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Abstract—In this paper, kinetic properties of a soluble inorganic pyrophosphatase of family I from Vibrio cholerae (V-
PPase), intestinal pathogen and causative agent of human cholera, are characterized in detail, and the crystal structure of a
metal-free enzyme is reported. Hydrolytic activity of V-PPase has been studied as a function of pH, concentration of metal
cofactors (Mg?" or Mn?"), and ionic strength. It has been found that, despite the high conservation of amino acid sequences
for the known bacterial PPases of family I, V-PPase differs from the other enzymes of the same family in a number of param-
eters. Dissociation constants of V-PPase complexed with Mg?* or Mn?* were essentially the same as for Escherichia coli
PPase (E-PPase). However, the pH optimum of MgPP; hydrolysis by V-PPase was shifted to more alkaline pH due to high-
er values of the pK, of ionizable groups for both the free enzyme and the enzyme—substrate complex. The stability of a hexa-
meric form of V-PPase has been studied as a function of pH. The corresponding pK, of a group that controls the stability of
the hexamer at pH below 6 (pK, = 4.4) was significantly lower than in the other hexameric PPases. The crystal structure
reported here is analyzed and compared with the structure of E-PPase. The location of amino acid residues that differ in V-
PPase and E-PPase is discussed. Since V-PPase has been found to retain its hydrolytic activity in high ionic strength media,

the observed structural and kinetic features are analyzed in view of the possible osmoadaptation of this protein.
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Vibrio cholerae is a Gram-negative facultative anaer-
obe, an intestinal pathogen that causes cholera in
humans. Vibrio cholerae occurs naturally in estuarine
environments characterized typically by high salinity,
mostly due to salts of sodium and potassium. Vibrio
cholerae is a moderately halophilic organism. Its optimal
growth requires supplementation with 5-15 mM NaCl
and KCI, but it is capable of growth at NaCl concentra-
tion of 500 mM and higher [1, 2]. In response to increas-
ing environmental osmolarity, halophilic bacteria activate
ionic transport resulting in the elevation of intracellular
concentration of K™ and Na*. Along with this, nonionic
osmolytes like sugars or amino acid derivatives are syn-

Abbreviations: E-PPase, Escherichia coli inorganic pyrophos-
phatase; V-PPase, Vibrio cholerae inorganic pyrophosphatase.
* To whom correspondence should be addressed.

thesized in the cell to maintain osmotic equilibrium with-
out excess of charged osmolytes like K* and Na®.
Therefore, it is essential for growth that cytoplasmic pro-
teins of V. cholerae can function in media with high con-
centration of monovalent cations and high osmolarity.
For particular proteins of V. cholerae, little is known
about mechanisms of their adaptation to changes in ionic
composition or elevated ionic strength of the environ-
ment. However, general principles of this phenomenon
are widely investigated [1-7]. Knowing the strategy of
osmoadaptation of halophilic pathogens is of high practi-
cal interest because on this basis specific antibacterial
agents can be developed.

Soluble inorganic pyrophosphatases (PPases) cat-
alyze hydrolysis of pyrophosphate (PP;), which is formed
in the course of a number of biosynthetic processes.
These enzymes are found in all known organisms and are
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absolutely necessary for cell growth and division [§8]. On
the basis of their structure and properties, PPases are
divided into non-homologous families I and II. Family I
includes all known eucaryotic and most bacterial PPases;
PPases of family II found in some archaebacteria and
eubacteria are much less common enzymes. Vibrio chole-
rae is one of four unique species that have PPases of both
families encoded in their genomes [9]. It has been shown
earlier that both classes of PPases in V. cholerae can be
expressed in vitro in the active form, catalytic parameters
being typical for their corresponding families [10]. The
object of this study is PPase of family I from V. cholerae
(V-PPase). Its kinetic properties are investigated in detail
in comparison with E. coli PPase, to which V-PPase has
84% sequence identity. Hydrolytic activity of V-PPase is
studied as a function of pH, concentration of metal
cofactors (Mg?>* and Mn?"), and salts of monovalent
cations (NaCl, KCI, and NH,CI). Stability of the most
active, hexameric, form of V-PPase is investigated as a
function of pH. The crystal structure of a metal-free form
of V-PPase is solved and analyzed in comparison with the
structure of E-PPase. Kinetic features of V-PPase are dis-
cussed on the basis of the structural data.

MATERIALS AND METHODS

Chemicals. The chemicals used in the study were
purchased in high-purity grade from Sigma (USA), Fluka
(Switzerland), Serva (Germany), Merck (Germany), or
Pharmacia Fine Chemicals (Sweden). All stock solutions
were freshly prepared with deionized water additionally
purified with a MilliQ apparatus.

Isolation and purification of V-PPase. Plasmid for
expression of recombinant V. cholerae PPase was kindly
provided by Prof. R. Lahti (Turku, Finland). V-PPase was
expressed, isolated, and purified as described earlier for
Micobacterium tuberculosis PPase [11]. At the last step of
purification, V-PPase was eluted from a column with
DEAE-Sepharose at 0.2 M NaCl. The yield of V-PPase
was 126 mg from 3 liters of cell culture. The purity of the
protein preparation as characterized by polyacrylamide
gel electrophoresis was at least 98%.

Kinetic measurements. Hydrolytic activity of V-
PPase was determined at 25°C by the rate of P; release
using a semi-automatic phosphate analyzer [12]. Total
concentrations of MgCl, and Na,P,0,:10 H,O were cal-
culated using the values of dissociation constants for
MgPP; and Mg,PP; calculated at different pH values as
described in [13]. In the case of Mn?"-supported hydrol-
ysis at pH 7.5, 23 uM and 0.13 mM were used for MnPP;
and Mn,PP;, respectively.

Kinetic parameters of Mg**-supported hydrolysis of
PP; were determined in 50 mM buffer (Mes-NaOH,
pH 6.5; Hepes-NaOH, pH 7.5; or Tris-HCI, pH 9.0), at 2,
5, or 10 mM Mg?" and 3-200 uM MgPP,. Kinetic param-
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eters of Mn**-supported hydrolysis of PP, were deter-
mined in 50 mM Tris-HCI, pH 7.5, at 50 pM Mn?** and 3-
30 uM MnPP,. The effect of NaCl, KCI, or NH,CI on the
rate of hydrolysis of MgPP; was studied in 50 mM Tris-
HCI, pH 7.5, at 2 mM Mg’* and 30 uM MgPP,. Kinetic
parameters as a function of pH were determined in 50 mM
buffers (Mes-NaOH, pH 6.5-7.5; Hepes-NaOH, pH 7.0-
8.3; Tris-HCI, pH 7.5-9.0; Capso-NaOH, pH 9.0-10.0;
Caps-NaOH, pH 10.0-11.0) at 5 mM Mg?*. Parameters of
pH dependence were determined as the best fit of Egs.
(1a) and (1b) to the experimental data:

K = ke /(1 + [H+]/KESH2 + Kesu/[H'), (1a)

kP /K = (Keat/ Ki) /(1 + [H']/Ken, + Ken/TH']), (1b)

where k*" and k*P/KiPP are apparent values of kinetic
parameters at given pH; k. and k./K, are pH-inde-
pendent values of kinetic parameters.

The rates of hydrolysis of PP; as a function of metal
cofactor concentration were measured in 50 mM Tris-
HCI, pH 7.5, at 50 pM MgPP; and 0.03-10 mM Mg>" (for
Mg?*-supported hydrolysis), or at 20 uM MnPP, and 1-
300 uM  Mn?*" (for Mn*'-supported hydrolysis).
Parameters of this dependence were determined as the
best fit of Eq. (2) to the experimental data:

L Ay [M?]
Ky (M2) + [M2'] + [M2]/K, (M4)

(2)

where [M?*] is concentration of a metal cofactor; K,(M2)
and K ;(M4) are dissociation constants of the complexes
enzyme—cofactor metal ion bound at site M2 or M4,
respectively; and A4, is maximum level of enzyme activity
without inhibition.

Sedimentation analysis. Velocity sedimentation of
the solutions of V-PPase in 0.1 M buffers (Mes-NaOH,
pH 3.0-5.5; Hepes-NaOH, pH 7.5; enzyme concentra-
tion 10-20 uM) was carried out at 20°C using a Spinco E
analytical ultracentrifuge (Beckman, USA) (48,000 rpm,
scanning at 280 nm). Sedimentation coefficient was cal-
culated as the average from at least three independent
experiments.

Crystallization and data collection. V-PPase crystals
were grown for two weeks using the vapor diffusion tech-
nique from 0.1 M imidazole buffer, pH 8.0, containing
15-20% 2,4-methylpentanediol, and 3% PEG-4000.
Protein concentration was 8-10 mg/ml. Colorless crystals
of 0.1-0.2 mm were obtained. The X-ray diffraction data
were collected at 100 K at DESY station (Germany) using
synchrotron radiation at a wavelength of 1.05 A and
MAR-CCD detector (Marresearch, Germany). The
complete data set was collected to a resolution limit of
2.0 A. The crystal belonged to space group P3, parame-
ters of the unit cell are @ = b = 66.56 A, ¢ = 66.2 A.
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Completeness of the set was 95.8% (95.6%), Ryere =
7.1% (48.0%), 1/sig(1) = 10.0 (2.0) (values in parentheses
are given for the highest-resolution shell). The diffraction
data were processed and scaled using the DENZO and
SCALEPACK program packages [14].

Structure refinement. The structure of V-PPase was
obtained by molecular replacement with the program
MOLREP [15] using the structure of E. coli PPase (PDB
ID Jauu [16]) as an initial model. V-PPase contained two
monomers in the asymmetric part of the unit cell. The
structure was refined with the program Refmac, v.5 [17],
using isotropic refinement of the temperature factors, fol-
lowed by additional correction with the Coot program
[18]. The crystal structures were analyzed and aligned with
the Coot program; alignment and analysis of the amino
acid sequences were performed using the programs avail-
able online at the ExPaSy server (http://au.expasy.org/

[19D).

RESULTS AND DISCUSSION

Kinetic parameters of PP, hydrolysis. Kinetic param-
eters of hydrolysis of pyrophosphate by V. cholerae PPase
were determined at several fixed pH values and concen-
trations of metal cofactors (Table 1). Dissociation con-
stants K;(M?2) were determined for the complexes of V-
PPase with the most efficient metal cofactors, Mg?* and
Mn?* (Table 2). The pH dependence of kinetic parame-
ters of Mg?*-supported hydrolysis of PP, was studied, and
the pK, values were determined for the catalytic groups of
free enzyme (pKgy, and pKgy) and enzyme—substrate
complex (pKgsy, and pKgsy, Table 3).

Analysis of the parameters obtained here for V-PPase
compared to analogous parameters of E-PPase demon-
strates that, despite the high similarity of their amino acid
sequences, these two enzymes do not show identical
kinetic behavior. One example of this difference is
revealed upon the analysis of their interaction with metal
cofactors Mg?" and Mn?*. The active site of PPase is
capable of binding a total of four metal ions. Two of them
have to occupy activator sites M1 and M2 prior to sub-
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Table 1. Kinetic parameters of hydrolysis of PP; by V.
cholerae PPase

Conditions K., utM Keaes sEC™!
pH 7.5,2 mM Mg* 40£0.5 93 +3
pH 7.5, 50 uM Mn?** 2.8+0.2 5142
pH 9.0, 5 mM Mg** 26102 177 £ 3
pH 6.5, 10 mM Mg** 7+1 38+2

strate binding in order to bring the enzyme to a catalyti-
cally competent state. The site M3 is occupied by a metal
ion that is bound as a part of a substrate molecule (MgPP;
or MnPP,). Occupation of the site M4 is known to cause
inhibition of the other family I PPases [13]. Affinity of
PPase for metal cofactors at sites M1 and M3 cannot be
determined from kinetic data. Dissociation constants of
PPase complexed with Mg** or Mn?" at sites M2 and M4
were determined from the dependence of hydrolytic
activity on cofactor concentration. Parameters K;(M?2)
obtained for V-PPase (Table 2) are essentially the same as
for E-PPase. However, unlike the other bacterial PPases,
inhibition of V-PPase activity was not observed up to
50 mM Mg** or 300 pM Mn?" (Fig. 1). This fact might
indicate the significant loss of the affinity of V-PPase for
the metal ion at M4. Alternatively, occupation of this site
might have no effect on the enzyme activity.

Another notable feature of V-PPase is that the pH
optimum of its hydrolytic activity is shifted to more alka-
line range compared to E-PPase (Fig. 2). Despite the
almost total identity of amino acid residues of their active
sites, the values of pKggy and pKgy are surprisingly differ-
ent for these two enzymes (Table 3). The only residue of
the active site not identical in the two PPases is Ser99 (in
E-PPase, Ala99). A new functional group occurs in the
active site of V-PPase due to this replacement. Its possi-
ble connection with the change in pH profile is discussed
below.

Table 2. Dissociation constants of V. cholerae and E. coli PPases complexed with Mg?* or Mn?>*

V-PPase E-PPase*
Parameter
Mg2+ Mn2+ Mg2+ Mn2+
Ky(M2), uM 270 + 30 12+4 200 + 40 45+ 20
K;(M4), mM > 50 > 1000 16 +2 29+5
Ay, U/mg 320+ 8 130 =7 594 + 15 1100 £ 50
* Data for E-PPase are from [13] (Mg?*) or [21] (Mn?").
BIOCHEMISTRY (Moscow) Vol. 74 No. 7 2009
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Table 3. The pH-independent parameters of MgPP;
hydrolysis by PPases from V. cholerae and E. coli

Parameter V-PPase E-PPase [13]
PKes, 7.8+ 0.1 7.6 0.3
PKesh 10.3 £0.1 89+0.2
Keaer s€C™! 170+ 6 390 + 80
PKeu, 7.9+ 0.1 7.710.8
PKey 9.7+0.1 8.7%0.6
kea/ Ky sec™!-uM ™! 26+3 3040 £ 800
K., tM 6.5+0.8 0.13 £ 0.06

Hydrolytic activity of V-PPase was also studied as a
function of concentration of NaCl, KCI, or NH,CI. This
enzyme in all three cases retained measurable activity up
to 0.7-0.8 M salt. Inhibition constants were 210 £ 50,
150 + 30, and 110 + 20 mM for NaCl, KCI, and NH,CI,
respectively. The similarity of the values obtained for all
three chlorides indicates that the enzyme is inhibited due
to the elevation of ionic strength rather than the specific
effects of these cations. This finding reveals another dif-
ference between V-PPase and E-PPase, since the second
enzyme is specifically inhibited by Na™ with K, of about
5 mM (unpublished data). The high stability of V-PPase
in solutions of high ionic strength is a noteworthy feature,
which appears to be a result of evolutionary adaptation of
the proteins of V. cholerae to a high osmolarity of its nat-
ural habitat. To determine the possible ways of osmoad-
aptation of PPase, we compared crystal structures of E-
PPase and V-PPase and analyzed the distribution of
amino acid residues not identical in their sequences.

Comparative analysis of crystal structures of PPases
from V. cholerae and E. coli. In this work, we obtained and
refined a crystal structure of V-PPase in the apo-form.
The structure was solved by molecular replacement using
the structure of E. coli pyrophosphatase as a reference
model (PDB ID lauu [16]). The final value of R-factor
was 19.7%, Ry.. 24.8%, the estimated standard deviation
of atomic coordinates 0.25 A. A total of 91.3% of the
amino acid residues were located in the most favorable
region of the Ramachandran plot, 8.4% in the additional
allowed region, and 0.3% in the generously allowed
region.

Amino acid sequences of family I PPases from V.
cholerae and FE. coli have the same length of 175 residues
of which 28 are different (Fig. 3). Analysis of the crystal
structure of V-PPase shows that only six of these different
residues are located in the functionally significant
regions: Ser99 (in E-PPase, Ala), Ala47 (Thr), Pro48
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(Ala), 11e80 (Gln), Argl140 (His), and Glul43 (Asp). Only
Ser99 is located in the active site.

Active site. Positions of the active site residues in the
two PPases are shown in Fig. 4. To illustrate the location
of Ser99 with respect to substrate molecule and metal
cofactor ions, the structure of a metal-free form of V-
PPase is superimposed on the structure of catalytically
competent enzyme—substrate complex of E-PPase 2auu
[16]. It can be seen that the homologous residue Ala99 in
E-PPase is situated close to site M3 where a substrate
metal ion is bound. This Mg?* is liganded by the neigh-
boring residues Asp97 and Asp102. The carboxylic group
of Asp102 also coordinates another Mg?" in activator site
MI1. The O, atom of Ser99 in the observed structure of
apo-V-PPase is too far from the expected positions of
sites M1 and M3 to make contacts with either of these
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100 1

Specific activity, U/mg

0_
1076

1074 1073 1072

[Mg?* or Mn?], M

10°°

Fig. 1. Hydrolysis of PP, by V-PPase as a function of Mn?>" (/) or
Mg?" (2) concentration. PPase was assayed in 50 mM Tris-HCI,
pH 7.5, at 50 uM MgPP; or 20 uM MnPP,. Lines are the best fit
to Eq. (2).
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Fig. 2. The pH dependence of kinetic parameters of MgPP;
hydrolysis by V-PPase at 5 mM Mg?". Parameters shown are V,
(1, left) and V,,,/K,, (2, right).
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Fig. 3. Alignment of amino acid sequences of family I PPases from V. cholerae and E. coli. Framed are the substitutions that do not result in
significant changes in the positions of side chains according to a superposition of crystal structures. Shaded in black are the substitutions that
do result in significant changes of position or contacts as discussed in the text.
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Fig. 4. Stereo view of active site residues. Superposition is shown of the C, atoms of the structures of V-PPase (apo-form; dark gray) and E-
PPase (complexed with Mg?*, F~, and pyrophosphate; light gray). Metal binding sites in E-PPase are indicated as M1-M4.

metal ions. However, it is likely that binding Mg?" in the
holo-form of V-PPase brings the OH group of Ser99 into
closer proximity to M3.

Replacement of Ala99 with Ser in V-PPase might be
a cause of the change in pK, of a catalytic group of the free
enzyme and enzyme—substrate complex observed in
kinetic experiments (pKyy and pKggy, Table 3). In the
structure of apo-V-PPase, oxygen atom O, of Ser99 is H-
bonded to a carboxylic group of Glu98, a conserved
residue in the active site, which appears to be essential for
the functioning of PPase, although its role remains
unclear. This H-bonding might cause a difference in local
distribution of electrical charges in the active site and

consequent change in pK,. Another possible explanation
is that Ser99 might be involved, directly or indirectly, in
binding metal cofactor ions at sites M1 and/or M3. These
metal ions and their protein ligands might partly define
the values of pK, of catalytic groups, so it is not unlikely
that a change in cofactor binding might be responsible for
the observed change in pK,. The question cannot be
answered here since the exact nature of the ionizable
groups of soluble PPases corresponding to pKyy and
pKgsy is still unknown.

Intersubunit contacts and stability of hexameric V-
PPase. Five of the amino acid residues not identical in
the sequences of the two enzymes are involved in E-

BIOCHEMISTRY (Moscow) Vol. 74 No. 7 2009



FAMILY I PPase FROM Vibrio cholerae 739

PPase in the formation of a hexameric structure. GIn80
forms a contact between subunits within the same trimer;
Thrd7, Ala48, His140, and Aspl43 form the contacts
between two symmetry related trimers. According to the
analysis of intersubunit interfaces in V-PPase, substitu-
tions of GIn80 with Ile, Thr47 with Ala, and Ala48 with
Pro do not destroy these contacts (Table 4) since only
their peptide groups were involved in the contact forma-
tion. However, substitution of His140 with Arg causes a
structural difference between E-PPase and V-PPase, the
consequence of which is a significant tightening of inter-
subunit interactions in V-PPase (Table 4 and Fig. 5a). In
E-PPase, Asp143 and His140 play a major role in main-
taining the stable hexameric structure. The carboxylic
group of Asp143 forms an ion pair with positively charged
His136 from the symmetry related subunit of the other
trimer. Mutagenesis study shows that this ion pair con-
trols stability of hexameric E-PPase at neutral pH [20].
Another histidine residue, His140, does not form direct
contacts with the adjacent subunit but, being H-bonded
to residues His136 and Aspl43 from the same subunit,
plays a key role in keeping the imidazole group of His136
positively charged [20]. In the structure of V-PPase, cor-
responding residues appear to be even more important
part of intersubunit interaction. The carboxylic group of
Glul43, like in the structure of E-PPase, forms an ion
pair with His136. However, in addition to that, Glul43
in V-PPase forms a new ion pair with the guanidine group
of Argl40 from the symmetry related subunit (Fig. 5b).
This interaction is bidentate. The planes of guanidine
groups of two Argl40 from the contacting subunits are
almost parallel and their C, atoms are only 3.9 A apart,
which is indicative of these residues being in stacking or
another similar kind of interaction between their coupled
systems of m-electrons. Due to this tight contact, symme-
try related trimers in V-PPase are closer to each other
than in E-PPase. Therefore, the contact between trimers

a

His136 Arg140 (His) His136

__ Glu143 (Asp)
A % |

Table 4. Intersubunit interactions (ion pairs and H-
bonds) in hexameric V-PPase and E-PPase based on

their crystal structures

V-PPase

E-PPase

Inside trimers

Tyr30 OH—I1e80 NH
Ser36 OH—Serl O,
Leu39 O—Val84 NH
Val41 NH—Val84 O
Phe44 NH—Leul13 O

Symmetry mirrored pairs

Tyr30 OH—GIn80 NH
Ser36 OH—Serl O,
Leu39 O—Val84 NH
Val41 NH—Val84 O
Phe44 NH—Leul13 O

Symmetry mirrored pairs

Between trimers

Asn24 N;2—Asp26 O;l
Ser46 O—GIn133 N2
Pro48 O—Phe50 NH
His136 NH2—Glu143 O,1
Argl140 N,—Glul43 O,1
Argl140 NH2—-Glul43 O,2

Symmetry mirrored pairs

Asn24 N;2—Asp26 Ol
Serd6 O—GIn133 N2
Ala48 O—Phe50 NH
His136 N,2—Asp143 O;2

Symmetry mirrored pairs

Arg140 (His)

Note: Pairs of atoms are listed with interatomic distances less than

3.1A. Ion pairs are given in bold.

in V-PPase is expected to be more stable than in E-PPase

and the hexameric V-PPase to dissociate less readily.
Velocity sedimentation experiments show that

active V-PPase functions as a hexamer, like the other

Glu143 (Asp)

b

His136
Arg140

2.8
Glu143 (Asp) ¥

Glu143 (Asp)

Arg140 (His) His136 Arg140 (His) His136

Fig. 5. Residues of intersubunit interface that are not identical in V-PPase and E-PPase. a) Superposition of C, atoms of structures of V-PPase
(dark gray) and E-PPase (light gray). E-PPase residues are in parentheses. b) Interactions in V-PPa§e between the carboxylic group of Glu143
and residues of a symmetry related subunit His136 and Argl40. Interatomic distances are shown (A).
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Table 5. Sedimentation coefficients of V. cholerae PPase

Conditions sk, S
50 mM Hepes, pH 7.5 7.5+0.3
0.1 M Mes, pH 5.3 6.3+£0.3
0.1 M Mes, pH 4.5 6.410.3

0.1 M Mes, pH 3.1 6.5 £ 0.3 (hexamer)

3.8 = 0.3 (trimer)

known bacterial PPases of family I. The sedimentation
coefficient of V-PPase corresponds to a hexameric mole-
cule (s5, = 6.4 S) even at pH < 5 where E-PPase is known
to dissociate to trimers (Table 5). Trace amounts of
trimeric V-PPase (sy, = 3.8 S) were observed only at pH as
low as 3.1. Similarly to E-PPase, acid pH-induced disso-
ciation of hexameric V-PPase to trimers appears to be
caused by protonation of Glu143 and consequent melting
of ion pairs formed by this residue, which control stabili-
ty of a hexamer. However, in the case of V-PPase, in addi-
tion to the pair Glul43—His136, there is an extra ion
contact Glul43—Argl40, which could explain why
Glul43 in this enzyme has a lower pK, and the hexamer is
more stable at pH below 5 than in the case of E-PPase.
To determine the pK, of Glu143, samples of V-PPase
of the same concentration were incubated at various fixed
pH values for 4-5 h followed by the measurement of
hydrolytic activity of the samples in the standard PPase
assay. As a result of incubation at low pH, there was a loss
of PPase activity to some constant level, which did not
change over the next 5-10 h. The level of residual activity
depended on pH, this dependence indicating the pK, of
the group controlling dissociation, i.e. Glul43. Acid pH-
induced inhibition of PPase was reversible to a significant
degree. PPase activity of a sample incubated at low pH
could be partly restored by its incubation in a solution of
optimal pH (7.5-9.0). Different degree of reactivation
could be obtained depending on the pH of incubation
mixture and enzyme concentration. For instance, 1 uM
enzyme incubated at pH 4.4 restored 70% of its original
activity after its dilution 1 : 10 with buffer of pH 9.0.
According to the results of velocity sedimentation exper-
iments, in the solution of 20 uM V-PPase at pH 3.1 the
most populated oligomeric form was a hexamer, and
therefore denaturation did not occur under these condi-
tions. Taken together, these results demonstrate that acid
pH-induced inhibition of PPase is caused mostly by its
reversible dissociation rather than denaturation, and
therefore the equilibrium parameters can be determined
from the observed dependence. On the other hand, a con-
tribution of some irreversible process in the inhibition
becomes notable at pH below 4.0. It can be partial denat-
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uration or irreversible conformational change of dissoci-
ated subunits that makes it impossible to restore a native
hexamer. Due to this contribution, the value of pK,
obtained from the experimental data is supposed to be
slightly higher than its actual value and can be regarded as
the upper limit of the actual pK, of Glu143.

As we expected, the value obtained from pH depend-
ence (pK, = 4.4 = 0.2) is significantly lower than the value
obtained earlier for the Asp—His pairs in PPases from E.
coli and M. tuberculosis (pK, = 5.6 and 5.4, respectively
[11, 20]). The fact that pK, of Glul43 in V-PPase is lower
than the pK, of the analogous residues of the other hexa-
meric PPases might indicate a greater contribution of
ionic interactions in the total oligomeric stability of this
enzyme. It should also be noted that, unlike E-PPase,
residual hydrolytic activity of V-PPase after incubation at
acid pH approaches zero level, whereas in the case of E-
PPase acid dissociation resulted in formation of trimers
with relative activity of 10% of the original activity of the
hexameric form. Formation of an oligomeric form with
zero activity upon acid dissociation was earlier observed
for Mt-PPase. In this enzyme, due to unique structure of
its intersubunit contacts and consequent increase in their
ionic character, acid pH-induced dissociation of hexa-
mers resulted in inactive monomers [11]. Similarly, an
increased contribution of ionic interactions between sub-
units of V-PPase appears to cause the cooperative disso-
ciation of its hexamers at low pH to inactive monomers.

Stabilization of a globular structure. Four substitu-
tions in V-PPase compared to E-PPase (Leu3 with Asn,
Alal35 with Thr, Phe169 with Tyr, and Lys173 with Gln)
result in the formation of additional contacts between the
elements of secondary structure. The side chain of Asn3 is
H-bonded to the oxygen atoms of peptide groups of Lys34
and Glu35, thus bridging a short N-terminal helix 3,
with a loop connecting B-strands $2 and 3. The OH
group of Thr135 is H-bonded to the peptide oxygen atom
of LysI31 and N,1 atom of Trp155 bridging a-helix al
with B-strand B8. The side chain of GIn173 is H-bonded
to the OH group of Tyr169 and the peptide oxygen atom
of His60 bridging a C-terminal o.-helix with a -turn con-
necting B4 and 5. Substitutions of Leu3 with Asn and
Lys173 (a third residue from the C-terminus) with Gln
provide tighter attachment of both N- and C-terminal
regions to the protein body. Along with the replacement
of His140 with Arg discussed above, these substitutions
might promote the stability of PPase at high salt concen-
trations and thus might occur as a result of evolutionary
adaptation of V. cholerae to high osmolarity of estuarine
waters.

According to literature data [5, 6], a common way of
osmoadaptation of proteins of halophilic organisms is
maintaining of numerous binding sites for monovalent
cations. These cations stabilize protein structure by keep-
ing it highly solvated with water molecules. Neither Na*
nor K* was observed in the structure of V-PPase since in
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Ser/Asp10
l 4 Asp/Asn157
Ala/Glu159 *
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Fig. 6. Solvent-exposed residues that are not identical in V-PPase
and E-PPase. a) Secondary structure elements (C-terminal o-
helix, and a hairpin connecting N-terminal a-helix with 1) and
side chains of the variable residues forming a recognition
strand (V-PPase, dark gray; E-PPase, light gray). b, ¢) Molecular
surface of the same region in E-PPase (b) and V-PPase (c) colored
by electrostatic potential (dark, charged; light, uncharged).

the course of its crystallization nonionic agents were used
as precipitants.

Another well-known structural feature of halophilic
proteins is an excess of acidic over basic residues, espe-
cially on the protein surface where they help maintain a
highly ordered solvation shell [4-7]. However, no increase
in acidic character is observed in V-PPase compared to its
non-halophilic counterpart. The calculated value of p/
for V-PPase is 4.9, which is essentially the same as for E-
PPase (5.0). A comparison of the solvent-exposed amino
acid residues different in the two enzymes reveals substi-
tutions of both kind, i.e. yielding either negative (for
example, Asnl57 in E-PPase versus Asp in V-PPase,
Lys121 versus Gln) or positive (Glul28 versus Ala, Asp10
versus Ser) change of the net charge. Analysis of non-
identical residues on the protein surface shows an inter-
esting structural feature. Five of these residues sit along a
straight line. In E-PPase, their side chains form a charged
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strand on the surface of a hexamer (Fig. 6a). Two of them
(Asp10, Glul3) are extended from the B-turn immediate-
ly following the N-terminal helix, and another three
(Asn157, Glul59, Lys162) are extended from the C-ter-
minal a-helix. In the sequence of V-PPase, two of three
carboxylic groups are substituted resulting in the loss of
negative charges, in the spatial structure one of them
being replaced with positively charged arginine (Argl62).
The fourth residue (Asnl57) is replaced with Asp, also
with the change of a charge. This distinct pattern of high-
ly variable residues might play a role in the recognition of
potential protein targets of PPase, possibly interacting
with the functional groups residing along an a-helix of a
target protein. If this supposition is correct, the difference
between recognition patterns found here for PPases from
E. coli and V. cholerae (Fig. 6, b and c) appears to mirror
the difference between the corresponding patterns in their
protein partners.
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