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NAD kinase is a ubiquitous enzyme that catalyzes the phosphorylation of
NAD to NADP using ATP or inorganic polyphosphate (poly(P)) as
phosphate donor, and is regarded as the only enzyme responsible for the
synthesis of NADP. We present here the crystal structures of an NAD
kinase from the archaeal organism Archaeoglobus fulgidus in complex with
its phosphate donor ATP at 1.7 A resolution, with its substrate NAD at
3.05 A resolution, and with the product NADP in two different crystal
forms at 245 A and 2.0 A resolution, respectively. In the ATP bound
structure, the AMP portion of the ATP molecule is found to use the same
binding site as the nicotinamide ribose portion of NAD/NADP in the
NAD/NADP bound structures. A magnesium ion is found to be
coordinated to the phosphate tail of ATP as well as to a pyrophosphate
group. The conserved GGDG loop forms hydrogen bonds with the
pyrophosphate group in the ATP-bound structure and the 2’ phosphate
group of the NADP in the NADP-bound structures. A possible phosphate
transfer mechanism is proposed on the basis of the structures presented.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: crystal structure; NAD kinase; ATP-binding; NADP-binding;

*Corresponding author phosphate transfer

Introduction

Nicotinamide adenine dinucleotide (NAD) and
its phosphorylation product nicotinamide adenine
dinucleotide phosphate (NADP) are two of the
most important coenzymes in the cell. The import-
ance of NAD and NADP as electron carriers in
energy metabolism has long been known. Recent
studies have shown that NAD and NADP are key
molecules involved in a plethora of different
biochemical processes, such as signal transduction,
transcription, DNA repair, and detoxification
reactions." The only enzyme that catalyses the
phosphorylation of NAD to NADP in the presence
of a phosphoryl donor, generally ATP or inorganic
polyphosphate, is the ubiquitous enzyme NAD
kinase (EC 2.7.1.23) (Figure 1). Since NAD kinase is
the only enzyme leading to the biochemical
formation of NADP, it is the key enzyme that

Abbreviations used: MAD, multi-wavelength anoma-
lous dispersion; CCD, charge-coupled device; Ppnk,
M. tuberculosis NAD kinase; Afnk, A. fulgidis NAD
kinase.

E-mail address of the corresponding author:
SHKim@Ibl.gov

regulates the NADP level and the NADP-depen-
dent anabolic and biosynthetic pathways in the cell.
This enzyme has been proposed to be also a
potential novel antimicrobial drug target.*

To date, this enzyme has been identified, purified
and characterized in bacteria, plants, vertebrates and
human sinceits discovery several decades ago.” ! All
NAD kinases form a multimeric state in solution and
divalent metals (usually magnesium) are essential for
carrying out their activities. Within the characterized
NAD kinases, enzymes from some bacterial organ-
isms such as Mycobacterium tuberculosis H37Rv
(Ppnk), Mycobacterium flavus and Bacillus subtilis
have been shown to utilize both inorganic polyphos-
phate (poly(P)) and nucleoside triphosphates as
phosphate donors for catalysis, and were designated
as poly(P)ATP-NAD kinase,>” while NAD kinases
from other bacterial organisms such as Escherichia coli
and higher organisms such as Saccharomyces cerevisiae
and human utilize only nucleoside triphosphates as
phosphate donors for catalysis and are designated as
ATP-NAD kinase.*®! It is interesting to note that
the poly(P) is also proposed as an “ancient” energy
carrier preceding ATP.'?

All NAD kinases contain a conserved catalytic
region and the NAD kinases from eukaryotic

0022-2836/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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Figure 1. NAD kinase reaction. The y-phosphate of ATP and the 2’ phosphate group of NADP are indicated by arrows.

organisms have an extra N-terminal sequence. Two
highly conserved and functionally important motifs
have been identified within the NAD kinase famil¥:
a GGDG motif and a Gly-rich motif (Figure 2).">"*
The role of the Gly-rich motif in NAD binding has
been confirmed by mutagenesis and structural
studies.'>'>'® The GGDG motif has been proposed
to be a highly conserved motif in a super-family that
includes diacylglyceride kinase, sphingosine
kinase, NAD kinase and 6-phosphofructokinase.'*
The 6-phosphofructokinase protein family has been
studied extensively by crystallography, where the
conserved GGDG motif has been observed to be
involved in ADP—binding.17 This motif (SGDG in
the sphingosine kinase family) is proposed to
participate in nucleotide-binding in human sphin-
gosine kinase.'® For NAD kinases, the mutation of
D to A in the GGDG motif in Ppnk led to complete
loss of NAD kinase activity.'® However, the
mechanistic role of the conserved GGDG motif in
NAD kinases has not been established.

Although NAD kinase was discovered several
decades ago, its structural basis was not determined
until very recently. In 2004, the crystal structures of
Ppnk and its complex with NAD were deter-
mined."'® These structures revealed a new struc-
tural fold involved in oligomerization of Ppnk and
the NAD-binding mode. However, several key
questions related to NAD kinases are still not
answered. One important question is how NAD
kinase binds its phosphate donor ATP or poly(P).
There is very little information as to where the
phosphate donor binds NAD kinase except that the
GGDG motif mi%ht be involved in nucleotide
substrate binding.'”'®* Here, we report four struc-
tures of an NAD kinase from the archaeal organism
Archaeoglobus fulgidus (Afnk): (1) in complex with its
substrate NAD (Afnk-NAD); (2) in complex with
phosphate donor ATP (Afnk-ATP); and (3) in

complex with the product NADP in two crystal
forms (Afnk-NADP and Afnk-NADP2). The struc-
tures of this NAD kinase in complex with its three
different ligands revealed detailed structural infor-
mation about how NAD kinases bind the phosphate
donor ATP, and how the conserved GGDG motif
interacts with ATP or NADP. On the basis of the
structures presented, a phosphate transfer mechan-
ism for NAD kinases is proposed.

Results
Structure determination

The structure of Afnk was first solved in an
NADP-bound form. The crystals of Afnk-NADP
were obtained using PEG 6 K as precipitant and
they belong to space group P4,2,2, with unit cell
dimensions of a=122.1 A, ¢=198.6 A with four
molecules in the asymmetric unit. The crystal
structure was determined by the multi-wavelength
anomalous dispersion (MAD) method using seleno-
L-methionine (SeMet) substituted protein. The
structure was refined at 2.45 A resolution with
Rfree=26.4% and an R-factor of 22.1%. The crystals
contained NADP, although no NADP was added
during the purification and crystallization steps.
The final model is of good quality: It includes all
residues from the four monomers in the asymmetric
unit, four well-defined NADP molecules and 389
water molecules (Table 1). PROCHECK shows 90%
of the residues are in the most favored regions of the
¢-¢ plot and there is no outlier.'?

A different crystal form of the Afnk-NADP
complex (Afnk-NADP2) was found when using
ammonium sulfate as the precipitant. These crystals
belong to space group, P2,2:2, with unit cell
dimensions of a=629 A, b=764 A, ¢c=120.0 A
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Figure 2. Multiple sequence alignment of NAD kinases from different organisms. Sequences of NAD kinase from
A. fulgidus (Af_NK), Arabidopsis thaliana (At_NK), Homo sapiens (Hs_NK), Saccharomyces cerevisiae (Sc_NK) and
M. tuberculosis (Mt_NK) are aligned together using Clustal W.*’ The secondary structure of Afnk is labeled on top of the
sequence (arrows, B strands; squares, a-helices). Residues that are involved in NAD(P) or ATP binding are shown in red.
Residues that interact with the AMP portion of the NADP molecule are labeled in cyan, and residues that interact with
the AMP portion of the ATP molecule and nicotinamide ribose portion of the NADP molecule are labeled in green. The
GGDG motif, Gly-rich-motif, and GXXG conserved motifs are labeled in boxes.

with two molecules in the asymmetric unit. The
structure of Afnk-NADP2 was determined by
molecular replacement using a dimer of the Afnk-
NADP tetramer model (AA’ dimer, see below) as a
search model. The final model of Afnk-NADP2 was
refined at 2.0 A resolution with R =26.4% and an
R-factor of 21.2%. In the final model, three sulfate
ions were modeled in accordance with the differ-
ence electron-density maps. The final model of
Afnk-NADP2 includes all residues of the two Afnk
molecules in the asymmetric unit, two NADP
molecules, three sulfate ions and 299 water
molecules. PROCHECK shows 92% of the residues
are in the most favored regions of the ¢-¢ plot and
there is no outlier."”

In order to obtain the Afnk apo protein, the
purified Afnk-NADP protein was denatured and
refolded (see Materials and Methods). The crystals
of Afnk-NAD were obtained by co-crystallizing

the refolded Afnk protein with 10 mM NAD. These
crystals are in the same crystal form and unit cell as
the Afnk-NADP crystals. The structure of the NAD
complex was refined at 3.05 A using the apo portion
of the Afnk-NADP tetramer as a starting model.
The final model of Afnk-NAD structure contains a
tetramer of Afnk in the asymmetric unit with one
NAD molecule bound to each monomer. PRO-
CHECK shows 84% of the residues are in the most
favored regions of the ¢-¢ plot and there is no
outlier.”

The crystals of Afnk-ATP were obtained by co-
crystallizing the refolded Afnk protein with 25 mM
ATP and 50 mM magnesium acetate. The Afnk-ATP
crystals belong to space group P1 with unit cell
dimensions of =553 A, b=69.7 A, c=763 A, o=
106.4°, B=111.3°, y=101.3° with four molecules in
the asymmetric unit. The structure of Afnk-ATP
was determined by molecular replacement using
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Table 1. Crystallographic data processing and refinement statistics

Afnk-NADP

Afnk-NADP2 Afnk-NAD Afnk-ATP
Se-Met Se-Met Se-Met
peak inflection  remote (H) Native Native Native Native
A. Data collection
Cell dimensions
a, b, c(A) 122.1,122.1, 198.6 62.96, 76.38, 122.1,122.1, 55.25, 69.73,
120.00 198.6 76.28
o, B, v (deg.) 106.35, 111.32,
101.30
Space group P4,2:2 P2,2:2 P442:2 Py
No. molecules in a.u.? 4 2 4 4
Wavelength (nm) 0.9796 0.9798 0.9600 1.0000 1.0000 1.0000 1.0000
Resolution 3.0 3.0 3.0 2.45 2.0 3.05 1.7
No unique reflections 56,829 56,045 55,881 62,727 45,278 29,339 100,976
Completeness (%) (final) ~ 99.7 (98.5)  98.8(96.8) 985 (96.8)  99.3 (99.9) 97.8 (91.9) 98.5 (96.2) 97.0 (95.3)
1/ (final) 23.8 (2.4) 213(2.1) 202200  13.2(1.0) 17.4 (1.36) 13.9 (1.2) 134 (2.0)
Rgym (%) (final) 0.102 (0.84)  0.100 (0.83)  0.103 (0.84) 0.093 (0.99) 0.065 (0.76) 0.116 (1.0) 0.086 (0.7)
Afnk-NADP Afnk-NADP2 Afnk-NAD Afnk-ATP
B. Refinement statistics
Structural determination method MAD MR MR MR
No. molecules in asymmetric unit 4 2 4 4
Resolution range (A) 20.0-2.45 20.0-2.0 20.0-3.05 20.0-1.7
No. reflections (working/test) 59,749 /2977 43,006/2271 23,248/1208 95,862/5111
Reree/ Reactor 0.264/0.221 0.264/0.212 0.272/0.206 0.231,/0.200
No. protein atoms (nonhydrogen) 7856 3628 7856 7856
Ligand type and number NADP, 4 NADP, 2; SOy, 3 NAD, 4 ATP, 4; Mg2+, 4
Pyrophosphate, 4
No. water molecules 389 299 133 404
Rms deviations from ideality
Bond lengths (A) 0.016 0.013 0.011 0.009
Bond angles (deg.) 1.638 1.523 1.354 1.213
Ramachandran plot
Most favored regions (%) 90 92 84 92.4
Additionally allowed regions (%) 10 8 12 7.6
Generously allowed regions (%) 0 0 0 0
Disallowed regions (%) 0 0 0 0

? a.u., Asymmetric unit.

the apo portion of the Afnk-NADP tetramer as a
search model. The final structure was refined at
1.7 A with Rgee=23.1% and an R-factor of 20.0%.
The final model contains all residues of the Afnk
tetramer in the asymmetric unit with each mono-
mer bound to an ATP molecule, a magnesium ion
and a pyrophosphate group. PROCHECK shows
92.4% of the residues are in the most favored
regions of the ¢- plot and there is no outlier."

Overall structure

The monomer structure of Afnk is composed of six
o-helices and 16 B-strands organized into two
domains: the N-terminal domain (NTD) and the
C-terminal domain (CTD) (Figure 3(a)). The NTD
(Met1-Ala100 and Ala229-Gly249) contains an o/
fold where a central parallel four-stranded B-sheet
(strand order: B2, B1, B3, B4) is flanked by four
a-helices, two on one side (a1 and a4), and two on the
other side (a2, &3). Another C-terminal a-helix (a.6) is
parallel with the central B-sheet. The B5 and p16 form
a hinge region between the N and C-terminal
domains, with B5 coming from the NTD and B16
coming from the CTD. The CTD (Met101-Pro228) is

composed of nine B strands (from B6-f15) and one
a-helix (a5) located between B9 and B10. The nine
B-strands form a two layer B-sandwich. NAD,
NADP and ATP are all bound in the deep cleft
between NTD and CTD (Figure 3(a)—(c)).

The overall fold of Afnk is similar to the Ppnk
structure reported previously."”'® The superposi-
tion of 215 Ca atoms between Ppnk and Afnk-
NADP led to an rmsd of 1.6 A. The major difference
between the two structures is that Ppnk has a 30
amino acid residue insertion between B2 and o2,
which includes an extra B-strand and a disordered
region. Ppnk also has an extra loop at the
C-terminal end (data not shown).

Superposition of all 249 Ca atoms among the four
structures_of Afnk complexes led to an rmsd of
0.24-0.32 A, suggesting different ligand-binding
has very little effect on the overall protein confor-
mation (Figure 3(d)). The only large conformational
change observed was the loop region between B4
and o4, which encompasses residues Thr69 to
Leu74. This part of the loop includes two highly
conserved residues, Gly71 and Gly74, which we
define as the GXXG conserved box (Figure 2). The
functional role of this loop is not known.
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Figure 3 (legend next page)

Oligomeric structure of Afnk

NAD kinases are known to form a multimeric
state with a tetrameric state observed for both the
Ppnk apo and NAD complex structures.">'® Afnk
also exists in a tetrameric state in both the refolded

Afnk protein and its NADP complex according to
size-exclusion chromatography and dynamic light-
scattering data (data not shown). In the crystal
structures, the AInk-NAD, Afnk-NADP and Afnk-
ATP all form a tetramer, while the Afnk-NADP2
forms a tetramer through the crystallographic dyad
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Figure 3. Stereo view of the ribbon diagram of Afnk in complex with ATP, NADP and NAD. The a-helices, B-strands,
and loops are shown in cyan, green and orange, respectively. ATP, pyrophosphate (POP), NAD, NADP, and SO, are
shown as ball-and-stick models. The magnesium ion is shown as a sphere. The atom labeling is as follows: C, green; N,
blue; O, red; P, pink; Mg, orange; S, yellow. N and C termini are indicated. (a) Stereo view of the ribbon diagram of Afnk
in complex with ATP, magnesium and a pyrophosphate group. (b) Stereo view of the ribbon diagram of Afnk in complex
with NADP and SO,. (c) Stereo view of the ribbon diagram of Afnk in complex with NAD. (d) Stereo view of the
superposition of structures of the Afnk-NAD, Afnk-NADP, Afnk-NADP2, Afnk-ATP. The loop region of Thr69-Gly74 is
shown in different colors; Afnk-NAD, red; Afnk-NADP, cyan; Afnk-NADP2, green; Afnk-ATP, salmon.

(Figure 4). Superposition of all four tetramers
revealed that the four tetramers are almost identical
(data not shown). The Afnk tetramer includes two
types of dimers: the AA" dimer and the AB dimer

(Figure 4). The AA’ dimer involves extensive
interactions between C-terminal domains and the
same type of monomer—-monomer interactions are
observed in all four structures. A similar dimer
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Figure 4. Ribbon diagram of the Afnk tetramer in
complex with ATP. The individual monomers are labeled
as A, A/, Band B'.

interface is found in the Ppnk structures, except that
the Afnk does not contain the long C-terminal tail
that anchors the dimerization. Taken together, the
AA’ dimer is probably the most basic oligomeric
state for NAD kinases. The AB dimer involves
substrate NAD-binding, phosphate donor ATP-
binding and final product NADP-binding. Func-
tionally important conserved residues from both
monomers of the AB dimer have been found to play
an important role in NAD binding in the Ppnk NAD
bound structure.'® In the NAD, NADP or ATP-
bound structures presented here, those interactions
are found to be conserved (discussed below). All
together, the tetrameric state is observed in all
stages required for Afnk to carry out its function
(including NAD, ATP and NADP binding), and
functionally important conserved residues from
both monomers in the AB dimer are critical for all
ligand-binding. This suggests that the tetrameric
state is likely to be the functional oligomeric state
for NAD kinases.

NAD and NADP binding

NAD is the substrate and NADP is the final
reaction product of NAD kinases. In the Afnk NAD
and NADP-bound structures, all NAD and NADP
molecules are well-defined (Figure 5(a) and (b)).
The NAD and NADP molecules bound in all three
structures have almost identical conformations,
except NADP molecules have an extra 2’ sugar
phosphate group. In addition, the NAD and NADP
in these structures share an almost identical
chemical environment, suggesting that the sub-
strate NAD and the product NADP share the same
binding mode. In the following description, the
interactions between Afnk and its product NADP
are based on the structure of Afnk-NADP2, since it
was refined at the highest resolution.

NAD/NADP is bound in the deep cleft between
the N and the C-terminal domains, and in the dimer
interface between molecule A and molecule B

(Figures 3(b) and (c) and 5(c)). The NAD and
NADP-binding mode for the adenine base and the
nicotinamide ribose moiety in these three structures
are similar to that described in the Ppnk-NAD
complex structure. However, a higher resolution
and the presence of NADP molecules allow us to
look in more detail at the interactions between
NAD/NADP and NAD kinases.

In the Afnk-NAD/NADP structures, the adenine
ring is bound to a hydrophobic cavity inside the
binding pocket and this is observed in all NAD/
NADP-bound structures (Figure 5(a)). The AN6
atom of the adenine base forms a hydrogen bond
with the OG1 atom of Thr156, the AN7 atom forms
a hydrogen bond with the carbonyl atom of 11e153
and the OD1 atom of Asnll5, and AN1 forms a
hydrogen bond with the amide atom of Asnll5
(Figure 5(c)). Similar interactions for these three
residues are observed in the Ppnk-NAD complex
structure, and the importance of Thrl56 and
Asnl15 has been confirmed by mutagenesis
studies."’ Another possibly important residue for
adenine binding that was not mentioned pre-
viously is Leu75, which forms strong hydrophobic
interactions with the adenine ring. In most NAD
kinase proteins, this residue is Phe or Tyr. The
main-chain N atom of Leu75 forms a hydrogen
bond with the OD2 atom of Asp49 in the GGDG
motif. This hydrogen bond interaction is observed
for all three NAD/NADP bound structures. Asp49
may be involved in stabilizing the Leu75 residue,
since it is located right after the Thr69-Gly74
flexible loop.

The nicotinamide ribose portion of NAD/NADP
is located at the dimer interface and is coordinated
by residues from both molecule A (Mol A) and
molecule B (Mol B) (Figure 5(c)). The nicotinamide
ring, located in the hydrophobic pocket formed by
Met127 from Mol B, and residue Y158, is parallel
with the benzene ring of Tyr158 and the side-chain
of Met127, and forms possible 7- interactions or
hydrophobic interactions between them. The NN7
atom of nicotinamide forms a hydrogen bond with
the OG1 atom of Serl6l and the NO7 atom of
nicotinamide forms a hydrogen bond with the OD1
atom of Aspl45 from Mol B and is close to the
carbonyl atom of Alal80 from Mol B. The nicotina-
mide ribose forms bifurcated hydrogen bonds with
the carboxylate group of Glull6. Residues Glul16,
Ser161, Asp145 and Y158 are all conserved and their
importance has been confirmed by mutagenesis
studies.'®'® Similar interactions are found in the
Ppnk-NAD structure.®

In the high-resolution Afnk-NADP2 structure,
two additional well-defined internal water mol-
ecules (W1 and W2) are found to form hydrogen
bonds to the OEl and OE2 atoms of Glullé
(Figure 5(c)). One of the water molecules forms a
hydrogen bond with the carbonyl oxygen atom of
Glyl54 and the main-chain N atom of Alal59.
Another water molecule forms hydrogen bonds
with main-chain N atoms of Asp209 and Gly210,
and the carbonyl oxygen atom of Val207 (not
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Figure 5. NAD/NADP binding site for Afnk protein. The atom labeling is as follows: C, green; N, blue; O, red; P, pink;
S, yellow. (a) Top: stereo view of the 2F,— F electron density map of the NADP molecule in the Afnk-NADP2 structure.
This map is contoured at 1.2 . Bottom: electrostatic surface presentation of the NADP binding site in the Af-NADP2
structure. NADP is shown as a ball-and-stick model. (b) Stereo view of the 2F,— F electron density map of the NAD
molecule in the Afnk-NAD structure. This map is contoured at 1.0 c. (c) Stereo view of the NADP-binding site in the
Afnk-NADP?2 structure. Molecules A and B are shown in cyan and marine, respectively. NADP, SOy, and residues that
interact with NADP and SO, are shown as a ball-and-stick model. Hydrogen bonds are shown as dashes in black.

shown). Similar water molecules were found in
another monomer in the Afnk-NADP2 structure.
Interestingly, these two water molecules are
observed in all four monomers in the Afnk-ATP
structure with the same hydrogen bond coordi-
nation. These observations suggest strongly that
these two water molecules may be important for
correctly positioning the carboxylate group of
Glull6, which forms bifurcated hydrogen bonds
to the two oxygen atoms of the nicotinamide ribose.

In both the NADP-bound Afnk structures, the 2’
sugar phosphate groups form hydrogen bonds with
the main-chain N atoms of Asp49 and Gly50
(Figure 5(c)). These two residues belong to the
highly conserved GGDG motif, which is also
conserved in the super kinase family. The GGDG
motif is proposed to be involved in nucleotide
binding (see Introduction). In the Afnk-NADP2
structure, a SO, ion was built into the structural
model according to the difference density. One of
the oxygen atoms in the SO, ion forms a strong
hydrogen bond to the OG1 atom of Thr51, and
another oxygen atom of the SO, ion forms a
hydrogen bond to a well-ordered water molecule.
This water molecule is, in turn, hydrogen bonded to
the 2’ sugar phosphate oxygen atom and the main-
chain N atom of Gly48 in the GGDG motif. The
same SO, ion and the water molecules are found in
another molecule in the asymmetric unit in the
Afnk-NADP2 structure.

ATP binding

The structure of the Afnk-ATP complex was
determined by molecular replacement using the
apo structure as the search model and refined at
1.7 A resolution. The initial difference electron
density map clearly shows the presence of an ATP
molecule and a magnesium ion bound to each
monomer. An extra difference density was found at

the other side of the magnesium ion. This density
was interpreted as a pyrophosphate molecule. In
the final refined structure, the ATP molecule,
magnesium ion and pyrophosphate molecule were
well defined in the 1.7 A resolution structure
(Figure 6(a)).

The AMP portion of the ATP molecule was found
to bind in the same binding site as the nicotinamide
ribose portion of the NAD/NADP molecule in the
Afnk-NAD/NADP structures (Figures 5(c) and
6(b)). The phosphate tail sticks out of the binding
pocket towards the solvent region. The adenine ring
of ATP is positioned in the same orientation as the
nicotinamide ring in the NAD/NADP-bound struc-
tures, forming similar m—m interactions with the
conserved residue Tyr158 and strong hydrophobic
interaction with the Met127 from molecule B
(Figure 6(b)). N1, N6, and N7 of the adenine base
are involved in hydrogen bonding to the OD1 atom
of Asp145 from Mol B, the carbonyl oxygen atom of
Ala180 from Mol B and the OG atom of Ser161,
respectively. These three residues are involved also
in hydrogen bonding with the nicotinamide moiety
of the NAD/NADP-bound structures. The ATP
ribose also forms bifurcated hydrogen bonds with
the carboxylate moiety of Glul16 and, interestingly,
the two water molecules that were observed to form
hydrogen bonds to the carboxylate group of Glul16
in the Afnk-NADP2 structure are conserved also
and form the same coordinations with the Afnk
protein. Superposition of the Afnk—ATP and Afnk-
NADP structures indicated that the AMP portion of
the ATP molecule in the Afnk—-ATP structure shares
almost the same binding mode as the nicotinamide
ribose portion of NAD/NADP (Figure 6(c)). The
phosphate tail of the ATP molecule protrudes out of
the binding pocket and is coordinated by a
magnesium ion (Figure 6(b)). All three phosphate
groups are involved in coordination to the mag-
nesium ion.
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Figure 6 (legend next page)

On the other side of the phosphate tail, the
magnesium ion is coordinated by a pyrophosphate
moiety (of a second ATP, of which the AMP moiety
is partially disordered and occupies a part of the
adenosine-binding pocket of the Afnk-NAD/
NADP structures, see Discussion). There are a
total of five oxygen atoms from five phosphate
groups involved in the coordination of the mag-
nesium ion. The average distance between the

magnesium ion and these oxygen atoms is 2.01 A.
The pyrophosphate is involved in interactions with
the GGDG motif (Figure 6(b)). One phosphate
oxygen atom is involved in hydrogen bonding to
the main-chain N atom of Gly48, and another
oxygen atom from the same phosphate is involved
in hydrogen bonding to the main-chain N atom of
Gly50. Besides the interactions with the GGDG
motif, the phosphate oxygen that forms hydrogen
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(c)

Figure 6. The ATP-binding site for Afnk protein. (a) Top: stereo view of 2F,—F. electron density map of the ATP
molecule in the Afnk-ATP structure. This map is contoured at 1.6 o. Bottom: electrostatic surface presentation of the
ATP-binding site. ATP is shown as a ball-and-stick model. (b) Stereo view of the ATP-binding site in the Afnk-ATP
structure. Molecules A and B are shown in cyan and marine, respectively. ATP, pyrophosphate (POP) and residues that
interact with NADP and SO, are shown as a ball-and-stick model. Magnesium and water are shown as spheres.
Hydrogen bonds are shown as dashes in black. (c) Stereo view of the superposition of the AMP-binding site of the ATP
molecule in the Afnk-ATP structure (in cyan) and the nicotinamide ribose-binding site of the NADP molecule in the
Afnk-NADP?2 structure (in green). ATP, NADP and residues M127, D145, A180, S161, Y158 and E116 are shown as sticks.

bonding with the N atom of Gly48 is also involved
in strong hydrogen bonding to the OG1 atom of
Thr51. Note, in the Afnk-NADDP2 structure, the
OG1 atom of Thr51 is involved in strong hydrogen
bonding to a SO, ion.

The pyrophosphate molecule, magnesium, and
the phosphate tail of the first ATP molecule are
bound in a pocket with a highly basic chemical
environment suggested by the electrostatic surface
(Figure 6(a)). The basic chemical environment is
contributed mostly by several basic residues,
including Arg54, Asn211, Arg72, Lys8 and Argl43.
Similar residues are found in Ppnk, except that the
corresponding residue for Argl43 is a Gly. In the
Afnk-ATP structure, the side-chains of Arg72 and
Lys8 are disordered; Arg54 forms a hydrogen bond
with the AMP phosphate group and the pyro-
phosphate molecule, and Asn211 forms a hydrogen
bond to the AMP phosphate group (Figure 6(b)).
These two residues are found to interact also with
the phosphate groups in the two NADP-bound
structures (Figure 5(c)).

Discussion

The modeling of pyrophosphate (of the second
ATP molecule) was based on the high-quality 1.7 A
resolution difference electron-density map, and on
its coordination with the magnesium ion and the
conserved GGDG motif, which had been proposed
to be involved in nucleotide binding. The modeled
pyrophosphate moiety was well defined in the final
oA-weighted 2F,—F. electron-density map. Since
there was no pyrophosphate included in the protein
refolding process or in the crystallization condition,

we propose that the pyrophosphate moiety is the 8
and y-phosphate groups of the second bound ATP
molecule with the AMP portion disordered. This
interpretation is based on the following reasons. (1)
The pyrophosphate moiety forms hydrogen bonds
with the GGDG motif, which has been proposed to
be involved in nucleotide binding. (2) In the Afnk-
ATP structure, weak difference density is observed
extending from the pyrophosphate moiety to the
AMP-binding site of the NAD/NADP molecules in
the NAD/NADP-bound structures. (3) The pyro-
phosphate moiety is located in a more favorable
position for a phosphate group to be transferred to
the phosphorylation site of the substrate NAD.
Since the second ATP molecule of the Afnk-ATP
structure forms hydrogen bonds with the GGDG
motif, which is also hydrogen bonded by the 2’
sugar phosphate moiety of the NADP molecule in
the Afnk-NADP/NADDP2 structures, and the
y-phosphate group of the second ATP molecule is
located in a favorable position for phosphate
transfer to the phosphorylation site of the NAD
molecule, this ATP molecule (or its pyrophosphate
moiety representing polyphosphate) is likely to be
the actual phosphate donor. In this respect, the first
ATP molecule may be a fortuitously bound ATP
molecule in the absence of NAD. However, we
cannot exclude the possibility that the first ATP
molecule is the phosphate donor.

The precise role of the conserved GGDG motif in
NAD kinases has not been established. It has been
proposed to be involved in nucleotide binding.'”'®
In both AMk-NADP structures, the GGDG motif is
hydrogen bonded to the 2’ sugar phosphate moiety
of NADP molecules. In the Afnk ATP-bound
structure, the GGDG motif is hydrogen bonded to
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Figure 7. Proposed phosphorylation mechanism for NAD kinase, which kinase is shown as a rectangle. The
nicotinamide subsite and the AMP subsite are shown as Subsite N and Subsite A, respectively.

the pyrophosphate. As we stated above, this
pyrophosphate moiety could be the B and y-phos-
phate portion of the second bound ATP molecule,
which may be involved in phosphate transfer. These
observations suggest that the GGDG motif may
play a role in phosphate transfer.

Residue Thr51 is immediately after the GGDG
motif in the Afnk protein sequence. The OG1 atom
of this residue was found to form a hydrogen bond
with the oxygen atom of the SO, ion in the Afnk-
NADP2 structure. The SO, ion is involved in a
hydrogen bond network that includes the SO, ion, a
well-ordered water molecule, the main-chain N
atom of Gly48 of the GGDG motif, and the 2’ sugar
phosphate moiety of the NADP molecule. The
identical coordination was observed for another
molecule in the asymmetric unit in the Afnk-
NADP2 structure. The SO, ion in these structures
may be mimicking a phosphoryl group of the
phosphoryl donor molecule, either ATP or polyphos-
phate. In the Afnk-ATP structure, the Thr51 OG
atom forms a strong hydrogen bond with the
phosphate oxygen atom of the pyrophosphate.
Although this residue is not absolutely conserved
in the NAD kinase family (35 out of 40 are Thr, two
others are Asn in the Pfam listed NAD kinase
sequences’), we propose that this residue together
with the GGDG motif may play a role in phosphate
transfer.

On the basis of the structures of Afnk in complex
with NAD, NADP or ATP, we propose a possible
phosphate transfer mechanism model (Figure 7). In
this model, the NAD kinase contains a dinucleo-
tide-binding site composed of two subsites: the
AMP-binding site (subsite A) and the nicotinamide
binding site (subsite N). Before the phosphorylation
occurs, the substrate NAD binds to the subsite A
using its AMP portion and the subsite N using its
nicotinamide ribose portion. During the phos-
phorylation, the AMP moiety of the phosphate
donor ATP partially occupies subsite A, and

1 http:/ /www.sanger.ac.uk/Software /Pfam/

the AMP portion of NAD is partially displaced
from subsite A. After the phosphorylation, the AMP
portion of NADP binds back to subsite A and ADP
is released. Our model of phosphate transfer
mechanism of NAD kinase is structure-based and
putative: Although our model suggests Afnk binds
substrate NAD first, phosphate donor ATP then
displaces the AMP portion of NAD, the exact order
of binding is not known. Our model does not
suggest a unique mechanism for NADP release.
Further studies are needed to fully understand the
mechanisms of the whole process of NAD kinase.

Materials and Methods

Cloning, expression and purification

The Afnk (gi number 2650718) gene was amplified by
PCR using A. fulgidus genomic DNA template and primers
designed for ligation-independent cloning (LIC).*° The
amplified PCR product was prepared for vector insertion
by purification, quantification and treatment with phage
T4 DNA polymerase (NEB) in the presence of 1 mM
dTTP. The prepared insert was annealed into the LIC
expression vector pB3, a derivative of pET21a (Novagen,
San Diego, CA) that expresses the cloned gene with an
N-terminal Hise tag-TEV cleavage sequence, and trans-
formed into chemically competent DH5o.

The SeMet isoform of Afnk protein was expressed in
E. coli B834 (DE3). Cell paste was prepared using
Studier’s auto-induction method (Dr William Studier,
Brookhaven National Laboratory, personal communi-
cation).

For protein purification, cell paste was resuspended in
buffer A (50 mM Hepes (pH 7.5), 0.1 M NaCl, 10 mM
B-mercaptoethanol) supplemented with protease inhibi-
tors (Roche Applied Science, Indianapolis, IN). Cells were
opened using a Microfuidizer (Microfluidics, Newton,
MA). After centrifugation, the cleared cell lysate was
loaded onto a 5 ml HiTrap MC column (GE Healthcare,
Piscataway, NJ). The column was washed with ten
column volumes of buffer A, ten column volumes of
buffer B (50 mM Hepes (pH 7.5), 1M NaCl, 10 mM
B-mercaptoethano)l and ten column volumes of buffer A.
The target protein was eluted with an imidazole gradient
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from 40 mM-300 mM in 20 CV. The target eluted at about
300 mM imidazole. For a final purification step, the eluted
protein was concentrated to 30 mg/ml and loaded onto a
Superdex-75 size-exclusion column (GE Healthcare,
Piscataway, NJ) and eluted with buffer C (20 mM Tris-
HCI (pH 7.5), 100 mM NaCl, 10 mM B-mercaptoethanol,
300 mM imidazole). The peak fractions were then
concentrated to 15 mg/ml in buffer C prior to crystal-
lization.

Protein refolding

The Afnk expressed in E. coli was found to be in
complex with its product NADP. In order to obtain the
apo protein, the purified Afnk protein was denatured in
buffer D (buffer C+6M guanidinium-HCI). The
denatured protein was dialysed three times against buffer
D and then twice against buffer C. The supernatant of the
dialysed protein solution was concentrated to 10 mg/ml
and loaded onto a Superdex-75 and the peak fractions
were concentrated to 15 mg/ml

Crystallization and data collection

The Afnk-NADP complexes were crystallized using
the vapor-diffusion method in 2 M NaCl, 10% (w/v) PEG
6000 at 4 °C. Large crystals were obtained by mixing 1 ul
of protein solution (15 mg/ml in buffer C) with 1 pl of
reservoir solution and equilibrated over 1 ml of reservoir
solution for a week at 4 °C. A second crystal form of the
Afnk and NADP complexes (Afnk-NADP2) was found
using 0.1 M Hepes (pH 7.5), 2 M ammonium sulfate at
room temperature. Large rod-shaped crystals were
obtained in two weeks.

Crystals of AfInk-NAD were obtained by mixing 1 pl of
the refolded protein (15 mg/ml in buffer C containing
20 mM NAD) with 1 pl of reservoir solution containing
0.1 M Tris-HCl (pH 8.5), 0.2 M proline, 10% (w/v) PEG
3350 and equilibrated over 1 ml of reservoir solution for
one day at room temperature.

The crystals of Afnk-ATP were obtained by mixing 1 pl
of refolded protein (15mg/ml in buffer C containing
50 mM ATP and 100 mM magnesium acetate) with 1 pl of
reservoir solution containing 0.2 M disodium hydrogen
phosphate, 20% PEG 3350 and equilibrated over 1 ml of
reservoir solution for about two weeks at room tempera-
ture.

For data collection, the Afnk-NADP crystals were
transferred to a cryoprotectant solution (reservoir sol-
ution plus buffer C and 20% ethylene glycol) and
equilibrated for at least 15 min before they were frozen
directly in liquid nitrogen. Native data were collected at
the Advanced Light Source (ALS) Beamline 5.0.1
(Lawrence Berkeley National Laboratory, Berkeley, CA)
at 100 K with a Quantum 210 charge-coupled device
(CCD) detector and processed with HKL 2000.2! The
crystals belonged to space group P432,2 or P4;2,2 with
unit cell dimensions of a=b=122.1 A, c¢=198.6 A. These
crystals contain four monomers per asymmetric unit,
corresponding to a solvent content of 56% (v/v). The
MAD data for AInk-NADP SeMet crystals were collected
at ALS Beamline 5.0.2 at 100 K with a Quantum 315 CCD
detector. A single SeMet crystal was used for fluorescence
scans and data collection. Data sets were collected at the
peak wavelength, inflection point wavelength and a high-
energy reference wavelength. All data were processed
with HKL2000.>' Data statistics are summarized in
Table 1.

Data collections for the Afnk-NAD and the Afnk-
NADP2 crystals were both carried out at the ALS
Beamline 8.2.2 at 100 K with a Quantum 315 CCD detector
and processed with HKL 2000.*' The Afnk-NAD crystals
were transferred to a cryoprotectant solution (reservoir
solution +buffer C+10 mM NAD plus 20% glycerol) and
equilibrated for about 5 min before they were directly
frozen in liquid nitrogen. The Afnk-NADP2 crystals were
transferred to a cryoprotectant solution (reservoir sol-
ution plus buffer C plus 25% glycerol) and equilibrated
for about 2 min before they were frozen directly in liquid
nitrogen. The Afnk-NAD crystals belonged to the same
space group and unit cell as the Afnk-NADP crystals but
diffracted to only 3.05 A resolution. The Afnk-NADP2
crystals belonged to space group P2;2,2 with unit cell
dimensions of =629 A, b=76.4 A, c=120.0 A with two
molecules in the asymmetric unit. These crystals dif-
fracted to 2.0 A. Data statistics are summarized in Table 1.

Data collection for the Afnk—ATP crystals were carried
out at the ALS Beamline 8.2.1 at 100 K with a Quantum
210 CCD detector and processed with HKL 2000.*' The
plate-shaped crystals were transferred to a cryoprotectant
solution (reservoir solution plus buffer C, 25 mM ATP,
50 mM magnesium acetate and 25% glycerol) and
equilibrated for 5 min before they were frozen directly
in liquid nitrogen. The Afnk-ATP crystals belonged to
space group P1 with unit cell dimensions of 2=>55.3 A,
b=69.7 A, c=763 A, 0=106.4°, =111.3°, y=101.3° with
four molecules in the asymmetric unit. These crystals
diffracted to 1.7 A resolution. Data statistics are summar-
ized in Table 1.

Structure determination

The structure of the Afnk-NADP complex was solved
by MAD using SeMet-substituted protein. The location of
all 16 selenium atoms was determined using the HySS
program and confirmed P4;2,2 to be the correct space
group.zz’23 Phasing, and phase extension to 2.45A
resolution with native data using density modification
were performed with the CNS program.®* The resultant
electron density map was readily interpretable. An initial
partial model was built by RESOLVE and completed
manually using the program O.*>?° Well-defined differ-
ence density that chemically resembled NADP was
identified in each protein subunit during the initial
model building. The coordinates for these NADP
molecules were not included in model refinement until
the final stages. Model refinement was carried out with
the CCP4 program REFMACS5 using the TLS method.*”*®
The final model was refined to Rgee=26.4% and an
R-factor of 22.1% at 2.45 A resolution, and contains all
residues for the four Afnk molecules, four NADP
molecules and 389 water molecules. The final refinement
statistics are given in Table 1.

The structure of Afnk-NADP2 was solved by molecu-
lar replacement by using a dimer of the Afnk-NADP
tetramer model (AA’ dimer) as a search model (no NADP
or water molecules were included). The molecular
replacement solution was found using the program
AMoRe with a correlation coefficient of 78.4% and an R-
factor of 33.6%.%® The final model was refined at 2.0 A
resolution with an R-factor of 21.2% and Rgee=26.4%
(Table 1). The final model of the Afnk—-NADP2 structure
contains two Afnk molecules, two NADP molecules,
three sulfate ions and 299 water molecules.

Since the Afnk-NAD crystals were crystallized in the
same space group and unit cell as the Afnk-NADP, the
tetramer model of Afnk—-NADP was used as the initial
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model for structural refinement (no water or NADP
molecules were included in the initial model). Initial
difference density maps clearly indicated the presence of
an NAD molecule in each monomer. The final model was
refined to an R-factor of 20.6% and Rgee=27.2%, using
Refmac5 with the TLS method applied.?”?® The final
model of the Afnk-NAD complex contains four mol-
ecules of Afnk, four NAD molecules and 133 water
molecules. The final refinement statistics are given in
Table 1.

The structure of the Afnk—ATP complex was solved by
molecular replacement by using the Afnk-NADP tetra-
mer model as a search model (no NADP or water
molecules were included). The molecular replacement
solution was found using the AMoRe program with a
correlation coefficient of 74.3% and an R-factor of 31.1%.%®
Initial difference density maps clearly indicated the
presence of an ATP molecule and a magnesium ion in
each monomer. The final model was refined at 1.7 A
resolution to an R-factor of 20.0% and R¢ee=23.1%. The
final model of Afnk—ATP includes four Afnk molecules,
four ATP molecules, four magnesium ions, four pyro-
phosphate moieties and 404 water molecules.

Protein Data Bank accession codes

The atomic coordinates of A. fulgidus NAD kinase in
complex with NAD, NADP and ATP have been deposited
with the Protein Data Bank' with accession codes 1Z0Z,
1SUW, 1Z0U and 1Z0S.
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