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ABSTRACT. Pyrrolidone carboxyl peptidases (PCPs) from hyperthermophiles have a structurally conserved
and completely buried Glu192 in the hydrophobic core; in contrast, the corresponding residue in the
mesophile protein is a hydrophobic residue, lle. Does the buried ionizable residue contribute to stabilization
or destabilization of hyperthermophile PCPs? To elucidate the role of the buried glutamic acid in stabilizing
PCP from hyperthermophiles, we constructed five Glu192 mutants of PCP-0SH (C142S/C188S, Cys-free
double mutant of PCP) froRyrococcus furiosuand examined their thermal and pH-induced unfolding

and crystal structures and compared them with those of PCP-0SH. The stabilities of apolar (E192A/1/V)
and polar (E192D/Q) mutants were less than PCP-0SH at acidic pH values. In the alkaline region, the
mutant proteins, except for E192D, were more stable than PCP-0SH. The thermal stability data and
theoretical calculations indicated an apparefy palue >7.3 for Glu192. Present results confirmed that

the protonated Glul192 in PCP-0SH forms strong hydrogen bonds with the carbonyl oxygen and peptide
nitrogen of Pro168. New intermolecular hydrogen bonds in the-A/D mutants were formed by a
water molecule introduced into the cavity created around position 192, whereas the hydrogen bonds
disappeared in the £ I/V mutants. Structure-based empirical stability of mutant proteins was in good
agreement with the experimental results. The results indicated that (1) completely buried Glu192 contributes
to the stabilization of PCP-0SH because of the formation of strong intramolecular hydrogen bonds and
(2) the hydrogen bonds by the nonionized and buried Glu can contribute more than the burial of hydrophobic
groups to the conformational stability of proteins.

In the past decade, crystal structures of proteins from does not arise from a single mechanism or structural feature
extremophiles have appeared at an increasing rate. The accusut rather depends upon several factors such as increased
mulated structures provide useful insight into understanding salt bridges, improved hydrogen bonding, favorable packing
the origin for enhanced thermostability of hyperthermophile interactions, fewer cavities, improved hydrophobic interac-
proteins (, 2). However, the origin of very high stability  tions, secondary-structure stability, higher oligomerization,
or their combination1—6). On the other hand, it has been
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Crystal structures of pyrrolidone carboxyl peptidase (PCP)
from Pyrococcus furiosysfPCP, and its Cys-free (C142S/
€188S) form, PCP-0SH6), Thermococcus litoralisTIPCP
(27), Pyrococcus horikoshiiPhPCP @8), and mesophile
Bacillus amyloliquefaciendBaPCP @9), have been deter-
mined. On the basis of crystal structure analyseBRfBICP
and PCP-0SH and@IPCP compared tBaPCP, it has been
indicated that the higher stability d&*fPCP is caused by
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the buried Glu in hyperthermophile PCPs contribute to the
stabilization based on the crystal structural features of each
of the mutant proteins of PCP-0SH.

EXPERIMENTAL PROCEDURES

Construction, Expression, and Purification of Mutant
Proteins.The mutants E192A, E192D, E192I, E192Q, and
E192V of the PCP-0SH, which is the Cys-free mutant of

increases in the hydrophobic interactions and hydrogen pcp from p. furiosus were constructed by site-directed
bonds, the formation of an intersubunit ion-pair network, and mutagenesis, expressedHscherichia coliand purified as
improvement to an ideal conformation and concluded that yeviously described30). The buffers used were Gly-HCl

the conformational structures &fPCP and PCP-OSH are
superior in their combination of positive- and negative-
stabilizing factors compared ®aPCP @6). PCP-0SH is a

(pH 1.573.04), potassium phosphate (pH 7.3), or Gly-KOH
(pH 8.6-9.6) at a concentration of 20 mM. The protein
concentration was determined using an absorption coefficient

homotetramer, and its monomer consists of 208 residues E% .n = 6.6 at 278.5 nm31). Guanidinium chloride

(MW = 22 800). Its olig_omerization state changes to dimer (GdmCI) (special grade) from Nacalai Tesque (Japan) was
and monomer depending upon pH and the thermal, andseq. All of the chemical reagents used were of analytical

chemical denaturation of the monomeric and dimeric forms

is reversible 80, 31). The thermodynamic and kinetic

grade.
Measurement of the Thermal Stability of Proteififie

stabilities ofPfPCP and PCP-0SH have been studied in detail {nermal denaturation of the proteins was measured using a

(31-33).

VP-DSC (Microcal LLC, Northampton, MA) or Nano-DSC

A unique structural feature of the three PCPs from the || 6100 (CSC, Inc., Portland, OR) microcalorimeters as
hyperthermophiles is the existence of a Glu residue com- previously describedQ, 32). Proteins samples were dialyzed

pletely buried in the hydrophobic pocket without any salt-
bridge-forming partner in the vicinity2g). The sequence
and structure alignment &ffPCP,TIPCP, andPhPCP with
the mesophilidBaPCP indicate that a glutamic acid (E192
in PfPCP, E194 inTIPCP, and E185 iRPhPCP) is conserved
among the hyperthermophiles, whiBaPCP has 11e189 at

for 20 h against 20 mM Gly-HCI (pH 2.15 and 3.04) or 20
mM Gly-KOH (pH 9.6) by submerging all of the dialysis
tubes containing proteins in the same vessel with buffer to
maintain the similar pH for all of the mutant proteins. The
buffer was replaced with a fresh lot once afeh from the
beginning. For the differential scanning calorimetry (DSC)

the corresponding position. Buried noncharged polar groupsmeasurements of the proteins in the presence of GdmCl, the
lacking a hydrogen-bond partner are very destabilizing and proteins were dissolved in 2.5 M GdmCI solution, filtered

incur an energy penalty up to 12.5 kJ/m8H). It seems to

through a membrane with 10 kDa cutoff pore size, and then

suggest that a buried ionizable group lacking a salt-bridge washed several times with 2.5 M GdmCl solution to
partner in the hyperthermophile proteins should incur much equilibrate 85).

higher energetic penalty; in contrast, lle18BaPCP should

Measurement of Unfolding Rates of Proteifke unfold-

have a hydrophobic-stabilizing effect. Then, the replacementing rate of proteins was measured by the GdmCl concentra-
of E192 by a hydrophobic residue might be expected to tion jump and monitoring the protein denaturation by a

increase the stability of the mutant proteinRPCP.

change in the ellipticity at 222 nm on a Jasco-720 spec-

In this study, to understand the seemingly unusual location tropolarimeter as described earli@d). The progress curves
of the conserved Glu residue among PCPs from hyperther-were analyzed by the least-squares method to determine the

mophiles, we replaced glutamic acid at position 192 in PCP-

O0SH with apolar (lle, Ala, and Val) and polar (GIn and Asp)

residues. We determined the thermal and pH stability and
also the crystal structures by the X-ray diffraction analyses

rate constant using eq 1

Y =Y, + er*“t (1)

of the mutant proteins and compared them to those of PCP-whereY is the signal at any timet); Y, is the signal value
0SH. The obtained physicochemical results were highly when no further change is observédis the apparent rate
unexpected; that is, PCP-0SH was more stable than all ofconstant, andy is the total amplitude of thith kinetic phase.
the mutant proteins at low pH, indicating that the buried Glu The unfolding rate in watek,"°, for various proteins was

in hyperthermophiles is important for their higher stability.
On the other hand, the & D mutant was more stable than
the highly apolar mutants such asE£l and E— V as well
as polar mutant E= Q at low pH but more unstable with

respect to all of the other mutant proteins at neutral and

calculated by linear least-squares fitting of lkagjersus the
GdmClI concentration [C] plots according to eq 2

log k, = log k,"* + m[C] )

alkaline pH zones. We will discuss the mechanism by which The activation Gibbs energy change for~ T* conversion,

1 Abbreviations: PCP, pyrrolidone carboxyl peptidase; PCP-0SH,
pyrrolidone carboxyl peptidase without cysteines (C142S/C188S) from

Pyrococcus furiosysDSC, differential scanning calorimetry; CD,
circular dichroism; GdmCI, guanidinium chlorid®&;, peak temperature
on the DSC endotherm in a thermal transitiohTy = Tgmu@nt —
TPCP-0SH difference inTy values of a mutant and PCP-0SH; rms, root-
mean-squareAG,™:°, Gibbs energy of activation in an unfolding
reaction from a native stat®l, to a transition statel*.

whereN is the native state arif denotes the transition state
in an unfolding reaction, was determined according to the
transition-state theory using the Eyring equation as given
below

AG, M = RTIn[ksT/hk,"®] (3)

wherekg is Boltzmann’s constanh is Planck’s constani
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is the gas constant, arldis the temperature in Kelvin. The T T ' T
changes in the unfolding Gibbs energy of activation in water,
AAG 10 was calculated by taking the difference between
the activation Gibbs energy of unfolding of the mutant
proteins and the wild-type protein.

Measurement of pH-Induced Protein Stabiljty titration
curves in the acidic region were monitored from the circular &
dichroism (CD) values at 222 nm. Prior to the CD measure- O
ment, the protein samples were dialyzed against 20 mM Gly
buffer at pH 1.57 and thermally denatured at-®&2 °C for
12 min, followed by cooling and adjusting the pH to various
values by adding KOH. The solutions were incubated for 1
week at SQ’C to atta_un equilibrium of the refolding reaction w5 @ 5 o %
as determined earlieBp). Temperature (°C)

Crystallization and X-ray Data CollectiorAn 1.5 ulL
aliquot of PCP-0SH and each of the E192 mutants of PCP- I T T T ' ' ' ]
OSH at a concentration of around-8 mg/mL in 50 mM 1 B
Na-acetate buffer at pH 4.6 was mixed with an equal volume
of reservoir solution (50 mM Na-acetate buffer at pH 4.6,
including PEG4000 at various concentrations). Crystals
suitable for data collection were obtained using the hanging-
drop vapor diffusion method at room temperature. X-ray
diffraction data for all of the mutants, except for E192Q,
were collected at the SPring8 BL-40B2 and BL-41XU
synchrotron beamlines equipped with area detectors, while
data for E192Q were collected at BL-6A beamline equipped
with a Weissenberg camera at Photon Factory, Tsukuba, T
Japan. The protein crystals were soaked irr28% glycerol
before data collection at 100 K using flash cooling. The

intensity data were processed using the HKL program suite
y P 9 brog Ficure 1: Typical excess-heat-capacity (DSC) curves for dena-

(39). . . turation of PCP-0SH and E192 mutants at a scan rate®Gfrin.
Structure Solution and Refinemeiihe structures of the A of the curves have been corrected for the corresponding buffer

E192 mutants of PCP-OSH were solved by the molecular- baselines. The curves are PCP-0SH (black), E192D (red), E192Q
replacement method, employing the AMoRe program pack- (cyan), E192A (blue), E192I (green), and E192V (magenta). (A)
age B7) using the coordinates of PCP-0SH (PDB ID 1I0I) DSC curves at pH 3.04 and (B) DSC curves at pH 7.3 (in the

- - presence of 2.5 M GdmCI). The dashed lines are excess-heat-
as a template structure. The protein structure was reﬁnedCapacity curves over reheating the sample cooled t6CQ%(ter

using CNS 88) and graphical interface “O"30). One the first scan. For clarity, only PCP-0SH (black dashed line) and
molecule was built into the electron-density map in program E192D (red dashed line) reversibility curves have been shown; other

“0”, and the other molecules in the asymmetric unit were mutant proteins also showed reversible denaturation in the presence

generated by the NCS operation. The quality of the models of GdmCI. All of the curves at pH 7.3 have been subtracted with
was inspected by ProCheckd) ' a progressive baseline between the native and denatured states.

RESULTS denaturation rate of the PCP-0SBR). The peak tempera-

Stability of PCP-0SH and Glul92 Mutant3hermal tures on the DSC curves of the E192 mutants were also scan-
stabilities of the PCP-0SH and E192 mutant proteins were rate-dependent at all of the pH values with or without
measured at various pH values using DSC at a scan rate ofcdmClI. Therefore, the data were not amenable to rigorous
1 °C/min (Figure 1). In the acidic region, the DSC curves thermodynamic analyses because of nonequilibrium condi-
of the PCP-0SH32) and E192 mutants were completely tions. Therefore, the change in the stability of the mutant
reversible; in contrast, at higher pH values, the denaturation proteins as a result of substitution was estimated from the
of all of the proteins became irreversible. However, inclusion peak temperaturerl) on the DSC curves. The DSC results
of 2.5 M GdmCl in the protein solution at neutral and higher shown in Table 1 indicate that substitution of E192 has a
pH values restored the partial reversibility as estimated by significant effect on the stability of PCP-0SH and the change
recovery of the enthalpy of denaturation over reheating the in stability varied depending upon the residues at position
protein solution. No aggregation was observed in the 192. TheTy value for all of the proteins increased with
presence of GAMCI at higher pH values or at acidic pH even increasing pH (Table 1). Th&y values of PCP-0SH are
without GdmCI, as revealed by the absence of any abruptconsistent with those reported earlier at various pH values
change in the excess-heat-capacity curves of proteins (Figurg30). At pH 2.15, E192V did not show a thermal transition,
1). Addition of GAmCI not only decreased the denaturation indicating that the protein might already be denatured. The
temperature but also helped in increasing the protein solubil- T4 values at pH 2.15 for various proteins increased in the
ity. order of E1921, E192Q, E192A, E192D, and PCP-0SH. The

At low pH, the denaturation reactions were reversible but E192D was the most stable among the mutant proteins.
did not attain equilibrium because of the unusually slow Figure 2 shows the change in the relative stabiliyf{ =

o] [20 kJ mol” K

CBK

0 65 70 75 80 a5 90 95
=]
Temperature ( C)
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Table 1: Comparison of Stabilities of PCP-0SH and Its Mutants at Table 2: Kinetic Parameters of the Denaturation of PCP-0SH and
Various pH Values E192 Mutants at Various pH Values

Tqvalues {C)?
pH>  PCP-0SH E192A E192D E192I E192Q E192V

pH 2.4, Temperature 3T

k-0 AG,H0 AAGH:0ab
2.15 59.3 54.5 55.2 52.8 53.4 protein (sY (kJ moly) (kJ moly)
3.04 78.9 74.6 74.8 74.1 72.6 73.3 7
730 886 883 821 886 886  87.6 PCP-OSH ~ 1.1& 107/ 114.5 0.0
870 888 89.4 820 902 893 889 E192D 8321071 109.5 50
960/ 101.7 1031 980 1026 1026 103.6 E192Q 1.55< 107 108.0 —65
- E192A 1.00x 10°© 109.1 —5.4
aTq represents peak temperatures of DSC curves monitored at a scan E192| 1.51x 10°© 108.0 —6.5
rate of 1°C/min. The given values are an average of independent scans E192V 6.92x 106 104.2 —10.3

3-5 times. The repeatability afy values for a given protein was within

0.25°C in cases of reversible denaturation in the pH region between pH 7.0, Temperature 61

2.15 and 8.70° pH was measured before and after the heating. The  PCP-0SH 2.06« 107° 137.4 0.0
maximum difference in the pH values was 0.03. The indicated pH values E192D 1.00x 1078 132.9 —4.5
are an average of the values before and after the heéatiktptal of E192Q 4.07x 107° 135.4 -2.0
2.5 M GdmCI was added in solutions at pH 7.3 and 8Rartial E192A 4.19x 10°° 135.3 2.1
aggregation was observed at pH 9.6 after heating beyond@00 E1921 4.30x 10°° 135.1 —2.3
E192V 5.01x 107° 134.8 —-2.6
31— T T T T T T T pH 10.5, Temperature 61C
24 PCP-0SH 7.50« 1078 127.3 0.0
1] E192D 6.92x 1078 127.5 0.2
E192Q 1.79< 10°8 131.2 3.9
0 E192A 1.26x 1078 132.2 4.9
O 4] E192I 2.51x 1078 130.3 3.0
o E192V 1.32x 1078 132.1 4.8
lzlv 27 a8 AAG, ML = AG,HOMu) — AG#:0(PCP-0SH) b The positive values
-3 of AAG,™2° mean that mutant proteins are more stable than the wild
-4 type.
54
5] PCP-0SH and E192D showed similar Gibbs energy of
7] 1 activation, while all other mutants were kinetically more
— stable than PCP-OSH. These results are in very good

2 %8 4 5 6 7 8 9 10 agreement with the thermal stability data obtained by DSC
_ N at various pH values, suggesting that the change in stability
FIGURE 2: Relative stability ATy = Tg™e"— TS0 of E192  phecause of E192 substitution might be originating from the

mutants of PCP-0SH as a function of pH. Thevalues at pH 7.3 S : : A ]
and 8.6 were measured in the presence of 2.5 M GdmCl. The alteration in the unfolding Gibbs energy of activation. PCP

symbols represent E1924), E192D (1), E192 @), E1920Q (), OSH unfolds with an extremely _slow rate, on the order of
and E192V ). 10%s7 (relaxation time~ 20 million years) at neutral pH,

whereas the mesophiliBaPCP unfolds with a rate of 18
s 1(31). On the other hand, both the proteins showed similar

Tgmuent — T"CP-08F) of the E192 mutant proteins compared  refolding rates on the order of 0.1'sat neutral pH, despite
to PCP-0SH as a function of pH. All of the mutant proteins only ~40% amino acid sequence identity. A comparison of
were less stable than PCP-0SH up to pH 7.3. In the alkaline the relaxation kinetics of several mesophilic and hyperther-
region, the stability of the mutants, except for E192D, mophilic proteins indicated that refolding rates were con-
became equal or higher than PCP-0SH. E192D was the moskerved, while the unfolding rates differed significantly
unstable among the mutants of PCP-0SH in the neutral andpetween them4(). Because of the conserved refolding rates,
alkaline regions. the difference in the unfolding rate should result in a net

The kinetics of GdmCI-mediated denaturation indicated change in the stability of the mutant protein. In the absence
that PCP-0SH and E192 mutants have extremely slow of thermodynamic parameters under equilibrium conditions,
unfolding rates. The unfolding reaction could not be mea- therefore, the change in the stability of the mutant protein
sured within the perceptible time frame at 3D at neutral can be reliably estimated from the change in theor
and alkaline regions because of extremely slow unfolding AG,*-° values with respect to PCP-0SH.
rates on the order of I® s (31); therefore, unfolding pH Stability of PCP-0SH and Mutant ProteirSigure 3
kinetics was measured at 8G at pHs 7.0 and 10.5. Results shows the equilibrium curves for the refolding reactions
shown in Table 2 indicate that substitution of E192 leads to monitored from CD values at 222 nm, which are equivalent
an increase in the unfolding rate of up to 2 orders of to the equilibrium denaturation curves, for the proteins as a
magnitude at pH 2.4. The change in the Gibbs energy of function of pH. PCP-0OSH was the most stable with apH
activation AAG,™:°) of the mutant proteins relative to PCP- at 1.794 0.04, where pkt is the pH value corresponding
OSH showed that E192D and E192A are kinetically more to 50% renaturation of the protein. The ph¥alues for the
stable than other mutants at pH 2.4, which is consistent with mutant proteins were observed to be 2410.04 for E192D,
the ATy values at low pH (Figure 2). At neutral pH, the value 2.16+ 0.03 for E192A, 2.35+ 0.03 for E192Q and E192I,
of AG,:0 for PCP-0SH is only marginally higher than that and 2.374 0.04 for E192V. The decrease in the pH stability
for other mutant proteins. On the other hand, at pH 10.5, of the E192 mutant proteins was in very good agreement
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L B B A. It was on the lower side (0.1# 0.01 A) for the molecules
- in the P2, space group (same for PCP-0SH) as compared to
those in theP2;2,2; space group (0.2 0.01 A). Overall,
the structure of PCP-0SH was not significantly affected by
the mutations. The differences in the surface details could
1 be due to different crystal packing.
i Structure of PCP-OSH near Glul92The PCP-0SH
structure has been determined previously at 2.7 A at room
temperatured6). In this study, we again solved its structure
. at 2.1 A and 100 K. All of the calculations were carried out
using the new structure, which was essentially similar to the
previous one. In the PCP-0SH structure, the carbonyl O atom
of P168 is located at a distance of 2.56 A from thé &om
of E192 (Figure 4A). This indicates that E192 in the
i protonated state might form a strong hydrogen bond,
O(P168)--H—0? (E192). The angles AAA—D and DD—
16 20 24 28 32 D—A and the dihedral angle AAA—D—DD are observed
pH around 119, 128, and 172, respectively, where D is the
FiGURE 3: pH stability of PCP-0SH and E192 mutants. The pH Ydrogen donor, DD is the atom covalently connected to D,
stability curves are equivalent to the equilibrium denaturation A iS the acceptor, and AA is the atom covalently connected
curves, which were monitored by the recovery of the CD values at to A. The observed (P168)0---O?—(E192) distance and
222 nm during the refolding reaction of the completely thermally angles were close to the optimal values for making a good
e b oAbt s e o ag”*/ycogen bond<2). The pepice nirogen in PLGS located
errorgwas<0.01 pH lFJ)nit, except for E192V, ?gr which it Wasi).oz(:J at 3.32 A from E1_92 S} W't_h a DD-D—Aangle of 131.9
The open circle indicates the PCP-0SH, and the other symbols forc@n also form a bifurcate intramolecular hydrogen bond by
the mutant proteins are the same as used in Figure 2. sharing the proton of E192© The E192 & atom does
not form any hydrogen bond because of lack of a donor
. . ) group in the vicinity. The averagB factor for the E192
with the order of the thermal §tapﬂny_ obtained by DSC [asidue was observed to be 23313 A2 (averaged for Glu
measurements at low pH. This implies that the results i, foyr subunits), which is considerably lower than the

obtained by DSC, which are kinetic in nature because of 5yerages factor of the PCP-0SH molecule (30111.2 A2),
scan-rate dependencefvalues, can be directly related 0 jngicating that Glu at position 192 is highly ordered in the

the equilibrium results at acidic pH values. The values of hydrophobic pocket because of strong interactions.
AHg (not shown) for the mutant proteins obtained from the "gj,192 — GIn(E192Q) In E192Q, the GIn K atom is

area under excess-heat-capacity curves obtained by DSGqcated close to the carbonyl O atoms of P168 (3.01 A) and

were much lower than that of PCP-0SH at pH 2.15. This M187 (3.05 A) as shown by arrows in Figure 4B. The AA
can be explained by piivalues; even the most stable mutant 5 _p/pp—p—Aa angles formed by GIn N and carboxyl O

E192D was already denatured by 50% at pH 2.15, while atoms of P168 (123°9117.6) and M187 (131.9125.8)

PCP-0SH was denatured by only20%. The fractional  \ere optimal values for forming ideal hydrogen bonds. The
denaturation of E192V at pH 2.15 was about 73%, which 5192 O atom is not involved in any hydrogen-bond

explains the absence of the endotherm in the case of E192Vinteraction because of lack of a donor group in the vicinity.

at pH 2.15 during the heat denaturation. TheB factor for Q192(residue)/E192Q(subunit) was observed
Crystallization and Structure Analysis of Glu192 Mutants. to be 19.3+ 1.2/25.8+ 0.6 A? (averaged for the subunits).
The PCP-0SH polar mutants (E192D/Q) crystallized at a The rms deviations between PCP-0SH and E192Q for the
6.5% PEGA4000, while the apolar mutants (E192A/I/V) packbone atoms (§ of the monomer and for residues in
crystallized at a 5.76.0% PEG4000. The findR. for the the vicinity of position 192 in the pocket (residues P18/168,
mutant proteins was obtained between 20 and 25%. The|22/76, Y169, M187, S188, E192, A195, and V196) were
statistics of the data collection and structure refinement areg.13 and 0.08 A, respectively, suggesting no significant
shown in Tables 3 and 4, respectively. difference in their overall and local structures around position
The protein molecules crystallized in two different space 192.
groups. E192Q and E192V formed isomorphic monoclinic  Glu192— Asp (E192D) and Glu192- Ala (E192A).The
crystals in the space grolg?;, which agree with those of  substitution of E192 by Asp and Ala with smaller side chains
the wild-type PCP and PCP-0SEq], while E192A, E192D,  |ed to the formation of a cavity in which a water molecule
and E192I formed orthorhombic crystals in the space group is introduced in the hydrophobic pocket (parts C and D of
P2:2:2;. In both crystal systems, four subunit (monomer) Figure 4). In both mutant proteins, a water molecule is
molecules were contained in the asymmetric unit. located close to P168 and in a corresponding position
A systematic analysis of individual structures indicated occupied by the & atom of E192 in PCP-0SH, suggesting
that the mutation did not have any significant effect on the the possibility that a water molecule forms new intermo-
overall structure as revealed by a very good least-squaredecular hydrogen bonds in place of the intramolecular
superimposition of their backbone atoms. The root-mean- hydrogen bonds formed by E192 in PCP-0SH.
square (rms) deviations for the backbone atoms between In E192D (Figure 4C), a water molecule is located at a
PCP-0SH and the mutant proteins were observed below 0.2distance of 2.55 A from the ®atom of D192 and 2.63 A

1.0

0.8

0.6 4

0.4+

0.2 4
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0.0
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Table 3: X-ray Data Collection Statistics for PCP-0SH and Glu192 Mutants

PCP-0SH E192A E192D E192I E192Q E192V
space group P21 P212121 P212121 P212121 P21 P21
cell dimensions
a(h) 55.56 47.44 47.45 47.41 56.17 56.55
b (A) 104.58 103.96 103.85 103.92 104.91 104.54
c(A) 79.16 187.49 187.06 186.39 79.23 77.36
p (deg) 91.78 90.00 90.00 90.00 91.84 92.80
resolution range (A) 50:62.1 50.6-2.0 50.6-2.0 50.6-2.0 40.6-2.4 50.6-2.0
number of measured reflections 195727 316 205 304 598 311999 100 815 212 213
number of unique reflections 53 620 62 100 62 491 60 478 32 566 59 076
redundancy 3.7 51 4.9 5.2 3.1 3.6
completeness (%) 99.1 (84°21) 97.9 (96.9) 97.9 (96.9) 95.0 (69.8) 90.6 (78.9) 96.2 (73.1)
1/o(l) 28.2(10.8) 30.7 (15.2) 38.7 (23.7) 36.8 (19.4) 17.5(4.1) 30.3(16.7)
Rierg? (%) 5.4 (13.6) 4.8 (8.3) 2.7 (4.4) 4.1(7.7) 5.4 (12.6) 4.1 (6.9)
2Values in parentheses refer to the highest resolution $H&llerge= Y |lnki — ThlVY Ink, WhereOhqlis the mean value df.
Table 4: Structure Refinement Statistics for PCP-0SH and Glu192 Mutants
PCP-0SH E192A E192D E192] E192Q E192V
resolution range (A) 40:02.1 50.6-2.0 40.0-2.0 40.0-2.0 40.0-2.5 50.0-2.0
number of protein atoms 6420 6404 6416 6416 6420 6412
number of water atoms 531 893 867 851 533 549
number of reflections 52 444 61 801 62 292 60 239 25637 58 594
working set 49 800 58 682 59 150 57 201 24 380 55 624
test set (5% of total) 2644 3119 3142 3038 1257 2968
completeness (%) 99.4 97.0 98.1 95.2 81.2 96.6
R factor (%) ¢ 20F)
working set 20.6 20.6 17.9 18.0 20.4 20.9
test set 24.4 22.9 21.7 21.8 24.1 23.6
rmsd from ideality
bond lengths (A) 0.006 0.005 0.008 0.007 0.006 0.005
angles (deg) 1.29 1.26 1.38 1.34 1.25 1.25
Ramachandran plot (residues in)
most favorable regions (%) 92.5 93.1 92.9 93.5 92.9 91.9
additional allowed regions (%) 7.5 6.9 7.1 6.5 7.1 8.1
A B C
SER 186
MET 187 TYR 169
SER 188
PRO 168
VAL 167
MET 191 GLN 192 ASP 192
D E F

ILE 192 ;‘ VAL 192

Ficure 4: X-ray crystal structures of PCP-0SH and E192 mutant proteins around position 192. (A) PCP-0SH, (B) E192Q, (C) E192D, (D)
E192A, (E) E192l, and (F) E192V. The solid red spheres in the E192D and E192A mutant proteins represent a water molecule found in
the cavities. The solid arrows indicate the atoms within the hydrogen-bond-forming distance (D::A distances are given in the Results).

Figures were produced using the Yasara-View program (www.yasara.org, Yasara Biosciences, Austria) and rendered by Pov-Ray version
3.6.

ALA 192

from the carbonyl O of P168, suggesting that the water molecule. The E=~ D mutation led to the cavity formation
molecule might form a bridge between D192 and P168 via of ~13.5 A3 close to position 192 and a,@ms deviation of
hydrogen bonding. The carbonyl O atoms of Y169 and M187 0.2 A for the residues in the cavity.

are also located within the hydrogen-bond-forming distances In E192A (Figure 4D), the water molecule is located at a
of 3.08 and 2.79 A, respectively, from the entrapped water distance of 2.86, 2.95, and 3.58 A from the carbonyl O atoms
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of P168, M187, and Y169, respectively. The cavity intro- the region except for the mutation site, the stability difference

duced because of the & A mutation was larger (24 & because of the mutation can be represented by the following

than that of D192; however, the,@ns deviation of residues  equation 21, 43):

in the pocket was only 0.09 A, suggesting a smaller change

in the overall structure around the mutation site. Btiactors AAG = AG™'— AG" =

for position 192 in the E192D aRd E192A were much lower AAGp + AAG  TAAG; + AAG,,, +

at 9.6 & 0.3 and 11.14+ 0.5 A? respectively. In both a B

structures, the water molecules close to P168 were com- AAGHzO T AAGy, + AAGy (4)

pletely solvent-inaccessible and highly orderBdgctor ~ , )

6.7—14 A?). where the hydrophobic termMAAGuer can be defined as
Glu192 — lle (E1921) and Glul92— Val (E192v).  follows:

Substitution of Glu192 with lle or Val resulted in the loss _

of intramolecular hydrogen bonds formed in PCP-0SH and AAGyp = 0.178AAASArgnpoiar — 0-013AASApgiar (5)

E192Q or intermolecular proteirwater hydrogen bonds in

the E192A and E192D mutants, because E192] and E192V

do not contain any water molecule close to the mutation site

(parts E and F of Figure 4). Cavities with sizes~a26 and

28 A3 because of E— | and E — V replacements,

respectively, were observed close to position 192. The C

rms deviations between the structure of PCP-0SH and thos

of E192I and E192V were observed to be 0.2 and 0.15 A,

respectively, for the subunit, and 0.12 and 0.1 A, respectively,

for the residues in the vicinity of the mutation site. The

B-factor values for the 1192 residue/E192| subunit (12.7

0.6/15.4+ 1.2 A?) and the V192 residue/E192V subunit

whereAAASAnonpolar@NdAAAS Apgiar represent the difference

in AASA (accessible surface area) of nonpolar and polar
atoms of all residues, respectively, between the wild-type
and mutant proteins upon denaturation. For calculation of
the ASA value, carbon and sulfur atoms in the residues are
assigned to ASAnpoiarand nitrogen and oxygen atoms in
&he residues are assigned to A4 Parameters defining
the contribution of these factors have been refined by a least-
squares analysis of the structuigability data derived from
the analysis of the mutant protein relative to GIYAG,))

(43). In the present case, the mutation site is completely
buried in the interior of the molecule; therefore, the
(24.0+ 0.6/30.0+ 1.0 A?) were lower than or close to those hydrophobic effect, conformational entropy, and secondary-
for PCP-OSH. structural propensity terms may be merged together and

Overall, large shifts in the main chain,. change in the dcalculated relative to GlyXAGa® = AAGup + AAGeon +
secondary structure, or exposure of the buried groups aroun AAG,) (43). Therefore, eq 4 can be written as follows:
position 192 in PCP-0OSH were not observed because of P ’

replacement of E192 as evident from the small iths AAG = AAG.% + AAG... + AAG
deviations and relatively unchanged positions of groups close aa HB
to position 192 (Figure 4).

Structure-Based Empirical Stability of Mutant Proteins.
Structures of the PCP-0OSH and mutant proteins clearly AAG, o= —T. 7NN, o 7)
indicate that deletions of hydrogen bonds formed by the 2 2
residues at position 192 or by water with the neighboring
residues lead to the decrease in the protein stabilify On
the other hand, because the residue 192 is completely buried,AAG _
the substitutions by hydrophobic residues (lle and Val) were HB
also expected to stabilize the mutant protein. Therefore, it 25.632r[
becomes difficult to discern the net effect of mutation on
the stabilizing factors by the only observation of the ANy,0 and AV, are the changes in the number of water
structures. “Structure-based empirical stability” methods molecules and cavity volume\Vcay = Vea™ — Vea P 0SH)
based on the experimentally measured stabilities and high-close to the mutation site, respectiveligy, fpwj, andrw
resolution structures of mutant proteirzl( 43) can be a are the D::A distances for the proteiprotein, proteif-
valuable tool to quantitatively estimate the changes in the water, and waterwater hydrogen bonds. In the case of the
stabilizing factors because of mutations. mutant proteins, no watemwater hydrogen bonds were

The mutation leads to the addition or removal of some observed near position 192; however, one water molecule
interactions, which leads to stabilization or destabilization (ANw,0 = 1) was introduced in the cavity formed around
of the protein structure. The change in stability because of position 192 in E192D and E192A mutant proteins. The
mutations can be evaluated from the changes in the contrib-parameters foAAGy,0 [—7.79 kJ mot? (water molecule)],
uting components such as the hydrophobic effAAGyp) AAGca (—0.052 kJ mot! A=3), and AAGus (25.63 kJ A
and side-chain conformational entropyAGeon) because of ~ mol~! for intramolecular [pp], 15.62 kJ A mot for
dissimilar sizes of the side chains of residues, hydrogen bondsintermolecular [pw], and 14.91 kJ A mdl for [ww]
(AAGyg) because of the addition or deletion by new residue, hydrogen bonds) have been determined by a least-squares
entropic loss because of the addition or removal of internal fit of eachAAG (eq 4) to the experimentAAG values using
water molecules AAG,0) in the cavities, cavity volume  the high-resolution stabilitystructures database of the
(AAGca), and the secondary-structural propensity of amino mutant human and T4 lysozym21). Equation 9 suggests
acid residues for the formation af helix and$ strand that, if an intramolecular hydrogen bond of length 3.0 A is
(AAGy* and AAG,{, respectively). Assuming that the removed by substitution, the mutant protein should be
structural changes because of substitutions are negligible indestabilized by 8.5 kJ/mol. The negative valueAKG,,

+AAG,, (6)

cav

where

AAG,,,= —0.05AV,,, (8)

cav

-1 -1 -1
- +15.622r[pw] +14.912I‘[WW] €C)]
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Table 5: Structure-Based Empirical Stability of Monomeric PCP-0SH and E192 Mutant Proteins, Relative to the Putative Gly Mutant Protein

protein AAG& 2 AAGHgP AVeaf AAGeay AAGh,0 AAG AAGMut-PCP-0SH d
PCP-0SH 7.5 17.74 0.00 0.00 25.24 0.00
E192A 13.2 15.05 23.97 —-1.25 —7.79 19.21 —6.03
E192D 6.3 22.62 13.48 —0.90 —-7.79 20.23 -5.01
E192I 19.1 25.97 —1.35 17.75 —7.49
E192Q 5.4 16.92 0.00 0.00 22.32 —2.92
E192V 16.8 28.19 —1.47 15.33 —9.91

aThe values for various residues have been taken from Takano and Y48wnA( free-energy terms are defined in kJ/mbiThe hydrogen-
bond energy because of water was calculated by using the three and four intermolecular hydrogen bonds in the case of E192A and E192D mutant
proteins, respectively.The change in cavity sizeAVcay = Vea™! — Vea”P %) around position 192 was calculated using a probe radius of 1.1
A. 4 AAGMU-PCP-0SHig the difference betweehNAG values for the mutant proteins and PCP-0SH. The meaning of the other teNGs®, AAGyg,
AAGeay, AAGh,0, AAG, and AV, has been described in the text.

and AAGy,0 terms suggest that the introduction of cavities 5), their empirical stabilities were less than PCP-0SH when
and water in the protein structure leads to destabilization of E192 forms intramolecular hydrogen bonds (Figure 4A).
proteins. An exhaustive least-squares analysis and evaluation

of various parameters by taking into consideration a number PISCUSSION

of factors has been explained in detail by Funahashi et al.  gactrostatic Stabilization of PCP-0SHPCP-0SH from
(21). A down point of these calculations, however, is that p friosusis an extremely thermostable protein, which
the analysis consm_iers the dgnatured state to be a completelyjanatures at above 108 at neutral pH20). The denatur-
unfolded state, which in reality may not be always U8B 5ion temperature decreased to®at pH 2.15 (Table 1).
T_hls assumption as well as uncertainty in coordinates in 'ghe The large shift inTq by 46 °C because of the change in pH
high B-factor region, perhaps, leads to a standard deviation g,g4ests a major contribution of electrostatic interactions.
of up to 2.2 kJ/mol for data fitting on the experimental VErsus pcp.oSH s stabilized by complex network of salt bridges
calculated AAG values R1). Nevertheless, the analysis onq hydrogen bonding, which are involved in intra- and
prov.u;ie's an important too_l to evgluate the contribution of ;. iarsubunit assembly and higher order oligomerizati8) (
stabilizing factors to protein stability. 30). The large decrease in PCP-OSH stability could be due
The hydrogen-bond length, for each typeryy), rjpw;, and to the dissociation of tetramer to dimer and monomer forms
'wwy) in the case of each mutant was estimated from the when pH decreases from the neutral to acidic regRd). (
crystal structures of the respective mutant protein. The changean increase in the salt bridges and hydrogen bonding has
in the cavity volume because of the mutation was estimated peen postulated to significantly contribute to the adaptation
by the procedure of ConnollyH) using the X-ray structures  of proteins under extreme condition3—6). Although the
of the PCP-0SH and mutant proteins. In this study, the cavity role of salt bridges has been controversial because of the
volume around position 192 in PCP-0SH and mutant proteins |arge desolvation penalty incurred over their formatién (
was evaluated using a probe radius of 1.1 A, because theg), the reduced penalty at high temperatur®) @nd changes
cavity around position 192 upon removing the introduced in the dielectric response of thermophilic proteid§)(result
water molecule in E192D and E192A structures was in a favorable contribution of salt bridges to the stability of
recognized when using a comparatively smaller probe radiusfolded proteins.
of 1.1-1.2 A, The pH-induced denaturation curves of PCP-0SH and the
The change in stability of each mutant with respect to PCP- mutant proteins were highly cooperative and shifted to a high
0SH AAGMUEPCP-0SH) \as evaluated from the difference pH region for the mutant proteins relative to PCP-0SH
in AAG between the mutant and PCP-0SH. Table 5 lists the (Figure 3). This suggests that the protonatideprotonation
contribution of various factors to the stability of PCP-0SH of ionizable acidic groups, except for E192, is linked to the
and mutant proteins. The calculated structure-basAG acid denaturation of the proteins, which is influenced by the
values correlate well with the experimentally evaluated residue at position 192. The relative stability of E192 mutant
difference in the thermal stabilityA(Ty) and activation Gibbs  proteins increased in a nonparallel fashion with pH (Figure
energy AAG,™:0) at low pH (Table 2), suggesting that 2), and the fact thaATy and AAG#'° values of the E192
refolding rates may be insensitive to substitution at position mutant proteins change from negative to positive when pH
192 at low pH. The results show that PCP-0SH is more stableincreased suggests the important role of E192 in modulating
than mutant proteins when E192 is protonated and forms the electrostatic interactions and hence the stability of PCP-
two hydrogen bonds. Under these conditions, apolar mutantOSH.
proteins show a lower stability than PCP-0SH (experimental  Glu192 in PCP-0SH Has an Apparently High pKrhe
AAG M0 and ATy as well as calculated AGMut-PCP-0SH < crystal structure of PCP-0SH shows that th& &om of
0.0). If E192 in PCP-0SH is assumed to be deprotonated, itE192 is very close to the backbone O (2.56 A) and N (3.32
cannot form any hydrogen bond and would thus decreaseA) atoms of P168 (Figure 4A). This could lead to a
the relative PCP-0SH stability. This is also evident from the Coulombic repulsion if Glu € is not protonated. A detailed
positive values ofATy or AAG,*"° for mutant proteins at  structural analysis of proteins2%) has shown that a
alkaline pH (Figure 2 and Table 2), where PCP-0SH is less significantly large number of proteins contain at least one
stable than other mutants. On the other hand, despite thepair of carboxyl acids, which share a proton to form a short
large contribution of the\AG, term (mainly hydrophobic ~ (~2.55 A) hydrogen bond. The E192 in PCP-OSH is
effects) to the stability of E192A, E192I, and E192V (Table completely surrounded by apolar groups. It has been observed
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between pH 7 and 9, while Asp may be titrated at a lower
2 pH 9.6 pH.
g'—-—l—.—-—- Glu -COO" To verify the above results, we calculated the structure-
a4 Asp -COO" based K, values of E192 and D192 carboxyl groups by the
6 finite difference PoissonBoltzmann (FDPB) procedure
8 using the MEAD program54, 55). The FDPB calculates
g pH 8.7 shifts in K, values from the K, of the model compound in
2 I Glu -COO solution (Kmoede) because of three components viz., Born
_*g Asp -COO’ solvation energy of the charge grouppKsom), background
8 energy of a charge with the nontitrating polar groups
o, pH 7.3 (ApKpacy, and the interaction energy between the charge of
= 0 - interest and other titrating siteAKcng). The K, of a group
s 2 I Glu -COOH in protein can thus be given as follows:
P Asp -COO° ‘
8 K Proein=pK .+ ApKg, + APK,.qt+ APK g (10)
g pH 3.04 p a p model p Born p back p chrg
-j Glu -COOH The _intri_nsic Ka (PKiny) is the Ka of a titrating group
P I I I Asp -COOH considering that all of the other titrable groups are in the
-8 neutral form and can be written as follows:
2 pH 2.15
-2 Glu -COOH pKint = meodeI+ ApKBorn + Aprack (11)
g I I I I Asp -COOH )
B From egs 10 and 11, we obtain
§ é § § g § protein __
Wenogmow TR, PKa = pPKine + Achhrg (12)

FiGurRe 5: Relative stability ATg) of five mutants with respect to Using the fKmodel Values of 4.4 and 4.0 for Glu and Asp

PCP-0SH at various pH values. The panel on right indicates the . . .
pH and predicted potonatierdeprotonation status of the carboxyl respectively, their K, values were estimated to be 7.65 for

groups in E192 and D192 based on stability as a function of E192 and 5.91 for D192, a}ssuming a protein dielectric
pH. constantep, Of 15, because it has been suggested that for

a static structure (single conformer) the FDPB procedures
that the hydrophobic environmen&—48) and proximity significantly improve the agreement between calculated and
of the charged groups49—52) can perturb the Ig, of measured I§, values atep, = 10—-20 (52, 56, 57).
ionizable groups. The protonation of Glu should reduce the The calculated g, values of E192 and D192 are consistent
electrostatic repulsion and promote forming hydrogen bond- with the K, values of the respective carboxyl groups
ing as has been observed between the carboxyl and carpredicted from the relative stabilities of E192 mutant proteins.
boxylate groupsZ5s, 53). The significantly higher . values of E192 and D192 were

The relative stability AT.) of the mutants compared to originated partly from a contribution of the Born self—engrgy
lve stability £To) wran's P term ApKgormC" = 2.4 and ApKgorSP = 2.26), which is

PCP-0SH changes from negative to positive; the transitions.~ .~ * . ;
for E192 mutants were observed at pH 7.3 for E192Q and |nd|f:at|ve of the burial of the carboxyl group in the apolar
E1921, at pH 7.75 for E192A, and at pH 8.5 for E192V environment$2, 55, 56). In the case of E192D, the presence

(Figure 2). TheATy values of E192D, although always gf a water mc;llequle_ clpse t(]z ?]192 rgsultled ina E|gn|f|cant
negative, were similar at pH values between 2.15 and 3.04 ecrease In the intrins| Ro the carboxyl group because

- . . y -~ of a significant negative contribution from the background
suggesting that Asp might be in the protonated state at low

pH and hence less destabilizing. At higher pH, Asp begins interactions ApKack = —2.13), which almost fully com-

. 2 ensated thely, upshift because of Born self-energy.
deprotonating and hence more destabilizing because of thep The titrating groups present in PCP-0SH also influenced

large energetic penalty incurred over charge burial. The y,o 1 yalues of the buried carboxylic acids (E192 or D192)
relative stability of E192D decreases with the increasing pH 45 shown by their higheri@a values over their intrinsick,

to 7.3, while above pH 8.6, it sharply increases (Figure 2). (PKin®" = 5.94 and i = 4.13). TheApKeng Values of

In comparison to other_ polgr and nonpolar mutants, E192D 1 71 and 1.78 for E192 and D192, respectively, suggest
has a much lower stability in the neutralkaline pH zone,  nfavorable interactions of ionized carboxyl group at position
suggesting that a charged group is highly unfavorable at 192 with other ionizable groups in the protein. PCP-0SH
position 192. Figure 5 shows the relative stability of the E192 ~gntains eight titrable acidic groups (BE) within a radius
mutants and the possible status of the ionization of E192 of 15 A from the residue 192. E192 or D192 have
and D192 based on the pH dependence of the stability. Thesenfavorable pairwise interactions with the surrounding acidic
results suggest that E192 might begin to deprotonate at pHgroups. Therefore, to overcome the chargkarge repulsion,

> 7, resulting in the breaking of the E192::P168 hydrogen the equilibrium shifts toward the neutral carboxyl of E192
bonds and concomitant lowering of the PCP-0SH stability. and D192. On the other hand, there are only four basic groups
At pH = 8.6, both E192 in PCP-0SH and D192 in E192D (K + R) within 15 A from residue 192, which can favor the
should be in a deprotonated and unfavorable state, resultingonized acidic group at position 192. This means that E192
in the difference between the stabilities of these proteins or D192 have much more repulsive interactions with acidic
becoming smaller. These results indicate that Glu is titrated residues as compared to attractive interactions with basic
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residues, resulting in a neKp shift to higher side. These AAG, term (hydrophobic effect) (Table 5) and consistent
results suggest that apart from the high self-energy becausevith the experimental results in the alkaline region, where
of charge burial the chargeharge interplay between E192 mutants are more stable than PCP-0SH.
or D192 and charges at the surface or buried in the protein The side chain of GIn does not ionize, and hence, the
can affect PCP-OSH stability considerably. Recently, Ma- strength of the GInN:O=C (carbonyl oxygen of P168 and
khatadze et al.12) have shown that in addition to the short- M187) hydrogen bond should not be significantly affected
range interactions long-range chargharge interactions also by a change in pH in the studied range. This suggests that
play a crucial role in the stability of proteins. Several other the relative stability of E192Q with respect to other non-
studies have indicated significant influence of long-range hydrogen-bond-forming mutant proteins should not change
charge-charge interactions on the&<p of ionizable groups  with pH. This is obvious from the fact that relative stabilities
and the stability of proteinss(, 52, 56). of E192Q and E192| were similar within the experimental
The buried E192 is surrounded by the proton acceptorserrors in the studied pH range (Figures 2 and 3). The more
rather than the donors in the hydrophobic pocket, resulting or less equal stabilities of E192Q and E192] suggest that a
in the formation of favorable hydrogen bonds between the better packing and introduction of two hydrogen bonds by
protonated carboxylic acid of E192 and the proton acceptors GIn fully compensate for the desolvation of polar groups
such as O and N atoms of P168. The strong hydrogen (side-chain amide) and loss of the hydrophobic effect

bonding should result in a further increase in thg pf the (decrease INAAG,s") because of a putative I/~ Q
donor group of E192409) as has also been observed in the mutation.
case of buried and hydrogen-bonded tyrosine residb@s ( It has been proposed that the loss of packing interactions

58). Several reports have shown the increases in e p rather than a reduced hydrophobic interaction contributes to
values of the carboxylic groups in the active site or buried a greater extent to the decrease in protein stability caused
location from 7.4 to 8.446, 49, 51, 52, 55). Joshi et al. by a destabilizing mutation5@). Substitution of E192 by
(49) have observed an apparently higkap~ 8.4 for Glu, Ala, Asp, Val, or lle in PCP-0SH inserted cavities around
leading to the formation of a strong hydrogen bond with an position 192 (Table 5), leading to the loss of packing
adjacent Asp in xylanase. Therefore, it seems that a largeinteractions. These results indicate that polar-group burial
shift in the K, of ionizable groups is not rare and can take resulting in the formation of hydrogen bonds and polar
place to optimize the molecular interactions. interactions, together with improved packing interactions, is
Buried Nonionized Glu Contributes More Than Polar and superior to the hydrophobic effects (because of Val, lle, or
Hydrophobic Groups to PCP-0SH Stabiliffhe calculated  Ala) in their contribution to protein stability as has also been
values of AAGMUPCP-0SH (Taple 5) indicate PCP-0SH to  recently observed by other worker22( 59).
be more stable than the mutant proteins, which is consistent Contribution of Structural Water Molecules to Protein
with the experimental stability monitored by DSC (Figure Stability. The decrease in van der Waals interactions because
2), denaturation kinetics (Table 2), and CD (Figure 3) of cavity formation and entropic losses because of inserted
measurements at low pH. A completely protonated Glu at water lead to destabilization of protein80j. It has been
low pH not only incurs a lower desolvation penalty but also observed that an + A mutation with unsolvated cavities
acts as a strong hydrogen-bond donor. Also, a low dielectric can destabilize proteins by 24 kJ/mol (9). On the other
constant environment of the buried E192 should result in a hand, we observed that E192A is equally or more stable than
stronger hydrogen-bond formation in comparison to a similar E1921, E192V, and E192Q at acidic and alkaline pH values.
one at the surface. On the other hand, the stabilifigsaf The highly ordered state of wateB factor = 10 & 4 A?)
the PCP-0SH and E192Q/I/A mutant proteins were similar and the proximity with hydrogen-bond-forming partners in
at pH 7.3, which was near theKp of E192 (Table 1). E192A/D implies that a water molecule can form several
Therefore, assuming the stability of PCP-0SH is equal to hydrogen bonds in the cavity (parts C and D of Figure 4).
the stabilities of the E192Q/I/A mutant proteinAAG in Table 5 lists the contribution of the intermolecular hydrogen
Table 5) and subtractindhAG,8* of PCP-0SH from the  bonding to the stability of E192A, which is consistent with
averageAAG of three mutant proteins, E192Q/I/A, the the observed stability measured by DSC and CD at low pH.
contribution of the hydrogen bondAAGyg) by E192 for The relatively higher values dfy at low pH on one hand
the putative Q/I/A— E mutations could be estimated to be and lower values of pk on the other hand for E192D and
12.3 @2.3) kd/mol at pH 7.3. The reduced strength of the E192A in comparison to other mutant proteins suggest that
hydrogen bonds at pi: 7.3 could be due to the partial intermolecular hydrogen bonds significantly contribute to the
deprotonation of E192, resulting in the partial rupture of the protein stability. Results shown in Table 5 indicate that the
Glu::Pro interactions. In a case where the carboxyl group large enthalpic contribution by several proteimater hy-
serves as a proton acceptor, the strength of the hydrogerdrogen bonds not only offsets the water entropic loss but
bond decreases with a decrease in pH because of thealso stabilizes the E192A and E192D proteins by-@.8
protonation of the carboxyl group; however, in the present kJ/mol (relative to empty cavities), assuming that the
case, where carboxylic acid serves as a proton donor, thehydration effects of apolar and polar groups by entrapped
hydrogen bond should be stronger at low pH, unlike a water cancel each othe8). It has been observed that an
carboxyl::amide hydrogen bond. The additional stability of entrapped water molecule significantly contributes to the
PCP-0SH at low pH should originate from the strengthening protein stability (7, 19, 20) by forming 3—4 protein—water
of the hydrogen bonds made by E192, becangeG, intermolecular hydrogen bond82) and improves van der
should not change with pH. When E192 is deprotonated andWaals interactions by better packing3.
the hydrogen bonds are broken, theAG of PCP-OSH Structural Basis for the Buried Glu192 Consed in
decreases to 7.5 kJ/mol, which is essentially due to the Hyperthermophilic PCPdn the PCP-0SH monomer, E192
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GLU 192

PRO 168

Ficure 6: In the monomer structure of PCP-0SH, the loop (residues
169-188, colored cyan and green) connectsftstrand (residues
161-167, colored red) with the. helix (189208, colored blue).

Kaushik et al.

their protonated forms were equally (D192 in E192D) or
much more (E192 in PCP-0SH) stable below th&lg palues
than even nonpolar substitutions (Ala, lle, and Val) because
of the involvement of their carboxylic acids in strong
hydrogen bonding with the neighboring proton acceptors.
Glul92 had an apparently highikKpof >7.3, leading to the
stability of PCP-0SH to be much higher (thermal stability
changeATq ~ 4—6 °C, and activation Gibbs energy change,
AAGH:0) ~ 7 4—12.3 kJ/mol) than those of apolar mutants
(E192A/1/V) at acidic pH, almost comparable to the stability
of apolar mutants at neutral pH and the lower stability at
alkaline pH. Glu192 has better packing than Asp, Ala, lle,
and Val in the hydrophobic pocket of PCP-0SH. The
structural stabilization was mediated by a strong connection
between amx helix (E192) and & strand (P168) restricting

a large flexible loop. Introduction of hydrogen bonding
between protonated side-chain carboxyl and backbone car-
bonyl groups can be an attractive strategy to increase the
protein stability at low pH, because, unlike carboxyl::amide

P168 and E192 are shown as sticks. The solid arrows indicate thehydrogen bonding, it becomes stronger with a decrease in

atoms within the hydrogen-bond-forming distance.

is located at the beginning of a major helix at the C
terminal (residues 189207) and spatially close to P168,
which is located at the end of /a strand (residues 161
167) of a widef sheet constituting the core of the PCP

pH. Intermolecular proteinwater hydrogen bonds also
significantly contribute to the protein stability. These facts
may be taken into consideration for the rationale protein
engineering and drug designing for increasing the binding
or stability of proteins under extreme conditions.

monomer. These secondary-structural elements are connected CKNOWLEDGMENT

via a long flexible loop (residues 16888) protruding out
of the monomer structure (Figure 6). E192 projects toward

We thank Dr. D. Bashford, Scripps Research Institute, CA,

P168 on the solvent-inaccessible side of the helix. The E1920" his useful comments and generous help in running the
02 and carbonyl O atom of P168 provide an excellent MEAD program. We also thank Takara Bio, Inc., for

geometry to form a short tertiary hydrogen bond linking the
o helix to thef strand. Strong hydrogen bonding between
E192 and P168 restricts the helix to tear apart from the
molecule and also stabilizes the intervening loop by raising
the activation Gibbs energy of unfolding. Hydrogen bonds
restricting the flexible loops play a critical role in maintaining
the structural rigidity in proteins2d). Peterson et al.6d)

have observed that a tertiary hydrogen bond between a helix

and ap strand can stabilize a protein by 8.8 kJ/mol. A recent
survey on 490 proteins belonging to different grou@s) (
indicates that the buried ionizable groups are more likely to

be conserved than those on the surface and that the majority

of the buried Glu can form two to three stabilizing interac-
tions. The substitution of Glu to lle, Val, Ala, or Asp in

PCP-0SH resulted in the loss of packing interactions because

of the creation of a cavity around position 192 (Table 5).
Therefore, it seems that improved packing and strong

hydrogen bonds formed between E192 and P168 could be

responsible for the structural conservation of the glutamic
acid buried in the interior of the hyperthermophiles proteins,

in comparison to the other polar residues such as Asp or

GIn or apolar residues such as Ala, Val, and lle occupying
the structurally corresponding position in the PCP from a
mesophile B. amyloliquefaciens

CONCLUSION
The contribution of the Glu192 buried in the hydrophobic

core in PCP-0SH and conserved in several hyperthermophilic 11.

PCPs to the protein conformational stability was examined

using the mutations at position 192. The charged states of 1,

Glu and Asp at position 192 were unfavorable; however,

providing PCP-0SH plasmid (pPCP3022).
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