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ABSTRACT: In globular proteins, there are intermolecular hydrogen bonds between protein and water
molecules, and between water molecules, which are bound with the proteins, in addition to intramolecular
hydrogen bonds. To estimate the contribution of these hydrogen bonds to the conformational stability of
a protein, the thermodynamic parameters for denaturation and the crystal structures of five Thr to Val and
five Thr to Ala mutant human lysozymes were determined. The denaturation Gibbs eA&Qpgf(Thr

to Val and Thr to Ala mutant proteins was changed from 4.0-&6 kJ/mol and from 1.6 t6-6.3

kJ/mol, respectively, compared with that of the wild-type protein. The contribution of hydrogen bonds to
the stability AAGug) of the Thr and other mutant human lysozymes previously reported was extracted
from the observed stability changesAG) with correction for changes in hydrophobicity and side chain
conformational entropy between the wild-type and mutant structures. The estimatiomai @ values

of all mutant proteins after removal of hydrogen bonds, including preteater hydrogen bonds, indicates

a favorable contribution of the intra- and intermolecular hydrogen bonds to the protein stability. The net
contribution of an intramolecular hydrogen bom&iGugpg), an intermolecular one between protein and
ordered water moleculeAGhgpyw), and an intermolecular one between ordered water mole A @ssfuw;)

could be estimated to be 8.5, 5.2, and 5.0 kJ/mol, respectivelg, 30A long hydrogen bond. This result
shows the different contributions to protein stability of intra- and intermolecular hydrogen bonds. The
entropic cost due to the introduction of a water molecll&,0) could be also estimated to be about 8
kJ/mol.

Globular proteins contain hundreds of intramolecular  The effect of intermolecular hydrogen bonds on protein
hydrogen bonds, an average of 1.1 intramolecular hydrogenstability can be experimentally investigated using (i) mutant
bonds per residue, in the native statés lany studies of  proteins to remove hydrogen bonds between protein and
mutant proteins with respect to intramolecular hydrogen water molecules and (ii) mutant proteins to introduce water
bonds have shown that intramolecular hydrogen bonds molecules which form hydrogen bonds with the protein
stabilize the protein structure+10). Furthermore, inter-  atoms. Mutant S80A, Y38F, and Y45F human lysozymes
molecular hydrogen bonds between protein and water, orthat have been describe8, (10) correspond to the first
water and water molecules, also exist in protein structures. category. At these mutation sites, the hydrogen bonds with
The solvent water molecules are bound in the interior or on water molecules in the wild-type structure are removed due
the surface of proteins. There are questions about whethetto mutation. The contributions of the hydrogen bonds to the
intermolecular hydrogen bonds contribute to the conforma- stapility have been estimated to be-4 kJ/mol with an
tional stability and, if so, how much they contribute. analysis considering some factors that affect the stability due
to mutation. In the second category, mutant proteins with
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Ficure 1: Stereodrawing of the wild-type human lysozyme structure. The locations of the five Thr residues are indicated. The structure
was generated with the program MOLSCRIRID)

protein, more abundant and detailed information must be Table 1: Structural Features of Thr Residues in the Wild-Type
accumulated for intermolecular hydrogen bonds, and alsoHuman Lysozyme
for intramolecular ones, using systematic mutant proteins. buried % buried % hydrogen hydrogen

Mutational analysis, measurements of the changes in S;fggﬂ?éy sié’;‘:ﬁam Oaf t:‘gu bg’r‘tﬂg‘g dig‘;’r‘lgg‘g&)
conformational stability AAG)! due to the mutation of a g grotp P
hydrogen-bonded residue to one incapable of hydrogenThrll — helix 80 83 Gluro 2.92

. . : Thr40  strand 99 100 Lys1 N 2.81
bonding, is one of the useful methods for extracting the water O 280
energy of hydrogen bonding to protein structurés The Thr43  strand 52 6
problems with this approach, however, are that mutations Thr52  strand 91 97  waterO 2.83
alter the properties of amino acid residues such as hydro-Thr70 100 100 sSer6lp  2.77

phobicity which affects the stability, and mutations also affect VAVZ?SO@ 22'%02

other sites far from the substitution site, despite small *From Takano et al.16). ® As hydrogen bonding parmners of Thr
structural changesl1g). To avoid these problems, it is residues, water molecules on the protein surface with only one hydrogen

necessary to determine the crystal structures of m_U_tantbond are excluded.The length of a hydrogen bond between a solvent
proteins and to assemble a large set of mutant stability molecule and a protein atom, or between protein atoms, represents the

structure data. Studies on the stability and structure of moredistance between the solvent oxygen and the protein atom oxygen or
than 70 mutant human lysozymes have been repo8teidy nitrogen, or between the protein atoms oxygen and nitrogen, respectively.
13, 15—20), and the effects of changes in structural properties
due to mutation on the conformational stability of human structure. The structural characteristics of the Thr residues
lysozyme, such as hydrophobicity, have been quantified usingin the wild-type human lysozyme are listed in Table 1. The
the stability-structure database of the mutant prote2().( positions of the five Thr residues in the human lysozyme
This data set and analysis should be useful in estimating theare shown in Figure 1. The thermodynamic parameters for
contribution of several types of hydrogen bonds to protein denaturation of the mutant proteins were determined using
stability. differential scanning calorimetry (DSC), and the crystal
In this study, Thr to Val and Ala mutant proteins of human Structures were determined by X-ray analysis. These and
lysozyme were highlighted. These substitutions introduce Previous results with mutant human lysozymes with respect
little steric hindrance. Both side chains of Val and Ala are t0 hydrogen bonds8(10, 19, 20) were used to gain a better
incapable of forming hydrogen bonds, but are different from understanding of the contfibution_ pf intra- and intermolecular
each other on the scale of hydrophobicity. The human hydrogen bonds to protein stability.
lysozyme consists of five Thr residues: Thrll, -40, -43, -52,
and -70. Thrll is in aa-helix, and Thr40, -43, and -52 are MATERIALS AND METHODS
in B-strands in the wild-type structure. The OH groups of ~ Mutant ProteinsMutagenesis, expression, and purification
Thrll, -40, -52, and -70 are almost buried and form hydrogen of the Thr mutant human lysozymes were performed as
bonds with protein or water molecules in the wild-type previously describedl@). The concentration of the mutant
proteins was spectrophotometrically determined using an
! Abbreviations: ASA, solvent-accessible surface area; ASP, atomic El%(_l cm) Qf 25.65 a,t 280 nm?®' . .
solvation parameterAC,, heat capacity change&yAG, difference in Differential Scanning Calorimetry (DSC)alorimetric
AG between the wild-type and mutant proteidsG, Gibbs energy measurements and data analyses were carried out as previ-

changeAHca, calorimetric enthalpy chang&H,, van't Hoff enthalpy ;
change; DSC, differential scanning calorimetry; HB, hydrogen bond; OUSIy described 1(6) For measurements, the DASM4

HP, hydrophobicity; rms, root-mean-squalie; denaturation temper-  adiabatic microcalorimeter equipped with an NEC personal
ature. computer was used. The sample buffer for measurements
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Table 2: Thermodynamic Parameters for Denaturation of Mutant Human Lysozymes>(A and Thr— Val) at Different pHs

Td AHcal AHvH Td AHcal AHvH
protein pH (°C) (kJ/mol) (kJ/mol) protein pH (°C) (kJ/mol) (kJ/mol)
T11A 3.22 73.4 499 502 T11V 3.19 73.0 490 506

3.02 71.4 485 498 2.81 68.7 477 490
2.82 68.5 481 485 2.71 66.2 460 469
2.74 66.8 469 481 2,51 62.9 435 448
2.58 63.7 439 464
T40A 3.10 68.6 490 506 T40V 3.10 68.7 481 514
3.00 66.5 477 490 3.00 66.3 469 498
2.85 63.3 448 477 2.85 63.2 460 473
2.70 59.4 418 427 2.70 59.2 389 418
2.50 56.6 408 431 2.50 57.0 404 435
T43A 3.08 69.7 477 477 T43V 3.20 75.4 473 506
2.90 67.1 464 469 3.02 73.0 452 494
2.74 64.5 452 456 2.71 68.4 439 477
2.54 61.1 435 439 251 65.0 418 469
T52A 3.10 68.9 456 494 T52V 3.10 68.7 464 477
3.00 66.9 452 477 3.00 66.6 448 473
2.85 64.4 439 469 2.85 64.2 439 460
2.70 61.9 431 456 2.70 62.1 427 448
2.50 58.8 413 435 2.50 58.8 413 435
T70A 3.10 67.1 460 473 T70V 3.10 70.3 498 515
3.00 64.7 448 460 3.00 67.6 481 506
2.85 62.2 431 444 2.85 65.3 469 490
2.70 60.0 423 435 2.70 62.6 448 464
2.50 57.3 412 418 2.50 59.5 427 444
was 0.05 M Gly-HCI (pH 2.53.3). Data analysis was Calculation of ASA ValuesThe accessible surface area
performed using the Origin software (MicroCal, Inc., (ASA) values of the proteins were calculated by the
Northampton, MA). procedure of ConnollyX7) with a probe radius of 1.4 A as

The thermodynamic parameters for denaturation as apreviously described1{, 20). The ASA values of the
function of temperature were calculated using the following denatured state were calculated using an actual polypeptide

equations: with an extended conformatior2§).
AH(T) = AH(Ty) — AC|(Ty — T) 1) RESULTS
AS(T) = AH(Ty)/Tq — AC, In(T4/T) 2 Stability of Mutant Human Lysozymes
AG(T) = AH(T) — TAY(T) () DSC measurements of Thr to Val/Ala mutant human

lysozymes were carried out at acidic pHs (2%3) where

where theAC, values are assumed to be independent of the denaturation of human lysozyme is reversible. Table 2
temperature22). shows the denaturation temperaturég),(the calorimetric

X-ray Structural AnalysisMutant human lysozymes were  enthalpies AHcy), and the van't Hoff enthalpies\H+) of
crystallized as previously describe8, (16). All crystals each measurement for the mutant proteins. Thealues
belong to space group2;2,2;, but the crystal cell dimensions ~ are sensitive to changes in pH and increase linearly with
of T52V differed from those of the wild type and most increasing pH for all the proteins that were studied. The
mutant proteins. thermodynamic parameters of denaturation at a constant

All intensity data except for those for T70A were collected temperature, 64.9C, and pH 2.7 were calculated using these
by the oscillation method on the Rigaku R-AXIS IIC imaging data as shown in Table 3. The heat capacity chargy€s)(
plate mounted on the Rigaku RU300 rotating anode X-ray of denaturation were obtained from the slopes of the plot of
generator. The data were processed with the softwareAHca versusTy.
provided by Rigaku. For T70A, the two data sets were The denaturation Gibbs energi®) of Thr to Val and
collected by the oscillation method on the Rigaku R-AXIS Thr to Ala mutant proteins was changed from 4.0-t6.6
IV imaging plate mounted on the Rigaku RU300 rotating kJ/mol and from 1.6 te-6.3 kd/mol, at pH 2.7, respectively,
anode X-ray generator. The data were processed with thecompared to that of the wild-type protein. Even for the same
software provided by Rigaku. Another data set for T70A kind of substitution, Thr to Val or Thr to Ala, the effects of
was collected by synchrotron radiation at the Photon Factory the mutations on the stability were different, depending on
on beam line 6B with a Weissenberg cametd) (The data each mutation site. Moreover, for positions 11, 40, and 52,
were processed with DENZQ4). the substitutions with Val and Ala brought similar stability

The structures except for T52V were refined with the changes to each other, but the stabilities of Thr to Val and
program X-PLOR 25) as previously describe®,(16). For Thr to Ala mutants at positions 43 and 70 were quite different
T52V, the structure was determined by the molecular from each other.
replacement technique using the program AMoR® énd The AH values of the mutant human lysozymes that were
refined with the program X-PLOR2f) as previously examined were changed frorb8 to—14 kJ/mol. The range
described Z0). of the changes ilh\H was larger than that iING, indicating



Contribution of Hydrogen Bonds to Protein Stability Biochemistry, Vol. 38, No. 39, 19992701

deviations for main chain atoms between the wild-type and
mutant structures, T11V and T11A, were 0.08 and 0.09 A,
respectively.

Table 3: Thermodynamic Parameters for Denaturation of Mutant
Human Lysozymes (Tht> Ala and Thr— Val) at the Denaturation
Temperature (64.9C) of the Wild-Type Protein at pH 2.7

T ATy ACR(KJ AHca AAG Thr40— Val and Thr40— Ala. The substitutions of Thr40
(°C) (°C) mol*K™)  (kd/mol) (kJ/mol) caused structural changes larger than those of Thril,
wild-type?  64.94+ 0.5 6.6+0.5 477+4 0 especially around residue 40. The rms deviations for main
T11A 66.1+06 +1.2 57+£10 453+7  +1.6 chain atoms between the wild-type and mutant structures,
Tiv 659403 +1.0 54409 450£6  +1.3 T40V and T40A, were 0.12 and 0.15 A, respectively, and
T40A 60.2+40.6 —47 72405 462+5 —6.3 . )
T40V 60.7+-03 —42 6.7+ 0.9 459+ 8 -56 those withn 6 A from Co. at residue 40 were 0.21 and 0.29
T43A 63.840.2 —1.1 4.9+01 453+0 —15 A, respectively.
T43v 68.1+03 +3.2 49+07 419£5 +4.0 The side chain of Thr40 in the wild-type structure forms
T52A 620402 —29 35+05 44545 —3.38 : .
T52v 621+ 03 -28 b50+03 442+3 —36 two hydrogen bonds. One is an intramolecular hydrogen bond
T70A 60.2+05 —4.7 5.0+03 448+2 —6.2 with Lys1, and the other is an intermolecular hydrogen bond
T70V 62.8+£04 —-21 6.6£02 463t2 29 with a water molecule which has two more intermolecular
2 AC, was obtained from the slope @fHcy vs Tq. ® From Takano hydrogen bonds with protein atoms. In the T40A structure,
etal. (L6). two hydrogen bonds in which Thr40 participated were

removed (Figure 3a), but the replacement of Thr by Val at

that the large enthalpy changes were offset by the entropyposition 40 removed one more hydrogen bond which had
changes in most cases. The determinatioAldfvalues for been formed between the water molecule and Leu85, as the
mutant proteins with DSC must be important for understand- result of the movement of the water molecule, in addition
ing the mechanism of protein stabilization. However, in this to the two hydrogen bonds in which Thr40 participated
paper, the changes iNH values due to mutation were not  (Figure 3b).
correlated with changes in hydrogen bonds. Thr43— Val and Thr43— Ala. Thr43 is located on the
protein surface and in/@strand (residues 4246). The side
chain of Thr43 forms no hydrogen bond in the wild-type

Table 4 lists X-ray data collection and refinement statistics lysozyme. The mutation of Thr43 to Ala affected the
for Thr to Val/Ala mutant human lysozymes. The crystal p-strand. The rms deviation for main chain atoms between
form of T52V was different from those of the wild type and the wild-type and mutant T43A structures was 0.10 A, but
the other Thr mutants. There were two T52V molecules in that in thes-strand was 0.52 A (Figure 4a). In contrast, the
an asymmetric unit. In the case of T70A, even though the Structural changes of the-strand and the overall structure
data collection for T70A was performed three times using in T43V were not so great. The side chain conformation of
different crystals, the electron densities around residue 70Val43, however, was quite different from the corresponding
were obscure in any case so that the structure around theone of the parent Thr residue (Figure 4b). Thearbon
mutation site could not be determined. The overall X-ray atoms of Val43 interact with other hydrophobic residues,
structures of the mutant proteins that were determined weresuch as Leu85.
essentially identical to that of the wild-type structure. The  Thr52— Val and Thr52— Ala. The side chain of Thr52
crystal structures in the vicinity of the mutation sites except forms one intermolecular hydrogen bond with a water
for T70A are illustrated in Figures-26. For each mutant  molecule in the wild-type protein. The water molecule forms
protein, the structural changes were observed as describe@ne more intermolecular hydrogen bond with a protein atom.
below. In the mutant structure, T52A, the former hydrogen bond

Thrll— Val and Thrll— Ala. Thrll is located in an  was deleted, but the water molecule was located in the same

Structures of Mutant Human Lysozymes

o-helix (residues 514), and the side chain forms a hydrogen
bond with the carbonyl oxygen of Glu7, which is in the same
o-helix. The substitutions of Thr11 with Val and Ala caused
little structural change, except for the removal of the

position with the latter hydrogen bond (Figure 5a). The T52V
crystal form (type Ill) was different from those of the wild
type and most other mutant proteins (type 1), and those of
I56M, 156F, and S82A (type 1) X0, 20). There were two

hydrogen bond between Thrl1 and Glu7 (Figure 2). The rms T52V molecules (T52V1 and T52V2) in an asymmetric unit.

Table 4: X-ray Data Collection and Refinement Statistics for Thr to Val/Ala Mutant Human Lysozymes

data collection

refinement
cell dimensions (A) resoluion measured independentcompletenessRupergd solvent resolution completeness
a b c A reflections reflections (%) (%) atoms atoms  (A) reflections (%) Reacto?
T11A 56.72 61.11 33.86 1.8 27 429 10 057 87.8 6.8 1299 272-1.8 9683 86.0 0.150
T11V 56.74 60.98 33.95 1.8 30 207 10154 88.6 49 1307 278-1.8 9873 87.7 0.150
T40A 56.78 61.24 33.67 1.8 26 157 10 645 93.1 54 1254 227-1.8 10218 91.0 0.161
T40V 56.86 61.15 33.73 1.8 34021 11 049 96.5 58 1292 263-1.8 10 632 94.5 0.155
T43A 56.67 61.06 33.80 1.8 33379 10679 93.5 42 1290 263-1.8 10 392 92.6 0.151
T43V 56.64 61.04 33.91 1.8 32373 11 166 97.5 4.4 1283 254-1.8 10 884 96.8 0.151
T52A 56.51 61.25 33.00 1.8 22 975 9611 84.1 7.5 1296 269 —1.8 8896 81.1 0.170
T52V 65.26 106.67 39.54 2.0 31949 16 216 83.6 10.0 2361 303—-2.8 11543 81.5 0.166
T70V 56.50 60.63 32.56 1.8 24 020 9394 86.6 7.1 1302 273-2.8 6838 87.1 0.183

aRmerge: 1002“ - D]EWD]D'JRfaclor: 2|“:0| - ‘Fcll/leol
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(a) TI1A

R14

R14

FicurRe 2: ORTEP 41) views showing the structure in the vicinity of the mutation sites. Panels a and b depict T11A and T11V, respectively.
The wild-type (white bonds) and mutant structures (black bonds) are superimposed. Solvent water molecules are drawn as white circles
(wild-type) and crossed circles (mutants). The broken lines represent hydrogen bonds.

In both structures, T52V1 and T52V2, the hydrogen bonds However, the electron densities around residue 70, especially
between residue 52 and the water molecule were removedin the loop region, residues 683, were very poor in any
The water molecule was observed in the T52V2 structure case. This means the flexibility of the loop region was high.
(Figure 5¢), but it disappeared in T52V1 (Figure 5b), because It, therefore, seems that the hydrogen bond network in which
the position of 52 in the T52V1 structure was within the Thr70 participated plays an important role in fixing the loop
crystal contact region in the type Il crystal form. structure.

Thr70— Val and Thr70— Ala. In the wild-type protein, DISCUSSION
the side chain of Thr70 participates in a hydrogen bond
network that includes residues Thr52, Tyr54, Ser61, and Estimate of the Contribution of Hydrogen Bonds to the
Asp67. Thr70 forms two intra- and one intermolecular Stability of a Protein

hydrogen bonds. The water molecule hydrogen bonding with |, mutational analyses involving hydrogen bonds in protein
Thr70 has two other hydrogen bonds with protein atoms. giryctures, a hydrogen bonding residue is usually replaced
The substitution of Thr70 with Val caused the structural \yith 3 residue incapable of hydrogen bonding. It seems that
changes around the site, especially in the loop region, the contribution of a hydrogen bond to protein stability is
residues 6878 (Figure 6). The rms deviation for main chain  gjrectly obtained by measuring the difference in stability
atoms between the wild-type and T70V structures was 0.35 petween the wild-type and mutant proteing)G. However,
A, and that in the loop region was 0.88 A. the AAG value reflects a total change in stability upon
Three sets of data with different crystals, including one mutation, so th\AG value also includes some components
for which synchrotron radiation was used, were collected other than that of the hydrogen bond. Myers and Page (
for crystals of T70A with a suitable size for X-ray analysis. have assumed th&AG can be represented by the additive
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(a) T40A
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Ficure 3: ORTEP 41) views showing the structure in the vicinity of the mutation sites. Panels a and b depict T40A and T40V, respectively.

All conventions are as described in the legend of Figure 2.

contribution of each factor, which mainly affects protein
stability.
AAG = AAG g + AAGp + AAG (4)

Here, AAGug, AAGHp, and AAGcons are contributions due

to changes in hydrogen bonds, in the hydrophobic effect,

and in the conformational entropy of the residue being
mutated, respectively. ThH&AGpp and AAGcons Values are
based on the-octanol hydrophobicity scale of Fauchere and
Pliska £9) and the meaTAS,ns values given by Doig and
Sternberg 30), respectively. This estimation, however, does

not include the effect of structural changes due to mutation.

nonpolar atoms (C and S atoms) upon denaturation between
the wild-type and mutant proteins, aANAAASApqr represents

the change IMASA values of the polar atoms (N and O
atoms). The proportional coefficients, 0.178 an@d.013, in

eq 5 are empirical parameters. Takano et H)) proposed

that the contribution of the hydrogen bonds to protein
stability can be obtained as follows:

HB
= AAG — (AAGp + AAG,,,)

= AAG — (0.178AAASA o oo —
0.01AAASA o, — TAAS,,) (6)

It has been reported that the changes in accessible surface

area (ASA) of the overall structure upon denaturation
correlate with the stability changes due to mutatidg, (L5,
17). Funahashi et al.2Q) evaluated the parameters of the
hydrophobic effect, which are proportional to the ASA.

AAGyp = 0.178AAASA, o poar— 0.01AAASA .. (5)

Here, AAASAnonpolarfepresents the change AASA of the

Here, the AAG values of the mutant human lysozymes
experimentally determined were those at 6409 because
the most reliable thermodynamic parameters could be
obtained near 65C where many experimental data with high
accuracy for the mutant proteins were obtained (Table 2).
Then, theAAGyg values obtained from eq 6 are those at
64.9°C, but the temperature dependence of the contribution
of hydrogen bonds to protein stability is not great)( In
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(a) T43A

Ficure 4: ORTEP 41) views showing the structure in the vicinity of the mutation sites. Panels a and b depict T43A and T43V, respectively.
All conventions are as described in the legend of Figure 2.

the cases of Thr to Val and Thr to Ala mutations, the values reasonable. Table 5 also shows the contribution of one

of TAAS.nrat 65°C are—3.1 and—5.1 kJ/mol, respectively  hydrogen bond to the stability of a proteinGyg, demon-

(30). strating the average contribution of one intra- or intermo-
Table 5 listsAAGyg values estimated using eq 6 and the lecular hydrogen bond to protein stability to be #92.6

number of hydrogen bonds changed by substitution for the kJ/mol.

Thr to Val/Ala mutant human lysozymes and the other

mutant human lysozymes previously reported, Tyr to Phe Contribution of Hydrogen Bonds to the Stability of Each

(8), Ser to Ala (0), and lle to Thr {9) mutant proteins. Thr Mutant Human Lysozyme

The data in Table 5 indicate that the mutant proteins which o )

removed hydrogen bonds have negath&G, quantities. The contribution of one hydrogen bond of each Thr residue

On the contrary, 156T which formed one intermolecular N the human lysozyme to the stability was examined as
hydrogen bond by the substitution has a positv&Gus follows. The T52V and T70A mutant proteins were excluded,

quantity. These values show the favorable contribution of Pecause the crystal form of T52V was different from that of

hydrogen bonds, including proteiwater hydrogen bonds, the wild-type protein,_and the structure around Ala70 in
to the conformational stability of the protein. Moreover, the T70A was not determined.

mutant proteins which removed more than two hydrogen  Thr40 (T40A and T40V) and Thr70 (T70Vhe side chain
bonds, T40A, T40V, T70V, Y20F, S51A, and S61A, mostly of Thr40 forms two hydrogen bonds in the wild-type
exhibited larger negative values ANGyg than those which  structure: one intra- and one intermolecular hydrogen bond.
removed one hydrogen bond, T11A, T11V, Y38F, Y45F, The AAGyg value of T40A was—14.7 kJ/mol, but that of
Y54F, Y124F, S24A, S36A, S80A, and I156T. TRAGHs T40V was—20.8 kJ/mol (Table 5). T40A removed just two
values of T43A, T43V, and Y63F which did not affect the hydrogen bonds. On the other hand, the substitution of Thr40
number of hydrogen bonds by substitution were nearly zero. to Val removed one more intermolecular hydrogen bond, a
These results indicate that the estimatetiGs values are total of three hydrogen bonds. For one hydrogen bond, the
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(a) T52A

Y45

(b) T52V1

Ficure 5: ORTEP 41) views showing the structure in the vicinity of the mutation sites. Panetsdepict T52A, T52V1, and T52V2,
respectively. All conventions are as described in the legend of Figure 2.

AGyg value of T40V was 6.9 kJ/mol, comparable with that ~ Thr70 has three hydrogen bonds: two intramolecular
of T40A (7.4 kJ/mol). bonds and one intermolecular hydrogen bond. In the T70V
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T70V

FiIGURe 6: ORTEP #41) views showing the structure in the vicinity of the mutation sites for T70V. All conventions are as described in the
legend of Figure 2.

Table 5: Changes in the Number of Hydrogen Bonds Due to Qrogen bond to protein stability is smaller than that of the
Substitution andAAGyg Values of Mutant Human Lysozymes intramolecular one.

protein— protein— AAGus® AGist . Thrll (T11A and T11V)T11A and T11V deleted one

proteirt wateP (k3/mol) (kd/mol) intramolecular hydrogen bond between Thrll and Glu7. The
T11A 1 19 19 AGyg value of T11V was 8.3 kJ/mol, but that of T11A was
T11V -1 -83 83 only 1.9 kJ/mol. This may be caused by the effect of
T40A -1 -1 -14.7 7.4 secondary structural propensity on the stability of T11A. It
T4ov -1 —2 —20.8 6.9 has been known that the secondary structural propensity
Tasa 02 - ffects the stability of mutant protei bstituted on th
Tazv 09 B affects the stability of mutant proteins substituted on the
T52A -1 6.1 6.1 a-helix (15, 32—36). The helix propensities of Thr/Val and
T70V -2 -1 —22.6 7.5 Ala are quite different. The stabilization effect caused by
Y20F -2 —125 6.3 o-helix propensity of the mutation of Val to Ala on the
jjgg j :gg gg a-helix was about 4 kJ/mol16, 33). The AGyg value of
Y54F° 1 —9.7 9.7 T11A might then be greater if the effect of secondary
Y63F -1.8 - structural propensity was introduced in the estimation of the
Y124P -1 —10.5 10.5 AGyg values.
S244 -1 -9.9 9.9
3222 - oy B Contribution of an Intramolecular Hydrogen Bond and an
S61A 2 248 124 Intermolecular Hydrogen Bond between Protein and
S80A -1 -6.7 6.7 Water Molecules to the Stability of a Protein
I56T9 +1 5.3 5.3 .

79428 The results presented here and previous resgjt4Q)

aChanges in the number of hydrogen bonds between protein atomsSnggeSt that t_he con_t_rlbgtlon of intramolecular .hydrOgen
due to substitution? Changes in the number of hydrogen bonds between P0Nds to protein stability is different from that of intermo-

the protein atom and water molecule due to substitui@dAGug = lecular hydrogen bonds with water molecules. To estimate
AAG(measured)- (AAGeont + AAGre) (eq 6).9 AGrs = AAGg/ the contribution of proteirwater hydrogen bonds to protein
(Tc:g;]%e;t”arl"i-og’fghggr?]gggng%giiﬁ?glg)aTiggﬁ et agi-hf From  stability, AAGyg was divided into the contributions of intra-
bond. T ' ge perhyarog and intermolecular hydrogen bonds as follows:

AAG ;= AAG + AAG 7
structure, these hydrogen bonds disappeared. The reduction HB HB[PP] HB[pw] ()

in the AAGyg value for T70V was 22.6 kJ/mol; i.e., the
contribution per one hydrogen bomiG,g, was 7.5 kJ/mol,
which was similar to those of T40A and T40V.

Thr52 (T52A).T52A removed one intermolecular hydro-
gen bond between Thr52 and a water molecule due to
substitution. The contribution of the hydrogen bord3(g)
was 6.1 kJ/mol, slightly lower than the average value, 7.9 s,
kJ/mol. For the mutant proteins, Y38F, Y45F, S80A, and
I56T (8, 19), which removed or formed one proteiwater AAGHg(Y fpopY [pw)
hydrogen bond, theAGug values are 4.46.9 kJ/mol, 1 1
suggesting that the contribution of the proteimater hy- = V[pp]z(rHB[pp]) + )’[pw]Z(rHB[pw]) (8)

where AAGhgpp and AAGugpw are the contribution of
intramolecular hydrogen bonds and of protewater hy-
drogen bonds, respectively. Because the magnitude of the
electrostatic interaction between two atoms is proportional
to a reciprocal of the distance between thémGygpp and
AAGgpw are normalized by the length of a hydrogen bond,
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10 ————7— —— the introduction of water molecules. Equation 9 is rearranged
I L as eq 10:
5F O
or had 1 = AAG — (AAGyp + AAG i+ AAGyg 1)
5 st q.";' 4 = AAG — [0.178AAASA ;npoiar— 0.-01AAASA
? -10 I L S"" e ] — TAAS o+ 15'6oz(rHB[pw])_l] (10)
£ . ' AAGygww; and AAGy,o could be also described by eq 11.
T -5 B E
% ™ e * : AAGHB[ww] (V[ww]) + AAGHZO((S)
20 F - _
. = V[ww]Z(rHB[ww]) Y+ 6ANHZO (11)
e
* — | whereAN,o is the change in the number of water molecules
sole v e due to mutation and/w and 0 are the proportionality
% 25 -2 5 -0 5 0 5 10 constants. The constantg, andd, were estimated using
MG g the least-squares fit of theAAGrgww; + AAGH,0) values
FiGURE 7: Correlation betweeAAG andAAGHs(y g,V jpw)- The in eq 10 andAAGhgjw(yww) + AAGH,0(0) in eq 11. A
mutant proteins that were used and th&Gyg values are listed in ~ set of values juw = 14.91 kJ A mof! andé = —7.54

Table 5. AAGus(ypppYpe1) is represented by eq 8 (see the kJ/mol) was found to give results in good agreement with
discussion in the text). The coefficie, is 0.94, and the standard  the experimental dataR(= 0.86, SD= 1.5 kJ/mol, six
;jhe(;/ 13382&;5,:13)(2.8 kJ/mol (20 points). The dotted line represents 1 qintq)  Theyy,, value corresponds to the destabilization
' by 5.0 kJ/mol if a 3.0 A long hydrogen bond is removed.
This contribution was comparable with that of a water

where and are the proportionality constants. The .
Viop) ST ¥lpw) prop y protein hydrogen bond (5.2 kd/mol). Thevalue means that

constants,ypp and ypw;, Were estimated using the least- he introduci ¢ lecule in the interior of
squares fit of theAAGys values in Table 5 anAAGys- the introduction of one water molecule in the interior of a

: : : tein entropically destabilizes the protein structure by 7.5
(Ypp1Ypwy) 1IN €q 8. Figure 7 shows the correlation between pro . ) ; . .
thg’FZA[”CV;VLB values listed in Table 5 andAGus(y(op Y ow) kJ/mol. Th|s value was identical Wlth.that estimated by
in eq 8. The correlation coefficienR, was 0.94, and the F“r_‘ahaSh' et al.20), 7.8 kd/mol. Dunitz 14) h_as also
standard deviation, SD, was 2.8 kJ/mol (20 points). The estimated an unfavorable free energy cost, maximally 10 kJ/

estimation led to app of 25.63 kJ A mot™ and ay(pu of mol at 65 °C, of transferring a water molecule from the

15.60 kJ A motL. These values show that the contributions sol\{er)t to the interior of a protein. Qn the other hanq, a
of 3 A intra- and intermolecular hydrogen bonds to protein Statistical study 9) of cavity and buried water in protein

stability are 8.5 and 5.2 kJ/mol, respectively, indicating the structures has shown that a buried water usually forms three

different contributions of intra- and intermolecular hydrogen © four hydrogen bonds. Because an intermolecular hydrogen
bonds. bond makes a favorable contribution of 5.2 kJ/mol to the

protein stability as shown above, two hydrogen bonds with
a water (10.4 kJ/mol) are able to overcome the entropic cost
(7.5 kd/mol) of transferring a water molecule from the solvent
to the interior of a protein. That is, a bound water molecule
in a protein structure contributes favorably to the stability
(23).

_ Glopular .p_roteins frequently have some water molggules CONCLUSION

in their cavities 87), and mutant proteins forming cavities

occasionally contain some water molecules in their cavities Myers and Pacer) have summarized the results of mutant
(12, 13, 16, 20, 38). These water molecules form hydrogen proteins with respect to hydrogen bonds and concluded that
bonds with protein or other bound water molecules. Here' the net contribution of one intramolecular hydrogen bond to
we estimated the contribution of an intermolecular hydrogen Protein stability is +2 kcal/mol (4.2-8.4 kJ/mol). In this
bond between the water molecules and the entropic effectstudy, the contribution of three kinds of hydrogen bonds to
due to the introduction of a water molecule to the stability the conformational stability of a protein could be estimated
of a protein, using some mutant human lysozymes, 159A, using systematic mutant proteins: 8.5 kJ/mol for a 3.0 A
159G, 159S, 159T, 159V, and 1106A, which include some long intramolecular hydrogen bond, 5.2 kJ/mol for a 3.0 A

Contribution of an Intermolecular Hydrogen Bond
between Water Molecules and the Entropic Effect Due to
the Introduction of a Water Molecule to the Stability of a
Protein

water molecules introduced by substitutid3,(16, 20). The long intermolecular hydrogen bond between the protein and
stability changes/AAG) of these proteins could be repre- Water molecules, and 5.0 kJ/mol for a 3.0 A long intermo-
sented as follows: lecular hydrogen bond between water molecules. The results
show the different contributions of intra- and intermolecular
AAG = AAGyp + AAG ¢+ AAGygpy + hydrogen bonds. This is the first report which experimentally
evaluated them.
AAGg + AAGHZO (9)
ACKNOWLEDGMENT
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