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Abstract: Nucleoside diphosphate kinase (NDK) is known to form homotetramers or

homohexamers. To clarify the oligomer state of NDK from moderately halophilic Halomonas sp.

593 (HaNDK), the oligomeric state of HaNDK was characterized by light scattering followed by X-
ray crystallography. The molecular weight of HaNDK is 33,660, and the X-ray crystal structure

determination to 2.3 and 2.7 Å resolution showed a dimer form which was confirmed in the

different space groups of R3 and C2 with an independent packing arrangement. This is the first
structural evidence that HaNDK forms a dimeric assembly. Moreover, the inferred molecular mass

of a mutant HaNDK (E134A) indicated 62.1–65.3 kDa, and the oligomerization state was

investigated by X-ray crystallography to 2.3 and 2.5 Å resolution with space groups of P21 and C2.
The assembly form of the E134A mutant HaNDK was identified as a Type I tetramer as found in

Myxococcus NDK. The structural comparison between the wild-type and E134A mutant HaNDKs

suggests that the change from dimer to tetramer is due to the removal of negative charge
repulsion caused by the E134 in the wild-type HaNDK. The higher ordered association of proteins

usually contributes to an increase in thermal stability and substrate affinity. The change in the

assembly form by a minimum mutation may be an effective way for NDK to acquire molecular
characteristics suited to various circumstances.
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Introduction

Halophilic enzymes, especially those from extremely

halophilic archaea and the extracellular fractions of

moderately halophilic bacteria, are highly stable and

functional in the presence of high salt concentra-

tions, a condition under which most nonhalophilic

enzymes aggregate and become inactive. Most halo-

philic enzymes are highly acidic and negatively

charged under physiological conditions.1–5 Moder-

ately halophilic bacteria optimally grow in the pres-

ence of 1–2M NaCl, and those enzymes that are

secreted into the medium or the periplasm space are

stable and active in the presence of salts at high

concentrations.6,7 In contrast, cytoplasmic enzymes

of moderately halophilic bacteria exhibit less halo-

philicity than secreted enzymes.

Nucleoside diphosphate kinase (NDK) is a typi-

cal ‘‘housekeeping’’ enzyme that catalyzes the trans-

fer of c-phosphate from nucleoside triphosphates to

nucleoside diphosphates. NDK is highly conserved

from prokaryotes to eukaryotes; the sequences are

>40% identical among different species. NDK is a

member of a multifunctional protein family with

broad functionality.8–10 Extensive genetic, biochemi-

cal, and crystallographic studies on NDK have been

carried out. X-ray crystallographic studies of NDK of

many organisms from bacteria to humans have dem-

onstrated that all NDKs have common subunits of

about 150 residues with a very similar fold based on

the babbab fold or ‘‘ferredoxin’’ fold. All known

NDKs are confirmed to have an oligomeric struc-

ture11,12 in which dimer units are assembled into

more extensive multimers. Three common dimer

units assemble into a homohexameric form in NDKs

from eukaryotes, archaea, and gram-positive bacte-

ria11,13 and two common dimers assemble into a

tetrameric form in gram-negative bacteria.14–16 In

the case of gram-negative bacteria, X-ray structural

analysis showed that there are at least two kinds of

tetrameric assemblies, Type I and II tetramers,

which are observed in the Myxococcus NDK

(MxNDK) tetramer and E. coli NDK (EcNDK) tet-

ramer, respectively. The Type I tetramer in MxNDK

(PDB ID: 1NHK, 1NLK, and 2NCK) uses the C-ter-

minal region as the monomeric interface, whereas

the Type II tetramer in EcNDK (PDB ID: 2HUR)

uses a loop comprising residue positions 93–112 for

the interface. This region from residue position 93–

112 is termed the ‘‘Kpn loop.’’17 Kpn refers to the

‘‘Killer of prune,’’ and is a point mutation in the

abnormal wing disc (awd) gene of Drosophila.

This mutation is a substitution of serine for P97 in

NDK, and causes dominant lethality in affected

individuals.18–20

To investigate the mechanism for subunit as-

sembly of NDK, we chose NDK from moderately

halophilic bacteria Halomonas sp. 593 (HaNDK),

because we have already shown that HaNDK is

unique in having a dimer oligomeric assembly.21

From an amino acid comparison of HaNDK, Pseudo-

monas NDK (PaNDK) and Myxococcus NDK

(MxNDK), it was hypothesized that in the C-termi-

nal region of NDK, residue 134 (glutamic acid in

HaNDK, alanine in PaNDK, arginine in MxNDK)

plays an important role in the oligomeric assembly.22

We have also reported that the E134A mutation in

dimeric HaNDK converted it into a tetramer,

whereas the converse A134E mutation in tetrameric

PaNDK converted it into a dimer.22,23 Although it

was clear that position 134 is critical for the oligo-

meric assembly of HaNDK, the molecular mecha-

nism and the association scheme of dimeric and

tetrameric assemblies of the wild-type and E134A

mutant HaNDKs, respectively, have not been eluci-

dated from a structural point of view.

Thus, we elucidated characteristics of the oligo-

meric forms of the wild-type and E134A mutant

HaNDKs using high-performance size-exclusion

chromatograph coupled to a multiangle laser light

scattering detector (SEC-MALLS), in combination

with structural analysis by X-ray crystallography.

The structural information provides evidence that

the biological structure of the wild-type HaNDK is a

dimer, and that the single amino acid mutation

E134A converted dimeric HaNDK into the Type I

tetrameric assembly, due to removal of charge repul-

sion at E134 in HaNDK. A single point mutation is

therefore shown to be capable of regulating higher-

order oligomeric assembly of HaNDK.

Results

Enzymatic activities of the wild-type
and E134A mutant HaNDKs

The specific enzymatic activities of the wild-type and

E134A mutant HaNDK were measured and com-

pared with that of the wild-type PaNDK tetramer.

Under conditions where the enzyme specific activity

of the wild-type HaNDK was set to 100% the specific

activity of tetrameric PaNDK was 129% 6 7% and is

consistent with previous experiments.21,22 The spe-

cific activity of the tetrameric E134A mutant

HaNDK was determined to be 119% 6 9%, which is

slightly larger than that of the wild-type HaNDK

dimer.

Oligomerization of the wild-type and E134A

mutant HaNDKs observed by SEC-MALLS
The gel filtration chromatograms of the wild-type

HaNDK, the E134A mutant HaNDK, and bovine se-

rum albumin (BSA, standard sample) are shown in

Figure 1(A,B). Under the existence of 0.2M NaCl,

peaks belonging to the wild-type HaNDK, the

E134A mutant HaNDK, and BSA were eluted at 9.4,

8.8, and 8.4 mL in the gel filtration [Fig. 1(A)], and

the molecular mass of the wild-type and E134A
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mutant HaNDK were determined to be 33.7 6 2.0

kDa and 62.1 6 4.3 kDa (Table I). In addition, under

the existence of 2.0M NaCl, peaks belonging to the

wild-type HaNDK, the E134A mutant HaNDK, and

BSA were eluted at 10.7, 9.9, and 9.2 mL in the gel

filtration [Fig. 1(B)], and the molecular mass of the

wild-type and E134A mutant HaNDK were deter-

mined to be 32.1 6 2.2 kDa and 65.3 6 5.2 kDa,

respectively (Table I). Because the theoretical mass

calculated from amino acids sequence was 15.1 kDa

for the monomeric HaNDK, the results of SEC-

MALLS indicate that the wild-type HaNDK and

E134A mutant HaNDK form dimeric and tetrameric

structures, respectively, in both 0.2 and 2.0M NaCl

solutions.

Crystal packing of the wild-type and E134A
mutant HaNDKs

The crystal packing in the asymmetric unit of crys-

tal Forms 1 through 4 is shown in Figure 2. Form 1

and 2 crystals (wild-type HaNDK) have two and five

monomers in their asymmetric unit, respectively,

which corresponds to one dimer in the asymmetric

unit of the Form 1 crystal and 2.5 dimers in the

Form 2 crystal. In the Form 2 crystal the monomer

colored in red (Fig. 2) forms a dimer with the neigh-

boring symmetric monomers. On the other hand,

Form 3 and 4 crystals (E134A mutant HaNDK) have

two and four tetramers in their asymmetric unit,

respectively. The solvent content was 76.0% for

Form 1, 79.8% for Form 2, 48.9% for Form 3, and

49.5% for Form 4. The Form 1 and 2 wild-type struc-

tures have higher R-factor, Rfree, and mean B values

compared to Forms 3 and 4, resulting from the high

mobility of the dimers in Forms 1 and 2 as a likely

consequence of the high solvent contents of Forms 1

and 2. In both the Form 1 and 2 crystals, the

RMSDs of Ca atoms of each monomer in the asym-

metric unit is <0.6 Å. Similarly, in both the Form 3

and 4 crystals, the RMSD of Ca atoms of each mono-

mer in their asymmetric unit is <0.5 Å. These val-

ues for RMSD indicate that there are no significant

differences in the structures of HaNDK monomers

located in the asymmetric unit.

Monomer and dimer structures of the
wild-type and E134A mutant HaNDKs

The monomeric structure and subunit assembly of

the wild-type (Form 1) and E134A mutant HaNDKs

(Form 3) are shown in Figure 3. As shown in Figure

3(A,B), the wild-type and E134A mutant HaNDKs

were formed in a single a/b domain consisting of a b-

sheet of four antiparallel strands and seven a-heli-

ces, in which the all b-strands (b1: T3-I10, b2: K33-

Q41, b3: P71-E80, and b4: V116-G118) are sur-

rounded by the a-helices. Such a monomeric struc-

ture of NDK is similar to the ferredoxin-like fold

observed in Pseudomonas aerogenes ferredoxin.24

The monomeric structures of the wild-type and

E134A mutant HaNDKs were similar to each other.

Figure 1. Gel filtration chromatogram of the wild-type and

E134A mutant HaNDKs. Approximately 100 lg of wild-type

HaNDK (1 mg mL�1) and of the E134A mutant HaNDK

(1 mg mL�1) were injected onto SK-GEL G3000 SWXL

column equilibrated with 50 mM Tris HCl buffer at pH 8.0,

containing 2 mM MgCl2 and (A) 0.2M NaCl or (B) 2.0M

NaCl. Approximately 100 lg of the bovine serum albumin

(1 mg mL�1) was also analyzed as a standard sample.

Table I. Molecular Mass of the Wild-Type and E134A Mutant HaNDKs Determined Using Light Scattering
Analysis

Sample
NaCl in eluting

solvent (M)
Observed
mass (Da)

Theoretical mass (Da)

AssignmentMonomer Dimer Tetramer

Wild-type HaNDK 0.2 33,700 6 2000 15,137 30,274 60,548 Dimer
2.0 32,100 6 2200

E134A mutant HaNDK 0.2 62,100 6 4300 15,076 30,158 60,316 Tetramer
2.0 65,300 6 5200

BSA (standard sample) 0.2 70,800 6 7400 66,776 — — Momomer
2.0 72,600 6 2900

The theoretical mass was calculated from amino acids sequence. Assignment of multimer was determined by comparison
between observed and theoretical mass.
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The RMSDs of Ca atoms of the HaNDK monomers

between Form 1 and the other forms were <0.4 Å

(Form 2), 0.3 Å (Form 3), and 0.4 Å (Form 4), respec-

tively. The overall structure of HaNDK monomer

was conserved despite the E134A mutation and the

change in crystal packing.

The dimer structure of the wild-type HaNDK, in

which two HaNDK monomers are related by a non-

crystallographic twofold axis is shown in Figure

3(C). In all the crystal forms (Forms 1 through 4),

monomer–monomer interfaces for intermolecular

interactions were created at a2–a2 (residues 18–30)

and at b2–b2 (residues 35–41) contacts. Eighteen

intermolecular hydrogen bonds are observed in the

monomer–monomer interfaces of the HaNDK dimer

(Table II). Twelve out of 18 hydrogen bonds are

observed in the a2–a2 interface, 2 hydrogen bonds

are observed in the b2–b2 interface, and the other 4

hydrogen bonds are located between R141 of the C-

terminal and V15 in the a1 domain and between

R141 and N18 in the a2 domain. These interfaces

extend the four-stranded antiparallel b-sheet in

monomer form to an eight-stranded b-sheet in dimer

form. Such a dimer unit of HaNDK has been com-

monly observed in both the wild-type and E134A

mutant HaNDK, as well as other known structures

of NDKs. The RMSDs of Ca atoms of HaNDK dimers

between Form 1 crystal and other crystals are <0.5

Å (Form 2), 0.4 Å (Form 3), and 0.5 Å (Form 4). The

dimer structure shown in Figure 3(C) was conserved

in all crystal Forms 1 through 4.

Assembly of common dimer units in the
structures of the wild-type and E134A

mutant HaNDKs

The Form 1 and Form 2 structures of the wild-type

HaNDK were dimer units stabilized by a large num-

ber of intermolecular van der Waals contacts. This is

the first observation of the biologically active dimer

structure of NDK. The number of van der Waals

contacts common to both of the crystal forms is 127

Figure 2. Crystal packing of wild-type and E134A mutant HaNDKs. (A) and (B) shows the crystal packing of the wild-type

HaNDK observed in Form 1 and Form 2 crystals. (C) and (D) shows the crystal packing of the E134A mutant HaNDK

observed in Form 3 and 4 crystals. Asymmetric units constructing each crystal packing are surrounded by dotted squares.
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for the dimer interface, but is <79 for each neighbor

molecule crystal contacts.

On the other hand, in the asymmetric unit of

Form 3 crystal of the E134A mutant HaNDK, there

are two kinds of dimer–dimer assembly created by a

noncrystallographic twofold interaction [Fig. 3(D,E)].

One dimer–dimer interface comprises the 38–43rd

and 130–137th residues, and another dimer–dimer

interface comprises 26–30th and 85–106th residues.

These two assemblies were identified as the Type I

and II tetramers seen in MxNDK and EcNDK,

respectively.16 This is the first time that Type I and

II tetramers appeared simultaneously in the same

crystal. The RMSD of Ca atoms in Type I tetramer

between the E134A mutant HaNDK and MxNDK

(PDB ID: 1NHK, 1NLK, and 2NCK) is <0.8 Å, and

the RMSD in the Type II assembly between E134A

mutant HaNDK and EcNDK tetramer (PDB ID:

2HUR) is 0.9 Å. The asymmetric unit of Form 3

crystal contains eight copies of the E134A mutant

HaNDK (chains a–h), with four dimers each com-

prising both the Type I and II tetramers, as shown

in Figure 3(F). Type I and II tetramers are repeated

alternately in the asymmetric unit [Fig. 3(F)]. In

the same manner, the asymmetric unit of Form 4

crystal contains alternately repeated Type I and II

Figure 3. Monomeric structure and subunit assembly of wild-type and E134A mutant HaNDKs. (A), the wild-type HaNDK

monomer. (B), the E134A mutant HaNDK monomer. In (A) and (B), 134th residues are shown in sticks. Kpn loop is shown in

dotted circle. (C), the wild-type HaNDK dimer. (D) and (E), the E134A mutant HaNDK tetramer. The tetramers (D) and (E) are

called Type I and II tetramers in this article. (F), Crystal packing in the asymmetric unit of the E134A mutant HaNDK (Form 3).

Eight subunits (a–h) were observed in the asymmetric unit of Form 3 crystal. There are two kinds of tetrameric assembly

(Type I and II tetramers) in the asymmetric unit of the E134A mutant HaNDK. Tetrameric comformation of Type I tetramer is

similar to that of Myxococcus NDK (MxNDK). On the other hand, tetrameric conformation of Type II tetramer is similar to that

of E. coli NDK (EcNDK). Red circles in (F) show the dimmer–dimer interfaces in Type I tetramer including mutation site

(E134A). Black circles in (F) show the Kpn loops.
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tetramers, although the numbers of molecules in the

asymmetric units of Form 3 (8 molecules) and Form

4 (16 molecules) are different.

Conformation of active site

The NDK active site cleft consists of H117 in the

very short b4 (116–118th residue), a4 (59–69th resi-

due), and Kpn loop (93–112th residue).12,14 H117

located on the bottom of the cleft acts as a catalytic

residue of NDK. The active site structures in the

wild-type and E134A mutant HaNDK are similar to

other known NDKs. The Kpn loop observed in the

wild-type and E134A mutant HaNDK has three

intramolecular hydrogen bonds, between O of L89

and N of I103, O of M90 and N of R104, and O of

G91 and Ng1 of R104, the same as EcNDK [Fig.

4(a)].16 These hydrogen bonding interactions are

also observed in all crystal Forms 1 through 4.

In addition, the Kpn loop is important for the

formation of Type II tetramer in the E134A mutant

HaNDK, because the Kpn loop is located in the

dimer–dimer interface and interacts with a neigh-

boring molecule [Fig. 3(F)]. The RMSDs of the Kpn

loop (93–112th residue) between the wild-type and

E134A mutant HaNDKs are <0.6 Å for Ca atoms

and 1.1 Å for all atoms. The main chain structures

of the wild-type and E134A mutant HaNDKs in the

region of the active site are almost the same [Fig.

4(B)], whereas the side chain structures of N94,

K96, E97, E99, and Q109 are rotated. The RMSD of

all the active site residues (comprising a4, Kpn loop,

and b4) between the wild-type and E134A mutant

HaNDKs are <0.5 Å for Ca atoms and 1.0 Å for all

atoms. It is clear that the active site structures in

Type I and II tetramers are similar, though the

active sites in Type I and II tetramers are located

Table II. Hydrogen Bonds in the Wild-Type and E134A Mutant HaNDKs

Domain Residue Atom Distance, Å Atom Residue Domain

Monomer–monomer interface of the wild-type HaNDK dimer (Form 1)
a1 V15 O 3.3 Ng1 R141 C-terminal
a2 N18 Od1 2.2

O 3.2 Oe1 E28 a2
I20 N 3.2 Oe1

3.3 Oe2
G21 N 2.9 Oe1

O 3.4 O G21
E22 N 3.2 Oc S25
S25 Oc 3.3 N E22
E28 Oe1 2.7 N G21

3.3 O N18
3.2 N I20

Oe2 3.2 O N18
3.1 N I20

b2 A37 O 2.8 N M39 b2
M39 N 3.0 O A37

C-terminal R141 Ng1 3.1 O V15 a1
2.7 Od1 N18 a2

Dimer–dimer interface of the E134A mutant HaNDK (Type I tetramer in Form3)

Chain Residue Atom Distance, Å Atom Residue Chain

A E135 N 2.9 O A130 b
S136 N 3.1 O Y131

Oc 2.8
A103 O 2.9 N E135
Y131 O 3.0 N S136

3.0 Oc
E E135 N 2.9 O A130 f

3.3 O Y131
S136 N 2.9

Oc 3.2
A130 O 2.8 N E135
Y131 O 3.1 N S136

2.7 Oc
Dimer–dimer interface of the E134A mutant HaNDK (Type II tetramer in Form3)

B K29 Nf 3.2 Oe1 E22 c
D88 Od1 3.3 Oe2 E99

f G101 O 2.9 Ng2 R26 g
3.3 Ng1

Names of chains are as in Figure 3(F).
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near the outside and in the interior of tetrameric as-

sembly, respectively.

Discussion
The assembly forms of both the wild type and

E134A mutant HaNDKs were identified to be dimer

and tetramer, respectively, by X-ray crystallographic

analysis and SEC-MALLS. The crystal structure of

the dimeric form of NDK was first observed in the

case of HaNDK. It was also determined that the

tetrameric form of the E134A mutant HaNDK was

converted by a single mutation (E134A) from the

dimeric wild type structure. Because two kinds of

tetrameric assembly, namely Type I and II tetramers

shown in Figure 3, were observed in the crystal

packing of the E134A mutant HaNDK, the struc-

tural property of the dimer–dimer interface in Type

I and II tetramers of the E134A mutant HaNDK

Figure 4. Stereo view of the Kpn loop. (A), Structural comparison of the Kpn loop of Form 1 crystal (red) and EcNDK (PDB

ID: 2HUR, green). These structures are superposed based on the main chain atoms. Residues (L89, M90, Q91, I103, and

R104) that form the intramolecular hydrogen bonds are shown with the side chains, and the side chains of other residues are

omitted. The hydrogen bonds in Form 1 crystal are shown by black dotted line. (B), Structural comparison of Kpn loop of the

wild-type HaNDK (red) and the E134A mutant HaNDK (blue). The wild-type and E134A mutant HaNDKs are superposed

based on the main chain atoms. N94, K96, E97, E99, and Q109 are shown with the side chains, and the side chains of other

residues are omitted.
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and the effect of mutation at E134 on the oligomeri-

zation of HaNDK are further discussed.

The protein–protein interface of tetramer

assemblies observed in the E134A
mutant HaNDK

In the crystal structures of the E134A mutant

HaNDK shown in Figure 3(F), dimmer–dimer inter-

actions are created by chains ae/chains bf interface

or chains cg/chains dh interface (the contact surface

area: 821 Å2) in Type I tetramer and by chains bf/

chains cg interface (the contact surface area: 1040

Å2) in Type II tetramer. Because the dimeric assem-

bly of the wild-type HaNDK is converted to the tet-

rameric assembly by the E134A mutation and the

mutation site of E134A is not located in the dimer–

dimer interface of Type II tetramer but in that

of Type I tetramer, it is considered that Type I

tetramer is the assembly form of the E134A mutant

HaNDK and Type II tetramer is formed by crystal

packing.

To investigate how the tetrameric assembly of

E134A mutant HaNDK was formed, we further com-

pared the characteristics of the dimer–dimer inter-

face affinities (van der Waals interactions, hydropho-

bic interactions, hydrogen bonding interactions, and

intermolecular water-bridges) of Type I and of Type

II tetramers in the crystal structures of the E134A

mutant HaNDK determined from Form 3 and 4 crys-

tals [shown in Fig. 2(C,D) and Table IV] by the web-

based program PISA25 (URL: http://www.ebi.ac.uk/

msd-srv/prot_int/pistart.html) and NCONT in the

CCP4i package.26

The van der Waals interactions and hydrophobic

interactions in dimer–dimer interfaces of the E134A

mutant HaNDK were characterized. The number of

van der Waals interactions in dimer–dimer interfaces

observed by NCONT are 123 for Type I tetramer and

125 for Type II tetramer. The Gibbs free energy for

hydrophobic interactions (DiG) in the dimer–dimer

interface, which is calculated by PISA and does not

include the effect of hydrogen bonds and salt

bridges,25 are �50.6 kJ mol�1 for Type I tetramer

and �51.5 kJ mol�1 for Type II tetramer. Thus, these

characteristics of the contact surfaces of dimer–dimer

interface in Type I and II tetramers are indistin-

guishable by these observations.

Subsequently, we focused on the hydrogen bond-

ing interactions (3.4 Å or less) and intermolecular

water-bridges in the dimer–dimer interface of Type I

and of Type II tetramers. There are more hydrogen

bonds in Type I tetramer than those of Type II

tetramer as shown in Table II: there are 13 hydro-

gen bonds at the dimer–dimer interface of Type I

tetramer, whereas there are four hydrogen bonds in

Type II tetramer. These hydrogen bonds were

observed as follows; the numbers of hydrogen bonds

between main chain atoms at the dimer–dimer inter-

faces are nine for Type I tetramer (i.e., between O of

A130 and N of E135, O of Y131 and N of E135, and

O of Y131 and N of S136), whereas no hydrogen

bonds are observed for Type II tetramer. The num-

bers of hydrogen bonds between main chain and side

chain atoms at the dimer–dimer interfaces are four

for Type I tetramer (i.e., between O of Y131 and Oc
of S136), and two for Type II tetramer (i.e., between

Ng1 of R26 and O of G101, and O of K29 and Od2 of

D106). No hydrogen bonds between side chain atoms

at the dimer–dimer interfaces are observed for Type

I tetramer, whereas two hydrogen bonds are

observed for Type II tetramer (i.e., between Oe1 of

E22 and Nf of K29, and Od1 of D88 and Oe2 of

E99). Average distances of observed hydrogen bonds

at the dimer–dimer interfaces are 3.0 6 0.2 Å for

Type I tetramer and 3.2 6 0.2 Å for Type II tet-

ramer. These results indicate that the hydrogen

bonding interactions at the dimer–dimer interface in

Type I tetramer are stronger than that in Type II

tetramer.

Moreover, to clarify the water-mediated dimer–

dimer interactions, water molecules at the dimer–

dimer interface in Type I and II tetramers were

characterized. There are 11 water molecules in the

dimer–dimer interface of Type I tetramer and 19

water molecules in that of Type II tetramer, respec-

tively; thus, there are more water-mediated indirect

interactions in the dimer–dimer association of Type

II tetramer. This result suggests that the gap at the

dimer–dimer interface in Type II tetramer, where

water molecules can enter, is larger than that in

Type I tertramer. Therefore Type II tetramer may

dissociate easier than Type I tetramer.

From these observations, it is concluded that

the Type I tetramer reflects the tetrameric assembly

of the E134A mutant HaNDK observed in solution

conditions such as the gel-filtration experiment.

Effect of mutation at E134 on the

oligomerization of wild-type HaNDK
The E134A mutation converts the assembly of

HaNDK from a wild-type dimer to a tetramer in so-

lution, which was indicated from our SEC-MALLS

and X-ray results. To clarify the effect of mutation

at 134th residue and/or neighboring 135th residue

on the oligomerization of NDK, we compared oligo-

meric forms of HaNDK with other NDKs. In Table

III, the oligomer states of HaNDK, PaNDK, and

MxNDK are summarized.14,22 Chemical crosslink

experiments revealed that HaNDK with glutamic

acid at 134th residue, i.e., wild-type HaNDK, and

also E135A mutant HaNDK form a dimeric assem-

bly.22 In addition, a mutation of E134 to alanine,

i.e., E134A mutant HaNDK and double mutant

HaNDK (both 134th and 135th residues are

alanine), convert HaNDK to a tetramer. Conversely,

tetrameric PaNDK converts to a dimeric assembly
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with an A134E mutation.22 In both HaNDK and

PaNDK, if the 134th residue is alanine, NDKs

assemble into a tetramer. The SEC-MALLS and X-

ray results in our study are consistent with previous

chemical crosslinking experiments.22 Thus, it is

clear that the mutation of 134th residue can regu-

late the oligomeric assembly of HaNDK and PaNDK.

To elucidate the reason why the dimeric wild-

type HaNDK is converted to a tetramer by the

E134A mutation, the tertiary structure of wild-type

HaNDK was superposed in a manner based on the

location of the Ca atoms of Type I HaNDK tetramer,

as shown in Figure 5. This superposition shows that

if the wild-type HaNDK forms a tetramer, 4 glu-

tamic acids comprising E134 (chain a), E137 (chain

a), E134 (chain b), and E137 (chain b) cluster within

3.5 Å, which should generate an electrostatic repul-

sive interaction. Even if the side chain of E134 is

rotated to avoid steric hindrance against the side

chain of E137 in the neighboring HaNDK, the side

chain of E134 will then collide with the main chain

atoms of Y131, F132, and F133 in the neighboring

HaNDK. Therefore, we conclude that the electro-

static repulsion and steric hindrance caused by the

side chain of E134 prevent dimer–dimer association

of wild-type HaNDK.

Biological meaning for changing the
oligomeric form of HaNDK

Although the amino acid sequences are more than

40% identical among NDKs in different species,12

the oligomeric structure varies depending on the or-

ganism.11 For example, the hexameric assembly of

NDK was widely distributed in eukaryotes, archaea,

and some gram-positive bacteria.5,11,16 Tetrameric

assemblies were observed in gram-negative bacteria

(Salmonella typhymurium, Myxococcus xanthus

(MxNDK) and E. coil (EcNDK)) and a gram-positive

bacteria Streptomyces coelicolor.16 Only two types of

tetrameric assemblies of NDK, Type I tetramer in

Table III. List of NDK Experiments From Gram-Negative Bacteria

Samples Source Mutation

Amino acid
sequence

from 131th
Assembly

(cross link)a
Assembly

(SEC-MALTTS)
X-ray

structure

HaNDK Halophiles None (wild-type) YFFEESEICSR 2 2 2.3 Åb

Halophiles E135A YFFEASEICSR 2
Halophiles E134A YFFAESEICSR 4 4 2.3 Åb

Halophiles E134A E135A YFFAASEICSR 4
PaNDK non-Halophiles None (wild-type) YFFAATEVCERIR 4 4

non-Halophiles A135E YFFAETEVCERIR 4
non-Halophiles A134E YFFEATEVCERIR 2
non-Halophiles A134E; A135E YFFEETEVCERIR 2

MxNDK non-Halophiles None (wild-type) YFFRETEIHSYPYQK 2.0 Åc

a Tokunaga et al (2008).22

b This paper.
c Williams et al. (1993).14

Figure 5. Stereo view of dimmer–dimer interface around 134th residue in Type I tetramer. Main chain structure of the E134A

mutant HaNDK dimer (derived from Form 3) formed by chain a and b are shown in thin stick colored in black, in which the

side chains are omitted. The interface between chain a and b of the E134A mutant HaNDK is shown by black dotted line.

Two wild-type HaNDK monomers (derived from Form 1) are superposed based on Ca atoms of the E134A mutant HaNDK,

which are colored in pink and blue. Bold sticks show E134 and E137 of the wild-type HaNDK. Green dotted lines show the

intermolecular hydrogen bonds.
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MxNDK (PDB ID: 1NHK, 1NLK and 2NCK) and

Type II tetramer in EcNDK (PDB ID: 2HUR), have

been determined by X-ray crystallography. In this

study, the natural dimeric structure of an NDK was

determined for the first time: wild-type HaNDK

from gram negative bacteria. Therefore, it is clear

that the oligomeric assemblies of NDK from gram

negative bacteria range at least from a dimer to

Type I and II tetramers,21 although the amino acid

sequences of their NDKs are highly conserved (more

than 68% identity) as shown in Figure 6. Moreover,

the oligomeric structure of HaNDK and of PaNDK

can be converted by the single point mutation at

134th residue.22 These results suggest that a small

number of amino acid changes are sufficient to con-

vert the NDK oligomeric assembly.

The increase of number of assemblies may bring

some benefit in the activity and stability of NDK. As

with the avidity effect observed in antibody,28 the in-

crement of the local concentration of the substrate

binding sites caused by oligomerization increases

the affinity of protein with substrates. The specific

activity of the tetrameric E134A mutant HaNDK

was 19% greater than that of the wild-type HaNDK

dimer as mentioned above. The increase in the local

concentration of nucleoside binding sites by tetrame-

rization due to the E134A mutation causes the

increase in the specific enzymatic activities of

HaNDK. Moreover, the increase of the number of

assemblies results in increased thermal stability of

the protein,29–31 which is mainly caused by the shift

in the equilibrium between folded and unfolded state

accompanied by oligomerization. Previous circular

dichroism measurements revealed that the melting

temperature of the mutant HaNDK tetramer is

higher than that of the wild-type HaNDK dimer.23

The result that a small number of mutations can

affect the oligomeric state of NDK may suggest the

effective way for bacterial NDK to adapt to different

environmental circumstances.

Material and Methods

Expression and purification of NDK proteins

The construction of the E134A mutant of HaNDK

was described previously.22 The wild-type and

E134A mutant HaNDK were expressed in E. coli

BL21star(DE3) and purified using ATP-agarose af-

finity chromatography described previously.21 For

crystallization, further purification of the wild-type

and E134A mutant HaNDKs was performed by ion-

exchange chromatography using Hi-Trap Q resin

(GE Healthcare).

Enzyme activity assay

The enzyme activity of the purified wild-type and

E134A mutant HaNDKs was measured at 303 K by

the enzyme-coupling method as described previ-

ously.22 The enzyme activity of tetrameric PaNDK

was also measured as a control; the protein concen-

tration was 10–20 lg mL�1. These measurements

for each NDK were carried out at least seven times

to improve accuracy. A reaction mixture (0.5 mL)

containing 0.4 mM TDP, 2 mM ATP, 25 mM MgCl2,

3 mM phosphoenolpyruvate, 0.15 mM NADH, 0.1M

KCl, 0.8 U pyruvate kinase, 2.3 U lactate dehydro-

genase, 0.1M Tris HCl buffer at pH 7.5, and the

enzyme sample was incubated at 303 K in a cuvette

placed in a photometer chamber. The reaction was

detected by the deoxdation of NADH and was

Figure 6. Amino acid sequence alignments of NDKs from bacteria. NDK_Halomonas: NDK from Halomonas sp. #593

(HaNDK). NDK_Pseudomonas: NDK from Pseudomonas aeruginosa (PaNDK). NDK_Escherichia: NDK from Escherichia coli

(EcNDK). NDK_Myxococcus: NDK from Myxococcus xanthus (MxNDK). NDK_Salmonella: NDK from Salmonella typhimurium.

These five bacteria belong to gram-negative species. NDK_Streptomyces: NDK from Streptomyces coelicolor. NDK_Bacillus:

NDK from Bacillus subtilis. These two bacteria belong to gram-positive species. Sequence homologies highlighted in red;

sequence identities are shown as white letters on red background box. The location of secondary structure is schematically

shown above the primary sequence of enzyme. b-strands are shown as arrows; a-helices as coils and strict beta turns as TT

letters. The figure was created using ESPript.27

Arai et al. PROTEIN SCIENCE VOL 21:498—510 507

http://firstglance.jmol.org/fg.htm?mol=<B>1NHK</B>
http://firstglance.jmol.org/fg.htm?mol=<B>1NLK</B>
http://firstglance.jmol.org/fg.htm?mol=<B>2NCK</B>
http://firstglance.jmol.org/fg.htm?mol=<B>2HUR</B>


followed by A340. The enzyme activity was also

measured in a 96-well microtiter plate with the

same reaction mixture (0.2 mL) except with a higher

NADH concentration of 0.24 mM, and A340 was

measured by a plate reader (Bio-Rad Benchmark

Plus) at 303 K.

Molecular mass determination by high

performance size-exclusion chromatography
and multiangle laser light scattering

(SEC-MALLS)

Light scattering analysis was performed using a mini-

DAWN multiangle laser light scattering detector

(Wyatt Technology) equipped with a gel filtration col-

umn. Approximately 100 lg of the wild-type HaNDK (1

mg mL�1) and of the E134A mutant HaNDK (1 mg

mL�1) were injected onto an SK-GEL G3000 SWXL size

exclusion column equilibrated with 50 mM Tris HCl

buffer at pH 8.0, 2 mM MgCl2 and 0.2M or 2.0M NaCl,

and eluted at a flow rate of 0.5 mL min�1. The elution

of HaNDK protein was monitored by both refractive

index and UV absorbance. Approximately 100 lg of bo-

vine serum albumin (1 mg mL�1, molecular weight:

66,776) was also analyzed as a standard sample.

Crystallization of wild-type and E134A

mutant HaNDKs
Initial screening for crystallization conditions of the

wild-type and E134A mutant HaNDKs proteins was

performed using the sitting-drop vapor-diffusion

method in a 96-well Intelliplate (Hampton Research)

and Hydra II Plus One crystallization workstation

(Matrix Technology) at 293 K. In both the crystalli-

zation experiments of the wild-type and the mutant

HaNDKs, protein was dialyzed against 50 mM Tris

HCl buffer (pH 8.0) containing 0.2M NaCl and

2 mM MgCl2. The dialyzed protein solutions (60 mg

mL�1 wild-type HaNDK and 57 mg mL�1 mutant

HaNDK) were stored at 277 K for several weeks.

Sitting drops were prepared by mixing 0.3 lL each

of the protein solution and the reservoir solution,

and the resulting drop was equilibrated against 70

lL of reservoir solution. The initial search for crys-

tallization conditions was performed using commer-

cially available precipitant solutions including PEG/

ION Screen I and II, Crystal Screen I and II (Hamp-

ton Research) and Wizard Screen I and II (Emerald

Biostructures). After initial screening identified use-

ful crystallization conditions, protein concentration

and precipitant conditions were optimized to obtain

diffraction-quality crystals.

In the case of wild-type HaNDK, crystals were

obtained in two different morphologies (Form 1 and

Form 2). Form 1 was a cubic shaped crystal grown

from 0.2M ammonium acetate, 0.1M sodium citrate

tribasic dehydrate at pH 5.6, and 30%(w/v) polyeth-

ylene glycol (PEG) 4000 (i.e., Crystal Screen I, solu-

tion No. 9) with 60.0 mg mL�1 protein. Form 2 was

Table IV. Data Collection and Refinement Statistics of X-Ray Diffraction

Form 1 (wild-type) Form 2 (wild-type) Form 3 (E134A mutant) Form 4 (E134A mutant)

Collected beamline PF BL-6A SPring-8 SPring-8 PF BL-6A
Wavelength (Å) 0.978 1.0 1.0 0.978
Space group R3 C2 C2 P21

Unit cell parameters a ¼ 112.5 Å a ¼ 138.2 Å a ¼ 186.5 Å a ¼ 112.2 Å
b ¼ 112.5 Å b ¼ 170.6 Å b ¼ 93.1 Å b ¼ 92.0 Å
c ¼ 126.0 Å c ¼ 77.6 Å c ¼ 68.4 Å c ¼ 113.6 Å
a ¼ 90.0� a ¼ 90.0� a ¼ 90.0� a ¼ 90.0�

b ¼ 90.0� b ¼ 93.5� b ¼ 103.6� b ¼ 94.7�

c ¼ 120.0� c ¼ 90.0� c ¼ 90.0� c ¼ 90.0�

Resolutiona (Å) 2.3 (2.38–2.30) 2.7 (2.80–2.70) 2.3 (2.38–.30) 2.5 (2.59–.50)
No. of measured reflections 102,607 139,159 129,988 171,705
No. of unique reflections 25,691 (2424) 89,278 (8,059) 47,185 (4,559) 73584 (6,525)
Redundancy 4.1 (2.6) 1.6 (1.3) 2.9 (2.3) 2.5 (1.9)
Rmerge

a,b (%) 4.6 (33.2) 4.7 (27.7) 6.3 (25.1) 10.0 (33.4)
Completeness of dataa (%) 97.3 (92.1) 91.3 (82.3) 93.8 (91.0) 91.9 (82.2)
I/sigIa (%) 26.0 (2.4) 17.1 (1.7) 16.0 (2.9) 9.07 (1.9)
R factora,c (%) 26.3 (33.6) 28.7 (35.0) 18.9 (21.3) 23.1 (31.4)
Rfree

a (%) 28.9 (36.1) 31.4 (41.5) 23.5 (26.2) 29.8 (34.2)
No. of protein atoms 2185 5364 8894 16,48
No. of water molecules 57 44 432 279
RMSD bonds (Å) 0.01 0.01 0.02 0.01
RMSD angles (deg) 1.13 1.32 1.63 1.30
Mean B value (Å) 48.1 46.8 28.8 29.5
Used reflection 24,388 47,868 44,779 73,412
PDB ID 3VGS 3VGT 3VGU 3VGV

a alues for highest-resolution shells are shown in the parentheses.
b Rmerge ¼ S |I � hIi|/SI.
c R-factor and Rfree ¼ S ||Fo| � |Fc||/S|Fo|, where the free reflections (5% of total used) were held aside for Rfree through-
out refinement.
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a rod-shaped crystal grown from 0.19M sodium ace-

tate, 0.09M Tris HCl at pH 8.5, and 28%(w/v) PEG

4000 (originated from Crystal Screen I, solution

No.22) with 60.0 mg mL�1 protein.

The E134A mutant HaNDK also produced crys-

tals in two different morphologies (Form 3 and 4).

Form 3 was a rod-shaped crystal grown from 0.18M

calcium acetate hydrate, 90 mM sodium cacodylate

trihydrate at pH 6.5, and 16%(w/v) PEG 8000 (origi-

nated from Crystal Screen I, solution No.46) and

28.5 mg mL�1 protein. Form 4 was also a rod-shaped

crystal grown from 0.2M calcium acetate hydrate, 10

mM dithiothreitol (DTT), 0.1M sodium cacodylate

trihydrate at pH 6.5, and 18%(w/v) PEG 8000 (origi-

nated from Crystal Screen I, solution No. 46) and

57.0 mg mL�1 protein.

Diffraction experiments and

structure determination

Four datasets were collected for each HaNDK crys-

tal (Form 1–4) at beamline BL-6A at the photon fac-

tory (PF), Tsukuba, Japan and at Structural Biology

III beamline BL38B1 at the SPring-8, Hyogo, Japan.

All datasets comprised single wavelength experi-

ments and were collected at 100 K. Crystals were

cryoprotected with 20% glycerol. Form 1 and 4 dif-

fraction data were collected at PF (BL-6A) using the

UGUI user interface and a Quantum 4R CCD detec-

tor (Area Detector Systems Corporation). Diffraction

data for Form 2 and 3 crystals were obtained at

SPring-8 (BL38B1) using the program BSS (Beam-

line Scheduling Software)32 managed by the web-

based database application D-Cha.33 In this case,

the mounting of cryocooled samples was automated

by the sample changer robot SPACE,34 and diffrac-

tion data were collected using a Jupiter210 CCD de-

tector (Rigaku, Japan). Diffraction data were inte-

grated and scaled using the HKL2000 suite of

programs.35 Form 1 (space group R3) and Form 2

(space group C2) crystals diffracted to 2.3 and 2.7 Å

resolution, respectively. Form 3 (space group C2)

and Form 4 (space group P21) crystals diffracted to

2.3 and 2.5 Å resolution, respectively.

Initial phase information was obtained by the

molecular replacement (MR) method using the pro-

gram MOLREP36 and Myxococcus xanthus nucleo-

side diphosphate kinase (MxNDK; PDB ID: 1NHK)

as the search model. Model building and refinement

including TLS (translation/libration/screw-motion)

protocol was carried out using programs Coot,37

CNS 1.21,38 and REFMAC5.39 All data sets exhib-

ited good overall completeness and refined struc-

tures exhibited acceptable values of stereochemistry

and crystallographic residual (Table IV) (PDB ID:

3VGS, 3VGT, 3VGU, and 3VGV). According to

RAMPAGE,40 the final model obtained from crystal

Form 1 has 96.4% of the residues in the favored con-

formation of Ramachandran plot and no residues in

the outlier region. The 91.3, 98.0, and 98.5% of

Form 2, 3, and 4 crystals were in the favored confor-

mation, respectively. The RMS deviations of atoms

of NDKs for structural comparison were calculated

using Lsqkab in the CCP4i package26 and the web-

based program EBI-SSM (URL: http://www.ebi.

ac.uk/msd-srv/ssm/).41
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38. Brünger AT, Adams PD, Clore GM, DeLano WL, Gros
P, Grosse-Kunstleve RW, Jiang JS, Kuszewski J, Nilges
M, Pannu NS, Read RJ, Rice LM, Simonson T, Warren
GL (1998) Crystallography and NMR system: a new
software suite for macromolecular structure determina-
tion. Acta Cryst D54:905–921.

39. Murshudov GN, Vagin AA, Dodson EJ (1997) Refine-
ment of macromolecular structures by the maximum-
likelihood method. Acta Cryst D53:240–255.

40. Lovell SC, Davis IW, Arendall WB, III, de Bakker PI,
Word JM, Prisant MG, Richardson JS, Richardson DC
(2003) Structure validation by Calpha geometry: phi,
psi, and Cbeta deviation. Proteins 50:437–450.

41. Krissinel E, Henrick K (2004) Secondary-structure
matching (SSM), a new tool for fast protein structure
alignment in three dimensions. Acta Cryst D60:
2256–2268.

510 PROTEINSCIENCE.ORG Oligomer Conversion Mechanism of HaNDK


