K A   V S EVR     YM  WGWDELR   Q GIMANLLGGVY IPVI HV QP    S  W  KR     LL V R   E....  RK       M   V           G    A    
pfADPGK   71   L          G A E                          GG                     P  Q LG IL SI   K A  FV S  VR     YM  WGWNELR   QAGIMANLLGGVY VPVI HV QS    S  W  RR     L  E CP  F....  KR       M               G    V    
tlADPGK   79   L          G A E                          GG                     P  E LG IL SI   K    FV S EVR     YL EWGWDELRI  QAGIMANLLGGVY IP I HV QE    G  R  KL   M W  E E   R....  R                        R  T V    

           TT                                  TT   TT               

mmADPGK  182    L   L  D    VP                  E    H I E           AP  NRFI   D  PK          VF                   Q ED       Y  G E   F          S   G   HEL .. DN    PES.............L    EF L L  LA E WGP K  HA    F H L
hsADPGK  182    L   L  D    VP                  E    H I E           AP  NRFI   D  PK          VF                   Q  D       Y  G E  Q           S   G   HEL .. DN    PES.............L  V EF L L  QA E WG LK  HA    F H L
phADPGK  139    L   L  D    VP                  E    H I E           AP  NRFI   D     QA  F  GPIY    E     LIHP E     ED I Y Y FPR F V DFE  RE      A DLSE   S  L       TF RGELR    R FRKG   C         N K L           GA   
pfADPGK  136    L   L  D    VP                  E    H I E           AP  NRFI   D     QA  F  GPIY    E     LIHP E   D EN I Y Y FPRGF V EFE  RE     SA DLSR   N  L       TL NGEVK    K FSG    C           R F           G    
tlADPGK  144    L   L  D    VP                  E    H I E           AP  NRFI   D  PK QA  F  GPIY    E     LVHP D   E EE I Y Y FPRGFQV D Q  RE      A DN     E  V       VF GNKLK    K AIA    L             F V         AN   

                                                             TT      

mmADPGK  236  N              E      L   SGL                                    H E    M M E FV S E      D  VL   H M  Q           KR  E          GIPV L S GA N L V  S L  FQ..P  V      M EG S.....KELQR  LL VVTAISDIPT       
hsADPGK  236  N              E      L   SGL                                    H E    M M E FV S E      D  VL   H M  Q           KR  E          GIPV L S GA N L V  S L  FQ..P  V      M EG S.....KELQR  LL VVTSISDIPT       
phADPGK  208  N              E      L   SGL                                    H EY   LY REE IE FE I    E AI    H L  E           K V E L ILN    GI   L   PI  V   W  R    AKRS    I    P TQ N.....HGKPI L R H K   ..DL  RA   
pfADPGK  205  N              E      L   SGL                                    H EY   LF REEF ESF  V    Q AIL     L  E             V   L VLN     IPV L   TT  I    R   S  IKNV        QA TK N.....YKEPFEI KSN E   ..ERE      
tlADPGK  213  N              E      L   SGL                                    H EY    YMR EF E FE I    E AI      L               RV   L ILN     V       ARV   R  R G    TRNV    I   QV KEYYPDGTTYRDVLD  ESH N   ..RYN KS F 

               .                                                     

mmADPGK  298  A                     S GLNE EL                          V               NR     IV  QV P                Q            D    DV    D L   LKEL SMT  ELMSS  H.  F AVA L    Q  LFLS SASGPHSSLSSW .GVP  GM S I FWI   
hsADPGK  298  A                     S GLNE EL                          V               NR     IV  QV P                Q            N    DV    D L   LKEL SMT  ELMSS  HQ  F AVT L    Q  LFLT SASGPHSSLSSW .GVP  GM S I FWI   
phADPGK  270  A                     S GLNE EL                          V          F FT D  VR  IV    L  F  V    V  ASV  V GE  LA         D     E L  L KE    P EV  LE  ..KL KH Y            VS M  KE  ERIISKDPA PIA I G LK I  
pfADPGK  267  A                     S GLNE EL                          V          F FT D  VR  I   NVL  F  V    V  ASI EI GE  LA         D     E M  L K     P EK  EE L..   GM Y            M  L  KK  KELLAHDPV PIA T A LK A K
tlADPGK  280  A                     S GLNE EL                          V          F YT NR VR   V  E LP F  V    V  ASI EI GD  LA    E     I    D M  LM E    A  R  EAL .. L  K T            M  I  EE  KEVL G...H FS I A NV  D 

                           TT                            TT          

mmADPGK  365  G          RIHFHT  Y    T                A       C        R     P                              D      Q    AA    A       E ID     L    E H RSENRASDLT      LV HILA V G.HWAN LAAV  G RV GTQA AT T  TN VS RA Q F
hsADPGK  366  G          RIHFHT  Y    T                A       C        R     P                              D      Q    AA    A       E ID     L    E H RSKSRASDLT      LV HILA V G.HWAN LAAV  G RV GTQA AT T  TS VS RA Q F
phADPGK  337  G          RIHFHT  Y    T                A                R     P   T         V       YG YLAL  E GE VRDALLF AL AA KAMKGN E   DI E L V   E  ........ K              R K  H       S     T      I KLS    G A  IG 
pfADPGK  334  G          RIHFHT  Y    T                A                R     P   T         V       YG YLAL    GE VRDALLFAAL AAAKAMKGN    EEI E   V  NE  ........ K              EYK  H                    ITSL     ATS  V  
tlADPGK  344  G          RIHFHT  Y    T                A                R     P   T         I       YG YLAL    GE VRDALLFA L AAAKAMKGN E IEQI D L V  NE  ........ E              QYR  E        S           L R      A S  T  

               TT                                                   

mmADPGK  433      E                         F P   C  P  TVG GD IS                         R    N D        EG         V K                             TTSHL SGS IVL. P KPVVEWHR  ITFH T VL   D VR   L  A  AEGLFYSEARPD    
hsADPGK  434      E                         F P   C  P  TVG GD IS                         R    N N        EG         V K                             MTSHS AGS IVL. P KPVVEWHR  ISFH T VL   D IR   L  A  AEGLFYSEVHPH    
phADPGK  398      E                         F P      P  TVG GD IS                        L  EF    D  G    E  Q   I TKVVK  KS   I  T  SSAFV EF        QGLEV KI EK  .SLR .. IGSI DY LT        K                 S  SLH.    
pfADPGK  395      E                         F P      P  TVG GD IS                        LR EY    E  G    EG Q   I TKIV   KS   I  T  SSAFI EF        KATQV EK  A  .GIK .. IGEV  Y IA       AK                 G  SFTL    
tlADPGK  405      E                         F P      P  TVG GD IS                        L  EF E EN  G       Q   V TKIV   KS   I  T  SSAFV EF        RAIVL EE EK  T F  .. LIDMVDR LA       AS                 S  GMRK    
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FIGURE 2. ADPGK structure-based sequence alignment. PromalS3D sequence alignment based on the structure of mouse ADPGK and the structures of archaeal
ADPGKs. Helices (�, 	), sheets (�), and turns (TT) in the structure of mADPGK are labeled. The mADPGK disulfide bond Cys are marked with green triangles. hADPGK
residues targeted for site-directed mutagenesis are marked with red stars. mm, M. musculus; hs, Homo sapiens; ph, P. horikoshii; pf, P. furiosus; tl, T. litoralis.
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1L2L) shows a rearrangement of secondary structure elements;
the structures of the �2 and �3 helices are not conserved for
mADPGK with �2 shifted and �3 replaced by an extended
�-strand region instead in mouse (Gly-97–Asp-105, helix �2;
Fig. 3). The core of the small domain; the �4, �5 helices and
�3-�4 strands are structurally conserved. Structural rigid body
superposition using RAPIDO (23) allowing two domain struc-
tural alignment resulted in superposition of mADPGK with the
closed P. furiosus ADPGK structure with an root mean square
deviation 0.9 Å compared with 5.2 Å calculated with a single
body superposition (359 C� atoms used for superposition in
both cases).

ADPGK Nucleotide Binding Site—Overall, the mADPGK
structure contains homologous glucose and nucleotide binding
sites compared with archaeal orthologues, although there are
differences in the details of key residues lining the active site.
The AMP-mADPGK structure reveals clear density for AMP
reaction product bound in the nucleotide binding site (Fig. 4, A
and B), whereas apo-mADPGK contains ordered solvent mol-
ecules in the active site. One striking feature of the mADPGK
structure is the presence of a disulfide bond between Cys-469 at
the “back” (relative to the ADP binding site) of the “large nucle-
otide-binding loop” (residues 466 – 476) that wraps around the
ADP adenine and Cys-414 at the C terminus of �-helix 13 (Fig.
4C). Sequence alignments show these cysteine residues to be
invariant among metazoan ADPGKs (Fig. 5), implying that the
disulfide is a conserved feature for this phylogenetic group but
not conserved for the archaeal enzymes. Archaeal ADPGKs
have a similar backbone conformation in the absence of a disul-
fide bond with the structural requirements of the large nucleo-
tide loop reinforced by hydrophobic contacts between the
structurally orthologous amino acids, i.e. P. furiosus ADPGk
Met-374 –Val-429 (T. litoralis ADPGK Met-384 –Val-440).
Unliganded archaeal ADP sugar kinases, have a flexible large
nucleotide-binding loop being either disordered in the absence
of nucleotide (phADPGK) (7) or undergoing a conformational
change upon nucleotide binding (ADPPFK) (24), inferring an
induced fit for this loop upon nucleotide binding for archaeal
enzymes. For ribokinases the large nucleotide (ATP) binding
loop is structured by the binding of monovalent cations (25).

The structure of the mADPGK large nucleotide loop, organized
in part by the disulfide, facilitates nucleotide positioning and
specificity for mADPGK. mADPGK contains the characteristic
ribokinase family NEXE (residues 324 –327) sequence motif
proposed as binding Mg2�. The AMP bound mADPGK struc-
ture shows Asn-324 and His-381 are positioned to interact with
the nucleotide �-phosphate. The main chain NH of Leu-478 –
Gly-479 provide a helical N-terminal �-helix capping oxyanion
site for electrostatic interaction with the nucleotide phosphate.
The main chain at the N terminus of helix �14 476 – 482 rigid
body shifts to accommodate the AMP, although overall tertiary
changes upon nucleotide binding are minimal (Fig. 4D) The
adenine 6NH2 and 1N interact with Cys-469 (of the disulfide
bond) main chain carbonyl and NH groups, respectively. Leu-
383, Ala-413, Val-468, and Leu-478 form hydrophobic contacts
with the adenine. Asn-227 and Arg-228 are located on the small
lid domain; if mADPGK undergoes a broadly similar domain
closure to archaeal ADPGK (10), then these two residues would
be positioned at the active site where they can contact nucleo-
tide PO4

2� (Fig. 1).
The sequence and structural differences between mamma-

lian and archaeal ADPGKs are comparatively greater on the
“small nucleotide-binding loop.” For archaeal ADPGK, it has
been proposed that a conserved Tyr (Tyr-357 for T. litoralis
ADPGK and Tyr-347 for P. furiosus ADPGK) is responsible for
the preference for ADP binding over ATP because its side chain
excludes the larger triphosphate nucleotide and places the ADP
into a binding mode where the �-phosphate is located in the
equivalent �-phosphate position found for ATP-dependent
ribokinases (9). A homologous Tyr is not conserved for mam-
malian ADPGK and instead is His at the equivalent position.
However, it has not been possible to convert an ADP-depen-
dent enzyme to utilize ATP based on this hypothesis (hADPGK
H382V/H387V; this study or Ref. 24). Furthermore, the mAD-
PGK nucleotide-binding site appears more open partly because
of replacement of another conserved archaeal ADPGK Tyr with
Leu-383 at the C-terminal end of �14 (Fig. 2). The AMP ribose
2 and 3 OH contact the Thr-382 and His-381 main chain
carbonyls and the His-381 side chain, respectively (Fig. 4),
interactions conserved for archaeal ADPGK. The large nucleo-

FIGURE 3. Structural superposition of mouse and archaeal ADPGK structures. The superposition of mADPGK�51 and T. litoralis ADPGK (PDB code 4B8R) in
ribbon representation. Regions distinctly different from the archaeal ADPGK on the small (�2) and large (�1 and �17/18) are colored (gray/blue for mADPGK
and yellow/red for T. litoralis ADPGK).
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tide binding loop (residues 466 – 476) and the strictly conserved
Ile-482 (and to a lesser degree Leu-478) on either side of the
catalytic Asp-480 (Fig. 2) are larger side chains compared with
ribokinases (e.g. Ala-253 PDB code 1RK2) (26) that position the
nucleotide along one “phosphate spacing” so that the ADPGK
ADP �-phosphate is in an equivalent position to the �-phos-
phate of ATP in ribokinase structures.

ADPGK Glucose Binding Site—Attempts to co-crystallize or
soak mADPGK with glucose have not been successful to date; in
the absence of a bound structure, it is possible to infer an ho-
mologous glucose binding site at the intermediate hinge region
between the large and small domains for the mADPGK struc-
ture based on archaeal ADPGK (Fig. 6). The mADPGK struc-
ture shows that the GG (157–158) ribokinase sugar-binding
sequence motif is conserved where the Gly-158 backbone NH
can interact with glucose 4OH (by homology to archaeal
ADPGK). mADPGK also contains the conserved glucose
ligands from the lid domain Asp-84 (�2) and Glu-130 (�3). If we

hypothesize a lid-closing mechanism equivalent to archaeal
ADPGK occurring for mADPGK, then Asp-84 and Glu-130
would be positioned so that their side chains could make hydro-
gen bonds with the glucose 3 and 4OH, and 2OH, respectively.
His-207 contacts with 2 and 3OH, further contributing to
hexose specificity (8). One difference for mADPGK is Cys-82,
which is Asn for archaeal ADPGKs (e.g. P. furiosus ADPGK
Asn-32 and tlADPGK Asn-40) with the mADPGK sulfhydryl
potentially in contact distance of the glucose 3OH. Another
difference for mADPGK is the larger amino acids His-264 –
Met-265 compared with archaea T. litoralis ADPGK Gln-243–
Ala-244 and P. furiosus ADPGK Gln-235–Val-236. The Met-
265 side chain is positioned within 4 Å of the glucose-binding
site, approaching the 2OH position. The catalytic Asp-480 is
positioned within 3 Å of the glucose 6OH in this binding model.
RAPIDO structural superposition of mADPGK with liganded
archaeal ADPGK, allowing rigid body rotation of the two
domains, positions conserved residues from the lid domain

FIGURE 4. Mouse ADPGK nucleotide binding. A, the orientation and color coding of the structural representation are similar to Fig. 1. AMP and selected side
chains are shown in stick representation color-coded by atom type. B, electron density around the AMP bound to ADPGK. The electron density is displayed as
a blue mesh (contoured at 1.0 �) and clipped to the AMP molecule. C, electron density defining the ADPGK disulfide bridge. The electron density is displayed
as a blue mesh (contoured at 1.2 �). D, backbone representation of the apo- (blue) and AMP-bound (red) mADPGK structures. The AMP and the disulfide
bond are displayed in green and yellow stick representation, respectively.
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active site residues in close proximity to the glucose and ADP-
binding sites, further highlighting the conservation with
archaeal ADPGK.

ADPGK Functional Characterization—31P NMR activity
assays confirmed that D-glucose and ADP are substrates for
human ADPGK. The assay monitored the disappearance of the
substrate peak corresponding to ADP and appearance of signals
for the products glucose-6-phosphate and AMP (Fig. 7). No
activity was observed for any of the other sugars tested; 2-de-
oxyglucose, L-glucose, methyl-�-D-xylopyranoside, D-glucosa-
mine, L-rhamnose, D-tagatose, 3-O-methyl-D-glucopyranoside,
1-O-methyl-�-D-glucopyranoside, 1-O-methyl-�-D-glucopyran-
oside, D-arabinose, L-arabinose, myo-inositol, D-ribose, D-xy-
lose, D-galactose, D-fructose, D-mannose, D-fructose-6-phos-
phate, and �-D-glucose-1-phosphate.

The kinetic analysis for human ADPGK has been extended
from previous studies (3) to include enzymatic parameters for
ADP and to model the inhibition observed at higher glucose
and ADP substrate concentrations, as well as AMP product
inhibition. The pH profile for human ADPGK was determined
with a single maximum activity at pH 7.5 in the range tested (pH
6.0 –9.5). Allowing for inhibition at increased substrate concen-
trations in the kinetic model resulted in a Vmax of 30 units/mg
protein, an apparent Km for glucose of 0.48 mM (�0.09) with an
apparent Ki for glucose inhibition of 2.9 mM (�0.6) for
hADPGK (Fig. 8). The apparent Km for ADP was 0.56 mM

(�0.09) with apparent substrate inhibition Ki of 9.1 mM (�1.5).
The Ki for AMP inhibition was 0.5 mM (�0.07) (Fig. 8). hAD-

hsADPGK  410 A C    A      TID  R  V            L A   F  S        I GTQ  AT..E   TS .. ...........S R PQE MT HSEA.GSR VLNPNK
mmADPGK  409 A C    A      TID  R  V            L A   F  S        I GTQ  AT..E   TN .. ...........S R PQE TT HLES.GSR VLNPDK
ptADPGK  409 A C    A      TID  R  V            L A   F  S        I GTQ  AT..E   TS .. ...........S R PQE MT HSEA.GSR VLNPNK
btADPGK  410 A C    A      TID  R  V            L A   F  S        V ATQ  AT..E   TR .. ...........S K PHE MT RLEA.GSR VLNPNE
ecADPGK  409 A C    A      TI   R  V            L A   F  S        I GTQ  AT..E  NAS .. ...........S R PRE MT HSEA.GSR VVNPNK
ocADPGK  408 A C    A      TID  R  V            L A   F  S        I ATQ  AT..E   AS .. ...........S R PQE VT RLEV.GSR VLNPRE
ggADPGK  404 A C    A      TID  K  V            L A   F  S        I GVQ  AT..E   TS .. ...........F K PLE VT QIDA.PSK SLNPDE
drADPGK  411 A C    A      TID  K  V            L A   F  S        L SSQ  GL..Q   IS .. ...........L K PLN HS FSEP.RES KVEPSR
xtADPGK  406 A C    A      TI   R  V            L     F  S        V STQ  AS..K  NAN .. ...........T KTPLE ST QEQA.GSR RVSAQE
ceADPGK  409 A C           TMD     L            I     F GRLS NIGAN   SEL.. ...........E RTPAN VLDKK.I.EKNYQFEAHN
spADPGK  389 A C    V       VD  K               L M   F  S        I HRH  AS..SE  MA ..S...........R I DDS SV MEDG.SRK PLDVDK
siADPGK  393 A C    V      NVD  K  A            L M   F  S        I NRH  AS..S   VK .. ...........T I DDS ST IVD..GTR ALNIDK
bmADPGK  401 A C    V      NI   K  V            L L   F  T        V HRY  NS..Q  ALE .. ...........K L DDS ST TDNDNTSR FFEPTK
dmADPGK  409 A C    V       I      V              L   F  S        M HRY  KS..QF NPEA.. ...........LQV DDS AT AQAD.APR RIGAAS
ttADPGK  384 A             D     L                  F           I LQESENKERSFF FEPQK KISVPEQ..IILPFFDDT NIIQSDQGQKS EFNPED
tlADPGK  379 A    A       IE  R  L              L   F AAK MKGNLER  QI DA SVPTNERAIVLEEE EKE TEFEN.............
pfADPGK  369 A    A      SLE  R                 L   Y AAK MKGNIT   EI EATSVPVNEKATQVEEK RAE G.IKE.............
phADPGK  372 A    A       L   R  L              L   F ATK MKGNIEK SDI EG AVPIGEQGLEVEKI EKE S.LRD.............

hsADPGK  451                          P C     T G  D ISPV  W              IS     VLV   P R V LG      GL  S  VE HRE..........G  FHFT     KD I       A  AE  FY EVHPHY
mmADPGK  450                          P C     T G  D ISPV  W              IT     VLV   P R V LG      GL  S  VE HRE..........G  FHFT     KD V       A  AE  FY EARPD.
ptADPGK  450                          P C     T G  D ISPV  W              IS     VLV   P R V LG      GL  S  VE HRE..........G  FHFT     KD I       A  AE  FY EVHPHY
btADPGK  451                          P C     T G  D ISPV  W              VS     VLV   P R V LG      GL  S  VE HRE..........G  FHFT     KD V       A  AE  FY EVHPHL
ecADPGK  450                          P C     T G  D ISPV  W              IS     VLV   P R V LG      GL  S  VE HRE..........G  FHFT     KD I       A  AE  FY EVHPHY
ocADPGK  449                          P C     T G  D ISPV  W              VS     VLV   P R V LG      GL  S  VA HRE..........G  FHFT     KD V       A  AE  FY EVHPR.
ggADPGK  445                          P C     T G  D ISPV  W              IS     VLV   P R V LG      GL  S  VH HRE..........G  FHFT     KD V       A  AE  LY EIYLQ.
drADPGK  452                          P C     T G  D ISPV  W              VS     VLV   P R V LG      GL  S  TV RRG..........N  FHLT     KQ L       A  AE  VF ELTSEV
xtADPGK  447                          P C     T G  D ISPV  W              VT     VLI   P R V LG      GL  S  AV SRE..........G  FHFT     KD V       A  AE  LF EATSQH
ceADPGK  451                          P C     T G  D ISPI  W              V      VLV   P K V I       GL  S  AS MRE..........D LFVFT     RL S     D A  AT  LY QFYRLN
spADPGK  430                          P C     T G  D ISPV  W                     VLV     K A  G      GL  Q  SC KED..........DYEICVA     TQVH    G  N  SA  SV I.....
siADPGK  433                          P C     T G  D ISPV  W              IQ     VLV       A  G      GL  Q  SC DEILKVE..SEDIS  VCVA     TQASQ   G  N  SA  VL I.....
bmADPGK  443                          P C     T G  D ISPV  W              V      VLI       A AG      GL  Q  AC EEILNGD......S EICIA     TEAQL      N  AA  VL VEK...
dmADPGK  450                          P C     T G  D ISPV  W              V      VLV     K A AG      GL  Q  PC REYIQYGRHRQRLE EICVA     REAR       N  AS  AA L.....
ttADPGK  439                          P         T G  D ISPV  W              I       I    P K   LG      GL  SC NPH.........KS ECCVA N QVIH Q  C    N  ST  VYHKVISKQ
tlADPGK  423                          P         T G  D IS                    Q       I   P   V IG.......G.....LIDMVDR LAFV TK VAS KS      T  SSAFVSEFGMRKR
pfADPGK  412                          P         T G  D IS                    Q       I   P   V IG.......G.....IGEVEGY IAFI TK VAK KS      T  SSAFIGEFSFTL.
phADPGK  415                          P         T G  D IS                    Q       V   P   V IG.......G.....IGSIEDY LTFI TK VKK KS      T  SSAFVSEFSLH..

FIGURE 5. Sequence alignment of the C-terminal region of ADPGKs from Eukaryotes and Archaea. hs, H. sapiens; mm, M. musculus; pt, Pan troglodytes; bt,
Bos taurus; ec, Equus caballus; oc, Oryctolagus cuniculus; gg, Gallus gallus; dr, Danio rerio; xt, Xenopus tropicalis; ce, Caenorhabditis elegans; sp, Stronglycentrotus
purpuratus; si, Solenopsis invicta; bm, Bombyx mori; dm, Drosophila melanogaster; tt, Tetrahymena thermophila; tl, T. litoralis; pf, P. furiosus; ph, P. horikoshii.
Cysteine residues homologous to those involved in the formation of the disulfide bond observed in M. musculus ADPGK are highlighted with yellow shading.
The disulfide bond cysteines are indicated with a green triangle. The disulfide bond cysteines are highly conserved in Eukarya but absent in Archaea.

FIGURE 6. Mouse ADPGK glucose binding site. The mouse ADPGK glucose
binding site inferred from homology to archaeal ADPGK by structural super-
position of mADPGK (gray), and glucose/AMP bound T. litoralis ADPGK (PDB
code 4B8S, yellow). The D-glucose (green) from 4B8S is displayed. All labels
refer to mADPGK amino acids.
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PGK showed reduced activity with GDP (Vmax 1.5 units/mg),
relative to ADP, with an apparent Km of 2.9 mM (�0.8). Little
activity was observed for CDP, Vmax 0.05 unit/mg. N-terminal
truncations of human or mouse ADPGK (�50/�51, respec-
tively) retained activity comparable with that of the full-length
enzyme, but truncation of the N-terminal 151 amino acids
(�151) abolished activity. Neither full-length nor N-terminally
truncated ADPGK showed any observable activity with ATP.
The hADPGK site-directed mutants showed either greatly reduced
(D84A Vmax 0.0004 unit/mg; R228A Vmax 0.31 unit/mg, Km � 0.27
mM for ADP and 0.23 mM for glucose; H264A Vmax � 0.0051
unit/mg; D481A Vmax � 0.15 unit/mg; D481N Vmax � 0.017
unit/mg) or no detectable activity (H387A, D481E, and the dou-
ble mutant H382V/H387V). Mutant hADPGK-H264A showed
a greatly increased apparent Km for glucose (5 mM), and no
substrate inhibition could be detected for this variant with glu-
cose concentrations of up to 55 mM.

Discussion

The overall fold of Mus musculus ADPGK is ribokinase-like,
similar to archaeal orthologues although details differ in sec-
ondary structural elements of the lid domain and on the surface
around the N terminus of the large domain. For crystallization
the mouse ADPGK has been N-terminally truncated at residue
52 (�51) to the “core” ADPGK structure (conserved with
archaea; Fig. 2). The very N terminus (residues 1–21) is pre-
dicted to be a signal sequence consistent with ER localization.

The mammalian ADPGK large nucleotide-binding loop is
structured by a disulfide bond between two conserved cys-
teines; Cys-414 and Cys-469 for mADPGK�51 with the loop
conformation retained in the absence of nucleotide. The only
other ADPGK structure without a nucleotide bound is the P.
horikoshii ADPGK (PDB code 1L2L), where the large nucle-
otide-binding loop is not defined in the electron density. Com-
paring the apo- and AMP-bound mADPGK structures shows
that the large nucleotide binding loop is preformed in the
absence of nucleotide. Mouse ADPGK was able to use GDP and
CDP as phosphoryl donor with 55 and 12% relative (to ADP)

activity remaining, respectively (2), compared with hADPGK
with 5 and 0.2% activity with GDP and CDP, respectively.
Human ADPGK showed no catalytic activity with UDP or TDP.
In contrast, most archaeal ADPGKs, ADPPFKs, and ADPGK/
PFKs can utilize nucleotide diphosphates other than ADP (27).
For example, P. furiosus and T. litoralis ADPGK can use CDP at
a similar rate to ADP, albeit with a much higher Km (28), and
lower catalytic rates were reported for the nucleotide diphos-
phates GDP, UDP, and IDP. On the other hand, no alternative
nucleotide substrate utilization was observed for the Archaeo-
globus fulgidus ADPGK (29). No ADP-dependent kinase has
been identified that can use nucleotide triphosphate as phos-
phoryl donor, including the mutant hADPGK-H382V/H387V,

FIGURE 7. 31P NMR spectra for screening substrate specificity of human
ADPGK. A control reaction with MgADP and D-glucose is shown at the bot-
tom, where the signals for the products AMP and D-glucose-6-phosphate are
indicated. No product was detectable for all other spectra and the signal
intensity for the �- and �-anomers of ADP remained unchanged. G-6-P,
glucose-6-phosphate.

A

B

C

FIGURE 8. Human ADPGK kinetic analysis. A, the rate of enzymatic activity
of hADPGK as a function of increasing concentration of D-glucose. Units (U)
are defined as �mol/min. hADPGK showed inhibition at higher substrate con-
centrations, and the kinetic parameters were determined accordingly. The Km
and Ki for D-glucose were 0.48 mM and 2.9 mM, respectively. R2 � 0.95. Error
bars show standard deviation. B, the rate of enzymatic activity of hADPGK as a
function of increasing concentration of MgADP. The Km and Ki values for
MgADP were 0.56 mM and 9.1 mM, respectively. R2 � 0.96. C, enzyme kinetics
of hADPGK, product inhibition by AMP as a function of increasing concentra-
tion of MgADP. AMP is a competitive inhibitor for MgADP binding to ADPGK
with a Ki of 0.50 mM. The legend on the right shows the concentration of AMP.
R2 � 0.96. The kinetic parameters were determined by nonlinear regression
with Prism 6.0.
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which was designed with the aim of increasing active site vol-
ume to generate an ADPGK variant that could utilize ATP. An
equivalent mutation in P. furiosus ADPPFK also did not result
in a variant that could use ATP (24). The disulfide bond is con-
sistent with the observed ER localization of mammalian
ADPGK in tissue culture cell lines (4) and a predicted signal
sequence. Sea urchin, various insects, and tetrahymena
ADPGK (Fig. 6) contain an additional pair of cysteines that
when aligned to the mADPGK structure are equivalent to res-
idues Glu-453 and His-462 positioned adjacently across two
�-strands (�19 and �20) at the appropriate distance to predict
an additional disulfide in the ADPGK from these organisms.

It has been previously predicted that hADPGK residues
72– 89 form an amphipathic helix proposed to be an ER mem-
brane anchor (4). The mADPGK crystal structure shows this
region to form two consecutive �-strands (�1 and �2) perpen-
dicular to one another (with a bend in the middle around the
cis-peptide at Gly-78) running from the large domain through
the hinge region to the lid domain. This extended �-strand
region forms part of the glucose-binding site with residues
Cys-82 and Asp-84 lining the active site. It seems unlikely that
this region would be membrane-inserted because it would
require complete unfolding of the ADPGK structure to achieve
this. The cis-peptide is present for P. furiosus ADPGK in which
the Gly is conserved, but where Gly is substituted for Ala, e.g. T.
litoralis ADPGK and P. horikoshii ADPGK, it is a trans-peptide.
Based on the crystal structure, it is more likely than any mem-
brane-inserted region of mADPGK region is N-terminal to res-
idue 52, although no consensus membrane anchor regions are
readily identified from the sequence other than the N-terminal
signal sequence. The N-terminal �50-amino acid region, not
present in the mADPGK structure, is the most divergent region
with respect to eukaryotic enzymes and is not present in
archaeal ADPGK. There are two predicted N-terminal helices,
one of which is proposed to be a cleavable signal peptide,
although a role in membrane association anchoring cannot be
ruled out by bioinformatic analysis alone, and then a Pro-Gly
rich region. An interaction of human ADPGK with cholesterol
has been identified (5); however, inspection of human and
mouse ADPGK sequences reveals no unambiguous match to
cholesterol binding consensus sequences such as the CRAC/
CARC motifs, although other sequences can bind cholesterol
(30).

hADPGK showed inhibition at biologically relevant glucose
substrate concentrations, with activity reduced to �50% at a
concentration of 5.0 mM, suggesting that high D-glucose con-
centrations may exhibit a regulatory effect. The Km value for
ADP of hADPGK of 0.56 mM is within a comparable range to
the mouse enzyme (2). Eukaryotic ADPGKs showed substrate
inhibition for MgADP and product inhibition by AMP,
although with relatively large Ki values relative to physiological
nucleotide concentrations (31). The role of key catalytic resi-
dues was investigated by site-directed mutagenesis. Mutating
the hADPGK catalytic Asp to D481A, D481N, or D481E
reduced the relative activity to 0.5, 0.05, or 0%, respectively. An
N-terminally truncated variant with the D481A mutation,
hADPGK�50-D481A, was also inactive. The mutation R228A
resulted in catalytic activity as low as 1% of the wild type enzyme

with the apparent Km values of 0.27 mM for ADP and 0.23 mM

for glucose, which is still comparable the wild type enzyme. The
R228A ADPGK is predicted to be unable to stabilize the termi-
nal phosphate sufficiently during the reaction, whereas the sub-
strate binding is affected to a lesser extent. A metal ion com-
plexed with ADP is essential for ADPGK activity (32), although
to date no definitive site for cation binding has been confirmed
for any of the ADPGK crystal structures, as is the case for the
mADPGK structures reported here. An exact role for the Mg2�

has not been elucidated, although for ribokinases, it has been
hypothesized to stabilize transition state formation by increas-
ing the electrophilicity of the phosphate for transfer (33).

Human ADPGK was found to be specific for D-glucose. The
utilization of alternative phosphoryl acceptors was determined
by monitoring ADP disappearance and AMP appearance by 31P
NMR, thus eliminating possible complications of a linked enzy-
matic assay, where the produced phosphorylated products may
not be compatible with the linker enzymes. ADPGK from
T. litoralis and P. furiosus had less than 10% of their activity
with the hexoses galactose, fructose, or mannose (28, 34, 35).
The archaeal enzymes were also able to utilize 2-deoxyglucose
as phosphoryl acceptor to a certain extent. The A. fulgidus
ADPGK was not able to use hexoses other than D-glucose and
had low activity with 2-deoxyglucose (29). Human ADPGK, as
for mADPGK shown previously (2), is not able to utilize 2-de-
oxyglucose as substrate. This was also this case for the mutant
hADPGK-H264A, which was tested for different phosphoryl
group acceptors because of its elevated Km for glucose. The fact
that eukaryotic ADPGK is apparently unable to accept a hexose
phosphoryl acceptor modified in the 2-position has implica-
tions for probes used in positron emission tomography, an
imaging technique widely in visualization of malignant tumor
tissues that exploits the elevated glucose consumption of tumor
cells. 2-18F-fluoro-2-deoxy-D-glucose is frequently used for
positron emission tomography imaging of tumors, which is
metabolized after uptake into the cells by the hexokinases to
2-18F-fluoro-2-deoxy-D-glucose-6-phosphate, which in turn
cannot be further metabolized and is visualized by the positron
emission tomography scanning technique (11, 36). A lack of
ADPGK activity with 2-18F-fluoro-2-deoxy-D-glucose could
therefore lead to an underestimation of the total conversion of
glucose to glucose-6-phosphate, which is an important metric
in diagnosis.
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