THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 34, pp. 29984 -29992, August 26, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Structural Determinants of Discrimination of NAD™" from
NADH in Yeast Mitochondrial NADH Kinase Pos5™®

Received for publication, April 10,2011, and in revised form, July 4, 2011 Published, JBC Papers in Press, July 7,2011, DOI 10.1074/jbc.M111.249011

Takuya Ando*', Kazuto Ohashi*', Akihito Ochiai*, Bunzo Mikami®, Shigeyuki Kawai*, and Kousaku Murata*’
From the *Laboratory of Basic and Applied Molecular Biotechnology and the SLaboratory of Applied Structural Biology, Graduate

School of Agriculture, Kyoto University, Uji, Kyoto 611-0011, Japan

NAD kinase catalyzes the phosphorylation of NAD™* to syn-
thesize NADP™, whereas NADH kinase catalyzes conversion of
NADH to NADPH. The mitochondrial protein Pos5 of Saccha-
romyces cerevisiae shows much higher NADH kinase than NAD
kinase activity and is therefore referred to as NADH kinase. To
clarify the structural determinant underlying the high NADH
kinase activity of Pos5 and its selectivity for NADH over NAD™,
we determined the tertiary structure of Pos5 complexed with
NADH at aresolution of 2.0 A. Detailed analysis, including a com-
parison of the tertiary structure of Pos5 with the structures of
human and bacterial NAD kinases, revealed that Arg-293 of Pos5,
corresponding to His-351 of human NAD kinase, confers a positive
charge on the surface of NADH-binding site, whereas the corre-
sponding His residue does not. Accordingly, conversion of the Arg-
293 into a His residue reduced the ratio of NADH kinase activity to
NAD kinase activity from 8.6 to 2.1. Conversely, simultaneous
changes of Ala-330 and His-351 of human NAD kinase into Ser and
Arg residues significantly increased the ratio of NADH kinase
activity to NAD kinase activity from 0.043 to 1.39; human Ala-330
corresponds to Pos5 Ser-272, which interacts with the side chain of
Arg-293. Arg-293 and Ser-272 were highly conserved in Pos5
homologs (putative NADH kinases), but not in putative NAD
kinases. Thus, Arg-293 of Pos5 is a major determinant of NADH
selectivity. Moreover, Ser-272 appears to assist Arg-293 in achiev-
ing the appropriate conformation.

NAD kinase (NADK; EC 2.7.1.23)? catalyzes the phosphory-
lation of NAD™, yielding NADP*; NADK is a vital enzyme
required for the regulation of cellular concentrations of NAD ™"
and NADP™ (1, 2). All organisms contain at least one NADK
ortholog gene in their genome, whereas fungi and plants gen-
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erally have several (1). In the genome of fungus Saccharomyces
cerevisiae, three NADK ortholog genes (UTRI, YEFI, and
POS5) are found. Yefl and cytosolic Utrl are NADKSs with high
NADK activity, but low NADH kinase (NADHK, i.e. NADH
phosphorylating) activity; however, the mitochondrial enzyme
Pos5 exhibits a higher NADHK activity (3—6). In the genome of
the plant Arabidopsis thaliana, three NADK ortholog genes
(NADK1, NADK2, and NADK3) exist (7, 8); NADKS3 also exhib-
its higher NADHK activity than NADK activity (8). Thus, Pos5
and NADKS3 have been referred to as NADHKs (6, 8). In con-
trast to these eukaryotic NADHKs, NADKs from Gram-nega-
tive bacteria Escherichia coli, Sphingomonas sp. A1, and Salmo-
nella enterica exhibit no NADHK activity (3, 6, 9, 10).

Phylogenetic tree analysis indicates that fungal Pos5
homologs are distinguishable from other NADKs, including
Utrl, Yefl, and human NADK, and also from NADKS3 (supple-
mental Fig. S1) (6). Almost all of fungal Pos5 homologs have a
mitochondria-targeting sequence, implying that fungal Pos5
homologs encode mitochondrial NADHKs (6). Among the fun-
gal Pos5 homologs, only the NADHK activity of Pos5 has been
experimentally demonstrated (6, 11).

The ability of an enzyme to express NADK or NADHK activity
has a significant impact on the intracellular balance of NAD(H)
and NADP(H). Previously, we compared the primary structures of
NADKs with low NADHK activity, such as Mycobacterium tuber-
culosis NADK (Ppnk), with those of NADKs that have no NADHK
activity, such as E. coli NADK (Y{jB) (3). On the basis of the tertiary
structure of Ppnk complexed with NAD ™ (Ppnk-NAD™), we have
demonstrated that Arg-170 of Y{jB is one structural determinant
that confers a strict specificity for NAD™ alone. We succeeded in
relaxing this specificity by changing the Arg-170 into Gly, Thr,
Gln, or His (3). However, the mechanism by which an NADHK
such as Pos5 exhibits higher NADHK activity than NADK activity
and the structural basis for discrimination of NADH from NAD™*
remain to be elucidated.

To address these issues, we have determined the tertiary
structure of Pos5 complexed with NADH (Pos5-NADH). Com-
parison of the structure of Pos5-NADH with that of Ppnk-
NAD™ or the recently released apo-form of human NADK
(Protein Data Bank code 3pfn) provided a clue regarding a
major structural determinant responsible for discrimination of
NAD™ from NADH.

EXPERIMENTAL PROCEDURES
Plasmids—The plasmid pMK2159 carries POS5AMTS,

encoding a Pos5 in which the N-terminal 16 residues (residues
2-17) have been replaced by an N-terminal sequence,
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'M'8STLDSHS**. The gene is cloned into the Ndel/BamHI
sites of pET-28b (Novagen, San Diego, CA) (6). The plasmid
pMK2784 carries cDNA encoding human NADK lacking its
N-terminal 87 residues, cloned into the BamHI site of pQE-30
(Qiagen) (12). To alter the selected amino acid residues, site-
directed mutagenesis was performed by PCR using the
pMK2159 or pMK2784 as a template. The mutated plasmids
were confirmed by DNA sequencing.

Expression and Purification—Pos5 was expressed in MK2162
cells (E. coli RosettaBlue(DE3) (Novagen) carrying pMK2159)
as described previously (6). Briefly, MK2162 cells were grown at
37 °C in 4 liters of LB medium (1 liter/2-liter flask) containing
25 pg/ml kanamycin and 34 ug/ml chloramphenicol to an A,
of 0.6—0.7. Then isopropyl thio-B-galactoside was added to a
final concentration of 0.2 mym, and the cultivation was contin-
ued at 16 °Cfor 72 h. The cells were collected, suspended in lysis
buffer (11), and disrupted by sonication. After centrifugation,
the clear supernatant was used as a cell extract, from which
Pos5 was purified by using nickel-nitrilotriacetic acid-agarose
(1.8 X 9 cm; Qiagen) as described previously (6). The purified
Pos5 was concentrated by ultrafiltration using an Amicon
model 8200 (Amicon, Lexington, MA) equipped with an
Ultrafiltration Membrane (nominal molecular weight limit:
10,000) (Millipore, Danvers, MA). The concentrated solu-
tion was applied to a HiLoad™16/60 Superdex™ 200-pg
column (1.6 X 60 cm; GE Healthcare) equilibrated with 50 mm
Tris-HCI, pH 7.5, containing 200 mm NaCl, 2.0 mM 2-mercap-
toethanol, and 250 mm imidazole. Pos5 was eluted with the
same buffer. Fractions containing Pos5 were combined to a
total volume of 12 ml and dialyzed overnight against 50 mm
Tris-HCI, pH 7.5. After dialysis, Pos5 was concentrated to 11.5
mg/ml by ultrafiltration in a Centriprep tube (molecular weight
cut-off, 10,000; Millipore). The concentration of Pos5 was
determined using A,g,. A solution containing purified Pos5
with A,g, of 1.0 was calculated to contain 1.7 mg/ml from the
molar extinction coefficient (27,180) and the calculated molec-
ular mass (46,284.6 Da) of Pos5 using ExPASy. The final yield of
Pos5 was 26 mg. Mutated Pos5 was expressed in E. coli Roset-
taBlue(DE3) and purified as described above. Human NADK
and mutated human NADK were expressed in E. coli Rosetta-
gami(DE3)pLysS (Novagen) and purified as described (12).

NADK activity was assayed in a 1.0-ml reaction mixture con-
taining 2.0 mm NAD™, 10 mm ATP, 10 mm MgCl,, 5.0 mm
glucose 6-phosphate, 0.5 unit glucose 6-phosphate dehydro-
genase, and 200 mMm Tris-HCI, pH 8.0 (6). NADHK activity was
assayed as described (6) in a 1.0-ml reaction mixture containing
2.0 mm NADH, 5.0 mm ATP, 5.0 mm MgCl,, and 100 mm Tris-
HCJ, pH 8.0.

Crystallization—Crystals of Pos5-NADH were prepared
using the sitting drop vapor diffusion method in a 24-well VDX
plate (Hampton Research, Aliso Viejo, CA) at 20 °C. 10 pl of
protein solution (10.4 mg/ml Pos5 and 5.0 mm NADH in 50 mm
Tris-HCI, pH 7.5) was mixed with 10 ul of the reservoir solution
(15% (v/v) 2-methyl 2,4-pentanediol, 5% (w/v) polyethylene gly-
col 4000 and 100 mMm imidazole-HCl, pH 8.0) to form the drop.
In 2 weeks, the crystals grew to a size larger than 0.4 mm.

Data Collection—Crystals of Pos5-NADH on a nylon loop
(Hampton Research) were placed directly in a cold nitrogen-gas
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TABLE 1
Data collection and structure refinement statistics

Data collection

Wavelength (A) ) 1.000

Resolution range (A) 50—1.93(2.00—1.93)

Space group . P2,2,2

Cell dimension (A) a=987,b=1328,c=59.6

Molecules in asymmetric unit 2

Unique reflections 59,896

Completeness (%) 99.5 (99.0)

Rerge (%) 6.4 (39.9)

it 16.8 (5.9)

Redundancy 8.0 (7.0)
Refinement

Determination method
Resolution range (A)
Number of reflections

Molecular replacement
50.0-2.00 (2.05-2.00)
50,821 (3,709)

R-factor/Ry,. (%) 19.7/24.4 (22.9/30.4)
Average B-factor (A%)
Protein 30.3
NADH 24.2
Root mean square deviations
Bond (A) 0.009
Angle (%) 1.187
Ramachandran plot
Most favored regions (%) 91.5
Additional allowed regions (%) 8.2
Generously allowed regions (%) 0.3

stream at —173 °C, and x-ray diffraction images of the crystals
were collected at —173 °C under the nitrogen-gas stream using
a Jupiter 210 charge-coupled device detector and synchrotron
radiation of wavelength 1.0 A at the BL-38B1 station of
SPring-8 (Hyogo, Japan). 240 diffraction images, with 1.0° oscil-
lation, were collected as a series of consecutive data sets. Dif-
fraction data were processed using the HKL2000 program
package (13).

Structure Determination and Refinement—The crystal struc-
ture of Pos5-NADH was solved by molecular replacement
using Molrep (14) from the CCP4 package (15); the structures
of five NADKs (Protein Data Bank codes 2ilw, 1y3h, 1z0z, 1yt5,
and 2an1) were used as reference models. Coot (16) was used
for manual modification of the initial model. Initial rigid body
refinement, and several rounds of restrained refinement against
the data set were performed using Refmac5 (17). Water mole-
cules were incorporated where the difference in density
exceeded 3.0 o above the mean, and the F, — F, omit map
showed a density of >3.0 . An NADH molecule was also incor-
porated. The final model was refined at 2.00 A resolution.
Refinement was performed using 50.0 -2.00 A resolution data
and 2.00-1.93 A data were truncated to get R-factor below 20.
Figures for the protein structure were prepared using PyMOL
(18). Electric charge on the molecular surface of Pos5 or
NADKs was calculated using Adaptive Poisson-Boltzmann
Solver (19).

Sequence and Structure Homology—The structure of Pos5-
NADH was compared with other protein structures using
DALI (20). The primary structure of Pos5 was compared with
those in the database using Blastp (21) or the ClustalW (22).
Mitochondrial signal sequence was predicted using TargetP
(23).

Phylogenetic tree and multiple alignment were constructed
as follows. Among 1,533 proteins detected by Blastp search
using the primary structure of Pos5 as a query, NADK3 was
detected as the 1,483th most similar protein. Other plant
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Posb 27: LQSGSKFVKIKPVNNLRSSSSADFVSKLQSL IWQNPLQNVY ITKKPWTPSTREAMVEF I THLHESYPEVNVIVQPDVAEE 1 SQDFKSPLENDPNRPHILYTGPEQDIVNRTDLLVTLGGD :150
Hu_NK 94: ASQRLTWNKSPKSVLV IKKXRDASLLQPFKELCTHLXEEN--XIVYVEKKVLED I ASDF GAV—————-——KKFCTFREDDISNQIDF I ICLGGD :184
Mt_NK 3: AHRSVLLVVHT-RDEATETARRVEKVLGDNK--IALRVLSAEAVDR—————--————————-EVVDADQHAAD-GCELVLVLGGD :85
St_NK 4: HFKCIGIVGH TTHEMLYRWLCDQG—-YEVIVEQQIAHELQ--————————————KNVPTGTLAE I GQQADLAVVVGGD :73
Lm_NK 1 MKYMITSKG-DEKSDLLRLNMIAGFGEY--DMEYDD VEPEIVISIGGD :45
Tm_NK 1: MKIAILYREE-—-REKEGEFLKEKISKEH--EVIEFG APGRV—-TADLIVVVGGD :51
Af_NK 1: MRAAVVYK————- TDGHVKRIEEALKRLE--VEVELFN SEELE-NFDFIVSVGGD :49
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Posb 151 GTILHGVSMFGNTQVPPVLAFALGTLGFLSPFDFKEHKKVFQEVISSRAKCLHRTRLECHLKKKDSNSS I VTHAMND IFLHRGNSPHLTNLDIF IDGEFLTRTTADGVALATPTGSTAYS :270
Hu_NK  185: GTLLYASSLFQ-GSVPPVXAFHLGSLGFLTPFSFENFQSQVTQVIEGNAAVVLRSRLKVRVVK----QAXQYQVLNEVVIDRGPSSYLSNVDVYLDGHL ITTVAGDGVIVSTPTGSTAYA :328
Mt_NK 86: GTFLRAAELAR-NASIPVLGVNLGRIGFLAEAEAEAIDAVLEHVVAQDYRVEDRLTLDVVVRQ-GGRIVNRGWALNEVSLEKGPRLGVLGVVVEIDGRPVSAFGCDGVLVSTPTGSTAYA :203
St_NK 74 GNMLGAARTLA-RYDINVIGINRGNLGFLTDLDPDNALQQLSDVLEGRY I SEKRFLLEAQVCQQ——-——R1STAINEVVLHPGKVAHMIEFEVY IDETFAFSQRSDGLI ISTPTGSTAYS :191
Lm_NK 46:  GTFLSAFHQYEERLDIAF1GIHTGHLGFYADWRPAEADKLVKLLAKGEYQKVSYPLLKTTVKY—-—-KEATYLALNESTVKS-~SGGPFVVDVVINDIHFERFRGDGLCMSTPSGTTAYN :164
Tm_NK 52:  GTVLKAAKKA-—ADGTPMVGFKAGRLGFLTSYTLDE I DRFLEDLRNWNFREETRWF 1QIESE—————-] L GNHLALNDVTLERDLSGKMVE 1 EVEVEHHSSMWFFADGVVISTPTGSTAYS :163

AT_NK 50: GTILRILQKL--KRCPPIFGINTGRVGLLTHASPENFEVELKKAVEK-FEVERFPRVSCSA-——————— PDVLALNETAVLSRKPAKMIDVALRVDGVEVDRIRCDGF IVATQIGSTGYA :159
c2 c3
B16 B17 p18  B19 20 p21 p22 23 o9
272 291 293
Pos5 271 LSAGGSIVSPLVPAILMTPICHRSLSFRPLILPHSSHIRIKIGSKLNQKPVNSVVKLSVDGIPQQDLDVGDEIYVINEVGTIYIDGTKRSGIYCVAKTENDWIRGINELLGFNSSFRLTK :408
Hu_NK  329: AAAGASXIHPNVPAIXITPICHHSLSFRPIVVPAGVELKIXLSPE-————— NTAWVSFDGRKRQE IRHGDSISITTSC—————————- YPLPSICVRDSDWFESLAQ-CLH-——————— 1426
Mt_NK  204: FSAGGPVLWPDLEAILVVPNNAHALFGRPMVTSPEATIAIEIEA-———- DGHDALVFCDGRREML IPAGSRLEVTRCV--—-—-—-—-TSVKWARLDSAPFTDRLVRKFRLPVTGWR—— :305
StNK 1920 L8AGGPILTPSLDAITLVPMFRHTLSARPLY INSSST IRLRFSH-——————- DLEISCDSQIALPIQEGEDVL IRRCD-————————- YHLNL IHPKDYSYFNTLSTKLGHSKKLF—- :292
Lm_NK 165 KSLGGALMHPSIEANQLTEMASIINNIGSPLVFPKHHVVSLOPYN-————— DKDFQI SVDHLS ILHRD-VOE IRYEVSA-—————-——KKIHFARFRSFPFURRVHDSF E-—————- :263
TnNK  164: L§IGGPIIFPECEVLEISPIARJFFLTRSVVIPSNFKVVVESQR——-————DINMLVDGVLTGKT-—-KRIEVKKSR—~——-—---RYVRILRPPEYDYVTVIRDKLGYGRR———— :256
Af_NK  160: FSAGGPVVEPYLECF ILIPIAPHRFGWKPYVVSMERKIEVIAE-——-—-—-—-KAIVVADGQKSVDFD--GEITIEKSE-——-—-—-—-FPAVFFKNE-KRFRNLF-GKVRS———--—-:247

FIGURE 2. Multiple alignment of primary structures of NADKs and Pos5 based on their tertiary structures. Alignment was conducted using Dali (20).
Hu_NK, Mt_NK, Af_NK, Lm_NK, Tm_NK, and St_NK correspond to NADKs from human (Protein Data Bank code 3pfn, A chain), M. tuberculosis (Protein Data Bank
code 1u0r, C chain), A. fulgidus (Protein Data Bank code 1z0s, B chain), L. monocytogenes (Protein Data Bank code 2i2b, A chain), T. maritima (Protein Data Bank
code 1yt5, A chain), and S. typhimurim (Protein Data Bank code 2an1, A chain) (24 -26, 28). The secondary structural features of Pos5 are labeled as in Fig. 1A. The
residues interacting with NADH in Pos5 (Fig. 3A, Table 2) are denoted above the primary structure of Pos5 and shown in yellow in the aligned sequences. The
aligned residues corresponding to Arg-293 of Pos5 are also boxed in red. The residues interacting with the Arg-293 of Pos5 (Table 5) are shown in green in
the aligned sequences. The aligned residues corresponding to His-231 of Pos5 are indicated in orange. Residues that are not observed in their tertiary structures
are not shown in this alignment: these include residues 1-26, 53-56, 358 -375, and 409 - 414 of Pos5; residues 1-4,41-75, and 307 of Mt_NK; residues 110-114
of Lm_NK; residues 257-258 of Tm_NK; and residues 1-3, 14-20, and 50 of St_NK. The three additional Pos5-specific structures (c1, c2, and c3) comprising
residues 27-52,316-320, and 350-377, and the c1’ structure, comprising residues 27-65 and overlapping with c1, are indicated by blue arrows.

NADK3 homologs showed weaker similarity with Pos5 than ~RESULTS AND DISCUSSION
NADK3. Using the top 100 proteins homologous with Pos5 and
also the NADK3 homologs including NADK3 (8 proteins), we
constructed a phylogenetic tree using N-J tree with branched
length on the Kyoto Encyclopedia of Genes and Genomes web- ,
site. We also constructed a multiple alignment of the top 100 belonged to group P2,2,2. Th? tertlar}./ struc.ture of Po§5—
proteins using ClustalW (22). Primary structures of NADK3, NADH was deFermmed at 2.00 A resolution; this was thg ﬁ.rst
NADK (MJ0917) from Methanococcus jannaschii, Ppnk, Y{jB, structure solution for an NADHK. The data collection statistics
and NADK from Sphingomonas sp. Al were also aligned based ~ ar® summarized in Table 1. The final R-factor was 19.7%, and
on the results of Blastp. Ry, was 24.4%. The refined model of Pos5-NADH consisted of

Protein Data Bank Accession Number—Coordinates have 701 residues, two NADH, and 478 water molecules per two
been deposited in the Protein Data Bank as accession code subunits of Pos5-NADH (Pos5-NADH-A/B) in an asymmetric
3AFO. unit. The DNA sequence of the POSSAMTS encodes a polypep-

Structure Determination of Pos5S-NADH—Pos5 was crystal-
lized in the presence of NADH, and crystals of Pos5-NADH
were obtained in 2 weeks at 20 °C. The Pos5-NADH crystal

FIGURE 1. A, stereo view of a ribbon model of Pos5-NADH. The a-helices and $3-strands are colored in salmon pink and green, respectively. These features are
numbered from their N termini and are also shown in Fig. 2. NADH is denoted in green (nitrogen, blue; oxygen, red; phosphorus, orange). B, the stereo view of
the electron density of NADH bound to Pos5. The electron density is a F, — F. omit map contoured at 3 0. NADH is colored as in A. C, ribbon model of quaternary
(tetramer) structure of Pos5-NADH. The asymmetric unit contains two subunits (Pos5-NADH-A/B and Pos5-NADH-A'/B’). NADH is indicated as in A. D, stereo
view of the ribbon model of the Pos5-NADH-A/B’ in Fig. 1C.
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tide of 398 residues, that lacks the N-terminal 16 residues (res-
idues 2—17) of the wild-type protein; the N terminus of a poly-
peptide encoded on POSSAMTS is 'M'*STLDSHS>* (6). The
N-terminal sequence of the purified Pos5 was determined to be
*’LQSGSK?? by N-terminal amino acid sequence analysis, indi-
cating that the His tag and N-terminal 10 residues
(*M'STLDSHSLK?>®) were absent from purified Pos5. Taken
together, electron density was present for all but residues
53-56, 358 =375, and 409 —414 of Pos5-NADH-A and all but
residues 27-33, 315-322, 350-375, and 409-414 of
Pos5-NADH-B.

The overall structure of Pos5-NADH consists of an N-do-
main (residues 1-204 and 376 —414) and a C-domain (residues
205-375). The overall structure of Pos5-NADH is similar to
that of Ppnk (24) (Fig. 1A). Secondary structural elements of
Pos5, corresponding to Fig. 14, are shown on the primary struc-
ture of Pos5 (Fig. 2). Electron density corresponding to NADH
was also observed (Fig. 1B). As with NAD™ in other solved
NADK structures, NADH in Pos5-NADH displayed a twisted
or bent conformation, such that the distance between the ade-
nine six-amino group and the nicotinamide amide carbon is
10.8 A (Fig. 1B and supplemental Fig. S24) (24-27).

The two subunits of Pos5-NADH (Pos5-NADH-A/B) in the
asymmetric unit formed a dimer. The dimer contacts an adja-
cent dimer (Pos5-NADH-A'/B’), forming a tetramer in the
quaternary structure (Fig. 1C). These four monomers create six
different contacts, which can be then grouped into three types
according to the size of the contact area. The most extensive
interaction, as judged by the size of the contact area, is created
by pairs A-B or A’-B’ and has an area of ~2000 A? (Fig. 1C and
supplemental Fig. S2B). Less extensive contacts are created by
pairs A-B’ and B-A’, which create an NADH-binding site as
described below and have an area of ~930 A2 (Fig. 1, Cand D).
The A-A’ or B-B’ contact represents the weakest interaction
and account for ~780 A? of the surface area (Fig. 1C and sup-
plemental Fig. S2C).

Comparison of the Tertiary Structure of PosS with Those of
Other NADKs—Homology analysis on Dali (20) showed that
Pos5 resembled NADKSs from human (Protein Data Bank code
3pfn; Z-score: 34.2, root mean square deviation: 2.4 A, com-
pared Cas of 294); bacteria, M. tuberculosis (Protein Data Bank
code 1u0t, 27.1, 3.0 A, Cas of 265), Listeria monocytogenes (Pro-
tein Data Bank code 2q5f, 26.4, 2.1 A, Cas of 251), Thermotoga
maritima (Protein Data Bank code 1yt5, 26.1, 2.2 A, Cas of
253), and Salmonella typhimurim (Protein Data Bank code
2anl, 28.9, 2.6 A, Cas of 279), and an archaeon, Archaeoglobus
fulgidus (Protein Data Bank code 1suw, 25.8, 2.1 A, Cas of 244)
(24-26, 28).

Multiple alignment of the primary structures of Pos5 and
those six NADKSs was performed based on their tertiary struc-
tures, using Dali (20) (Fig. 2). The primary structure of Pos5
contains three additional Pos5-specific structures (c1, c2, and
c3) comprising residues 27-52, 316320, and 350-377; these
structures are not present in other NADKs (Fig. 2). c1’, which
comprises residues 27— 65 and overlaps with c1, was also iden-
tified as a Pos5-specific structure when compared with bacte-
rial and archaeal NADKs (Fig. 2). These c1’, c2, and ¢3 struc-
tures are respectively located in the N terminus, a loop
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TABLE 2
Selected contacts between Pos5 and NADH

Selected contacts between NADH and residues of Pos5-NADH-A molecule, except
for Arg-293, Asp-256, and Cys-291, are shown.

Hydrogen bond (< 3.5 A)

NADH atoms Target atoms Distance
A
Nicotinamide
N7N Ser-272 oG 2.55
Arg-293“ NH1 3.49
O7N Asp-256* OD1 3.12
Cys-291¢ (@] 3.08
Ribose (nicotinamide side)
02D Asp-227 OD2 2.45
Tyr-269 N 3.08
03D Asn-226 OD1 3.09
Asp-227 OD1 2.71
Asp-227 OD2 3.35
Pyrophosphoric acid
O1IN Gly-151 N 3.24
Ribose (adenine side)
0O2B Asp-150 OD2 2.67
Adenine
N1A Thr-267 0G1 2.67
N3A Arg-293¢ NH, 3.26
No6A Asn-226 ND2 3.00
Thr-264 (@] 3.04
N7A Asn-226 OD1 2.93
N9A Asp-150 OD2 3.31

“ These residues come from another subunit (Pos5-NADH-B' molecule).

structure in C-domain, and a linker-loop structure between the
N- and C-domains (Fig. 2 and supplemental Fig. S3A). Blastp
analysis using the primary structures of c1’, ¢2, and c3 as query
sequences showed that only c1’ was homologous with N-termi-
nal regions of Pos5 homologs from yeasts (Candida glabrata,
Lachancea thermotolerans, Kluyveromyces lactis, Zygosaccha-
romyces rouxii, Vanderwaltozyma polyspora, and Pichia pasto-
ris) belonging to the Saccharomycetes family. Multiple align-
ment of these homologous N-terminal regions using Clustal W
(22) and predictions of mitochondria targeting sequences using
TargetP (23) indicated that the predicted N-terminal mito-
chondria-targeting sequences in these proteins are followed by
N-terminal regions that are homologous with c1’ (supplemen-
tal Fig. S3B). It is tempting to speculate that c1’ structure func-
tions to guarantee the correct mitochondrial targeting of these
Pos5 homologs.

NADH-binding Site in Pos5—As with the NAD " -binding site
in other solved NADK structures (24 —27), the NADH-binding
site of Pos5 was formed in a deep cleft between the N- and
C-domains and in the dimer interface between the two subunits
(A-B' or A’-B) (Fig. 1, A and D). The NADH-binding site of
Pos5-NADH-A and the interactions with NADH are shown in
Table 2 and Fig. 34. The Asp-256, Cys-291, and Arg-293 in
Pos5 come from another subunit (B’). The amino acid residues
forming the NADH-binding site of Pos5 are highly conserved
(except for Cys-291 and Arg-293, as discussed below) relative to
the sequences of NADKSs whose tertiary structures have been
solved. These NADKs include Ppnk complexed with NAD™
(Ppnk-NAD™) and human NADK (apo-form); the conserva-
tion is evident with respect to both the primary (Fig. 2) and
tertiary structures (Fig. 3B). The Cys-291 of Pos5 corresponds
to Cys-349 of human NADK in both primary and tertiary struc-
tures (Figs. 2 and 3B). The Arg-293 of Pos5 corresponds to
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Asp-256*

Arg-293*

\

Asp-150 Asp-150
S Gly-151 Gly-151
Asp-256* Asp 256
Asp-189*
Asp-314* Asp 314*
2 Z
74 /4
& ¢ \7
Cys-291* \ Tyr-269 Cys 2914 \ Tyr-269
Asn-224* Tyr-202 Tyr-202
Cys-349* Tyr-327 Cys 349‘ Tyr 327
Ser-272
Arg-293* Arg-293*
His-226* His-226*
His-351* AN, Asp-227  His-351% Asp-227
é %y Glu-160 ? Glu-160
N Glu-285 Glu-285
/J/ Asn-226 ; Asn-226
"y~ Asn-159 2w Asn-159
L= . Asn-284 L . Asn-284
Th]",,,zsjz,d Thr-325 Z  Thr-264 Thr-264
Thr-197 Thr-197
Thr-3 Thr-322
Ny
, Gly-151 Gly-151
Asp 150 Gly-86 Asp-150 Gly-86
sp-85 Gly-185 Asp-85 Gly-185
Asp 184 Asp-184

Human NADK

FIGURE 3. A, stereo diagram of the binding site for NADH in Pos5-NADH-A. NADH in Pos5-NADH-A is indicated in deep blue. Asp-256*, Cys-291*, and Arg-293*
come from another subunit (Pos5-NADH-B’). B, stereo diagram of the binding site for NADH in Pos5-NADH-A as in Fig. 3A, the binding site for NAD™" in
Ppnk-NAD™ (salmon pink; Protein Data Bank code 1u0r, A chain), and the corresponding region of human NADK (lime green; 3pfn, A chain). The residues
denoted by asterisks come from another subunit. C, electric charge on the molecular surfaces of NAD(H)-binding sites of NADKs [human NADK (Protein Data
Bank code 3pfn, A chain) and Ppnk-NAD " (Protein Data Bank code 1y3h, B chain)] and NADHK (Pos5). Positive and negative charges at pH 8.0 are colored in blue
and red, respectively. NAD* and NADH are colored as in Fig. 1A. Residues are colored in blue (His, Lys, and Arg), red (Asp and Glu), and yellow (Cys, Asn, and Tyr).

The residues denoted by asterisks come from another subunit in each structure.

His-226 of Ppnk and His-351 of human NADK (Figs. 2 and 3B).
Among the NADKSs shown in Fig. 2 whose tertiary structures
have been solved, it should be noted that catalytic activities
have been determined experimentally only for Ppnk, human
NADK, and Pos5 (6, 11, 29-31). Thus, in light of the conserva-
tion of Cys-291 in Pos5 with Cys-349 in human NADK, we
selected Arg-293 of Pos5 as the first candidate for a structural
determinant of the high NADH kinase activity of Pos5 and its
ability to discriminate NADH from NAD™.

AUGUST 26,2011-VOLUME 286-NUMBER 34  NASEMB\

Conservation of Arg-293 of PosS in the Primary Structures of
Other Proteins—To determine whether the Arg-293 of Pos5 is
conserved in the primary structures of other Pos5 homologs,
NADKSs, and plant NADKS3, we constructed a phylogenetic tree
and a multiple alignment as described under “Experimental
Procedures.” The phylogenetic tree indicated that NADK3
homologs are distinguishable from other proteins, which can be
further divided into Pos5 homologs (41 proteins) and other
eucaryotic NADK homologs including Utr1l and human NADK
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TABLE 3
NADK and NADHK activities of purified enzymes
NADK NADHK
Specific activity Fold Specific activity Fold NADHK/NADK
units/mg units/mg
Pos5 0.7 1.0 6.0 1.0 8.6
Pos5 R293H 1.7 2.4 3.6 0.6 2.1
Pos5 H231D ND* 0.4 0.067
Pos5 R293H/H231D ND“ ND“
Human NADK 14 1.0 0.6 1.0 0.043
Human NADK H351R ND“ ND“
Human NADK H351R A330S 0.00192 0.000137 0.00266 0.00443 1.39

“ND, not detected. NADK activity was not detected even after a 10-min reaction in the presence of the purified proteins (0.31 mg of Pos5 H231D, 0.42 mg of Pos5 R293H
H231D, and 0.35 mg of human NADK H351R). The purified Pos5 (0.31 mg) and human NADK (0.35 mg) theoretically yield AA;,, values of 13 and 250, respectively, after a
10-min NADK reaction. NADHK activity was not detected even after a 10-min reaction in the presence of the purified proteins (2.4 ug of Pos5 R293H H231D and 0.18 mg
of human NADK H351R). Purified Pos5 (2.4 ug) yield ed AA;,, values of 0.45 and human NADK (0.18 mg) yields theoretically 7.4 after a 10-min NADHK reaction.

(supplemental Fig. S1). The NADK3 and Pos5 homologs are
putative NADHKSs, whereas others are putative NADKs (sup-
plemental Fig. S1). Multiple alignment demonstrated that the
Arg-293 of Pos5 is conserved in the primary structures of 39 of
41 Pos5 homologs and also in NADKS3. In contrast, in 64 of 64
NADK homologs, Arg-293 of Pos5 corresponds to a His residue
(supplemental Fig. S4). The Cys-291 of Pos5 is highly conserved
in both Pos5 and NADK homologs (supplemental Fig. S4).
Thus, we revealed that the Arg-293 of Pos5 is highly conserved
among the primary structures of the Pos5 homologs, where it
corresponds to a His residue that is conserved among the
NADK homologs.

Arg-293 of PosS5 Is the Determinant for Discrimination of
NAD™ and NADH—To develop hypotheses about the role of
Arg-293, we compared the electrostatic level on the molecular
surface of NADH-binding site of Pos5 (NADHK) with those of
NADKSs (Ppnk and human NADK). Obviously, the surface of
the NADH-binding site of Pos5 (NADHK) was positively
charged at pH 8.0 (Fig. 3C) and pH 9.5 (data not shown),
whereas those of NADKs were negatively charged at pH 8.0
(Fig. 3C), pH 7.5 (for human NADK; data not shown), and pH
6.5 (for Ppnk; data not shown). The optimum pH for NADHK
activity of Pos5 is pH 9.5, whereas the optima for NADK activity
of Pos5, human NADK, and Ppnk are pH 8.0, 7.5, and 6.5,
respectively (6, 29, 31). The positively charged surface of the
NADH-binding site of Pos5 was attributed to Arg-293 (pK, of
12). Accordingly, artificial replacement of the Arg-293 with the
His residue (pK,, of 6.0) using COOT (16) resulted in a nega-
tively charged surface (data not shown).

To further explore whether the Arg-293 is a structural deter-
minant of Pos5 high NADH kinase activity and the ability to
discriminate NADH from NAD™, we purified a Pos5 mutant,
R293H, in which Arg-293 was converted to a His residue. We
examined the catalytic properties of R293H and compared the
mutant with wild-type Pos5. For the wild-type protein, the ratio
of NADHK activity to NADK activity was 8.6 (Table 3). As
expected, the NADK activity of Pos5 R293H increased by 2.4-
fold and NADHK activity deceased by 40%, resulting in the
decrease of the ratio of NADHK activity to NADK activity to 2.1
(Table 3). To get more detailed information, we determined
kinetic values (Table 4). Catalytic activities of Pos5 were char-
acterized by high NADHK activity, i.e. by high k_,  and low K|,
for NADH, and also by low NADK activity, i.e. low k., and high
K, for NAD™ (Table 4). In the case of Pos5 R293H, k_,, for

cat
cat
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TABLE 4
Kinetic values for NAD™ and NADH of Pos5 and Pos5 R293H
keat” K k

/K,
" cat’ m
NADH NAD* NADH NAD* NADH

NAD*

st mm

Pos5 74*09 161 *28 45*0.6 0.190 + 0.04 1.6 85
Pos5R293H 6.2 *12 7.7+*19 13*0.3 0.032 +0.01 4.8 241

“ Pos5 was taken as homotetramer. k_,, was calculated using 185,138.4 Da as the
molecular mass of the homotetrameric Pos5.

NADH decreased by 52%, and K, for NAD " was also lowered
by 71%, as expected. These kinetic values indicated that the
Arg-293 is atleast one of the structural determinants of the high
NADHK activity of Pos5 and for the discrimination of NADH
from NAD™.

From the viewpoint of the electrostatics of the relevant
molecular surfaces (Fig. 3C), Pos5 would hinder positively
charged NAD™ from coming close to the NADH-binding site,
which is also positively charged because of Arg-293. However,
this is not the case in NAD ™ -binding sites of NADKSs (Ppnk and
human NADK), which are negatively charged. The surfaces of
NAD™ -binding sites of other NADKSs whose tertiary structures
have been solved, except for NADK of A. fulgidus, are also neg-
atively charged (supplemental Fig. S5), although the activities of
these NADKSs have not been reported (25, 26, 28). In the pri-
mary structures of these negatively charged NADKSs, the resi-
dues corresponding to the Arg-293 of Pos5 are His, Ile, or Gln
(Fig. 2). Thus, we speculate that these NADKs are not also
NADHKSs. With regard to the NADK of A. fulgidus, the putative
NAD(H)-binding site is positively charged because of Arg-143
and Lys-126, although the residue corresponding to Pos5 Arg-
293 in the A. fulgidus protein is Phe-182 (Fig. 2 and supplemen-
tal Fig. S5). Thus, the possibility remains that the NADK of A.
fulgidus also displays high NADHK activity.

The K, for NADH of Pos5 R293H was decreased by 83%
(Table 4) relative to the wild-type protein. Based on the
decreased K,,,, we speculated that Arg-293 decreases the ability
of even NADH to approach the NADH-binding site and that
Pos5 substituted Arg-293 for His to completely deny access to
NAD™ at the sacrifice of optimal affinity for NADH.

Role of His-231 of Pos5—Although we revealed the signifi-
cance of Arg-293 in Pos5, the mutant R293H still exhibits high
NADHK activity and low NADK activity (Table 3), indicating
that the other determinants of specificity must exist. Upon
further inspection of the NADH-binding site of Pos5, we found
that His-231 also contributes to the positive-charged surface of
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the NADH-binding site (Fig. 3C). In contrast, the correspond-
ing positions of NADKs are acidic residues (Glu-164 of Ppnk
and Asp-289 of human NADK; Fig. 3C). Notably, His-231 of
Pos5 was completely conserved in all 41 Pos5 homologs,
whereas the corresponding residue is Asp in 60 of the 65 NADK
homologs (supplemental Fig. S4). Taken together, these obser-
vations imply that His-231 is also a structural determinant of
specificity. However, both NADK and NADHK activities of the

TABLE 5
Selected contacts between Pos5 Arg-293 and Pos5

Selected contacts between Arg-293 of Pos5-NADH-A molecule and residues of
Pos5-NADH-B' molecule, except for Thr-254 of Pos5-NADH-A molecule.

Hydrogen bond (<3.5 A)

Target atoms Distance
A
N Thr-254 O 2.78
NH, Thr-267 O 3.20
Ala-268 O 2.76
Ser-272 oG 2.96
NH, Thr-267 O 2.82

A

Thr-267
Thr-325

Ala-268
Ala-326

Arg-293*

His-351*

Ser-272

Ala-330

Thr-254*

GlIn-312*

Discrimination of NAD* from NADH in Pos5

purified Pos5 mutants H231D and Pos5 R293H H231D were
significantly diminished or below the detection limit (Table 3).

Increasing the Ratio of NADHK Activity to NADK Activity in
Human NADK—Based on our finding that Pos5 Arg-293,
which corresponds to the His-351 of human NADJK, is one of
the determinants that we sought, it was expected that we might
confer high NADHK activity on human NADK by converting
the His-351 of human NADK into Arg residue. However, puri-
fied human NADK H351R lacked both NADK and NADHK
activities (Table 3).

We hypothesized that the side chain of Pos5 Arg-293
requires other specific residues to attain a suitable conforma-
tion. There are four residues (Thr-254, Thr-267, Ala-268, and
Ser-272) that interact with Arg-293 (Table 5 and Fig. 4A).
Among these, Thr-267, Ala-268, and Ser-272 interact with the
side chain of Arg-293, whereas Thr-254 contacts the N atom of
main chain (Table 5 and Fig. 4A4). Thr-267 also interacts with
the NADH molecule (Fig. 3, A and B, and Table 2).

Thr-267
Thr-325

Ala-268
Ala-326

Arg-293*

His-351*

Ser-272

Ala-330

Thr-254*

GIn-312*

FIGURE 4. The residues interacting with Arg-293 of Pos5. A, stereo diagram of the residues that interact with Arg-293 in Pos5-NADH-A. NADH in Pos5-
NADH-B’ is shown in blue. The residues in Pos5-NADH-B’ are shown. The residues denoted by asterisks come from subunit A. B, stereo diagram of the residues
shown in Fig. 4A and the corresponding superimposed residues of Ppnk-NAD™ (pink, Protein Data Bank code 1u0t, A chain) and human NADK (translucent
green, Protein Data Bank code 3pfn, A chain). The residues denoted by asterisks come from another subunit.
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Among the residues that interact with the side chain of Arg-
293, Thr-267 and Ala-268 are highly conserved in both Pos5
and NADK homologs, including Ppnk and human NADK (Fig.
4B and supplemental Fig. S4). However, Ser-272 of Pos5 is con-
served in Pos5 homologs but can be either Ser (e.g. the Ser-205
of Ppnk) or Ala (e.g. the Ala-330 of human NADK) in NADK
homologs (Fig. 4B and supplemental Fig. S4). Hence, we attrib-
uted the inactivation of human NADK H351R to Ala-330,
which does not interact with the converted Arg-351. Accord-
ingly, simultaneous conversions of both His-351 and Ala-330
into Arg and Ser residues resulted in recovery of measurable
NADK and NADHK activities. Furthermore, the ratio of
NADHK activity to NADK activity was markedly increased
from 0.043 to 1.39, although the absolute activity levels were
lower than wild type (Table 3). These results indicate that the
side chain of the converted Arg-351 of human H351R A330S
requires Ser-330 to assist Arg-351 in attaining a suitable side
chain conformation. Furthermore, the data imply that in Pos5,
Ser-272 has a critical role in assisting Arg-293 in attaining a
suitable side chain confirmation. The significance of Ser-272 is
in good agreement with the high level of conservation of this Ser
residue in Pos5 homologs (supplemental Fig. S4).

Significance of the Intersubunit Contact—In NADKs, the res-
idue that corresponds to Thr-254 of Pos5 is also critical in rec-
ognition of substrate (e.g. E. coli NADK YfjB) and conferring
strict specificity for NAD™ (3). Because the residue is derived
from another subunit, the intersubunit contact is important for
substrate recognition in NADKs (3). In this study, we revealed
the significance of Arg-293 to the high NADHK activity of Pos5
and its ability to discriminate NADH from NAD . The Arg-293
also comes from another subunit (Fig. 34), again demonstrat-
ing the significance of the intersubunit contact.
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