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ABSTRACT: It has been generally believed that polar residues are usually located on the surface of protein
structures. However, there are many polar groups in the interior of the structures in reality. To evaluate
the contribution of such buried polar groups to the conformational stability of a protein, nonpolar to polar
mutations (L8T, A9S, A32S, I56T, I159T, 159S, A92S, V93T, A96S, V99T, and V100T) in the interior of

a human lysozyme were examined. The thermodynamic parameters for denaturation were determined
using a differential scanning calorimeter, and the crystal structures were analyzed by X-ray crystallography.
If a polar group had a heavy energy cost to be buried, a mutant protein would be remarkably destabilized.
However, the stability AG) of the Ala to Ser and Val to Thr mutant human lysozymes was comparable

to that of the wild-type protein, suggesting a low-energy penalty of buried polar groups. The structural
analysis showed that all polar side chains introduced in the mutant proteins were able to find their hydrogen
bond partners, which are ubiquitous in protein structures. The empirical structure-based calculation of
stability change AAG) [Takano et al. (1999Biochemistry 3812698-12708] revealed that the mutant
proteins decreased the hydrophobic effect contributing to the stalblNiBu#), but this destabilization

was recovered by the hydrogen bonds newly introduced. The present study shows the favorable contribution
of polar groups with hydrogen bonds in the interior of protein molecules to the conformational stability.

In folded proteins, the side chains of hydrophobic amino in the interior of a protein should involve a significant
acid residues are generally buried in the interior of the energetic penaltyls, 16). However, 63% of polar side chains
proteins. A total of 81% of the nonpolar side chains are and 70% of peptide groups are still buried inside the protein
buried out of contact with waterl), and the hydrophobic  molecules 1), and the transfer Gibbs energi@sGang for
interaction plays important roles in protein folding and polar residues are highly dependent on the nonaqueous en-
stability (2). The contribution of such hydrophobic interac- vironments 17). Furthermore, the effects of such buried polar
tions to protein stability has been extensively investigated groups (buried polar surface) on protein stability have not
with mutant proteins3—13). Pace {4) has shown that a  yet been well examined with mutant proteins, even though
buried methylene group contributes 5.4 kJ/mol (1.3 kcal/ mutational analysis is a useful approach for estimating the
mol) on the average to the protein stability. contribution of some factors to the conformational stability

In contrast to the nonpolar residues, it has been postulatedof a protein. The role of the buried polar groups in the
that polar residues are generally located on the surface ofstability thus remains controversial. Recently, our study using
protein structures and that buried polar groups are unfavor-mutant protein experiments has suggested that the dehydra-
able for the conformational stability. Some studies based ontion of polar groups hardly affects protein stabilitg].

transfer experiments of amino acid residues (amino acid |n the present study, we examined 11 mutant human
analogues or model compounds) from organic solvents orlysozymes, L8T, A9S, A32S, I56T, I59T, 159S, A92S, VI3T,
vacuum to water have shown that introducing a polar group A96S, V99T, and V100T, in which a buried nonpolar residue
was substituted with a polar one, to estimate the contribution
S *_TftliSfWOtrtL( V\lljas Sur;{portefdsin_ part ?y ';ellOWSfSlip_S f;_OT t(f&eTJ)apgln of polar groups in the interior of the molecule to the
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Ficure 1. Structure of human lysozymell). The residues

modified in this study are shown. The structure was generated with

the program MOLSCRIPT4Q).

performed as described1). All chemicals were reagent

Takano et al.

Table 1: Thermodynamic Parameters for Denaturation of Mutant
Human Lysozymes at 64.9C, pH 2.7

Te ATs  AG AH  AAH2  AAGP

(°C) (°C) (kd/molK) (kI/mol) (kd/mol) (kd/mol)
wild-typet 64.9 6.6 477
L8T 525 —124 5.8 446 —-31 —156
A9S 648 —-01 53 444  -33  —0.1
A32S 63.9 —1.0 6.9 463 —14  —14
56T 52.4 —125 45 425  -52  —152
1595 53.1 —11.8 5.6 447 -30 —15.0
159Te 580 -6.9 6.4 470 -7 -93
A92S 675 +26 8.4 434  —43  +34
V3T 626 —23 47 421 -56  —2.8
A96S 616 —33 54 432 —45  —42
Vo9T 633 —16 5.9 437  —40  -2.1
V100T 640 —09 6.4 447  -30  -12

a AAH = AH (mutant)— AH (wild). ® AAG = AG (mutant)— AG
(wild). ¢ Takano et al. 11). ¢ Funahashi et al.2@). € Funahashi et al.
(29).

isomorphous method and refined with the program X-PLOR
(25) as described previousiyL{, 21).

RESULTS

DSC Measurements of the Mutant Human Lysozyiies.
measure the changes in conformational stability of the mutant
human lysozymes, we examined the heat denaturation of the
mutant proteins by DSC. The DSC measurements were
carried out in the acidic pH region (pH 2-8.4) where the

grade. Protein concentration of the mutant proteins was heat denaturation of human lysozyme is highly reversible.

determined spectrophotometrically usiBg%1 cm)= 25.65
at 280 nm 19).
Differential Scanning Calorimetry (DSCXalorimetric

measurements were carried out with a DASM4 microcalo-

rimeter. The buffer solution used was 0.05 M Gly-HCI. Each

Table 1 shows the thermodynamic parameters for denatur-
ation of the mutant and wild-type proteins at the same
temperature, 64.9C, which is the denaturation temperature
of the wild-type at pH 2.7X1).

The stability changesNAG) of buried Val to Thr mutant

protein was measured three or four times at different pH proteins ranged from-1.2 to—2.8 kJ/mol (Table 1). These
points between pH 2.4 and 3.4. The data analysis of DSCvalues are quite different from the difference XGyans

was done using the Origin software (MicroCal, Inc., MA),
as described previousl{ ). The thermodynamic parameters

between Val and Thr (about30 kJ/mol) calculated using
the AGyans Of cyclohexane or vacuun®@, 27). The result

for denaturation as a function of temperature were calculatedsuggests that the buried polar residues do not greatly

using the following equation20),

AH(T) = AH(Ty) — AC(Ty—T) @)
AS(T) = AH(T)ITy — AC, In(TyT) )
AG(T) = AH(T) — TAYT) ©)

assuming thaC, does not depend on temperature.

X-ray Crystal AnalysisThe mutant human lysozymes
examined in this study were crystallized at pH 4.5 as
described previouslyld, 21). All of the crystals belong to
the space group2:2,2; with a crystal form identical to that
of the wild-type protein11). The crystal structures of I56T,
I59T, and I59S have already been determinkg 22).

contribute to the destabilization of protein. The stability
changes in Ala to Ser mutant proteins were also small (less
than 5 kJ/mol), but the mutations of Leu/lle to Thr/Ser greatly
decreased the stability (more than 9 kJ/mol). These stability
changesAAG) could be explained by the empirical calcula-
tion based on structural changes due to mutatid8s Z8)

(see Discussion).

Crystal Structures of the Mutant Human LysozynTes.
investigate the structural changes due to mutation, we
determined the crystal structures of the mutant human
lysozymes by X-ray analysis. Data collection and refinement
statistics of the mutant proteins are summarized in Table 2.
The overall structures of the mutant proteins examined are
similar to that of the wild-type protein. The superimposed
structures of the wild-type and each mutant protein in the

Intensity data sets of the mutant human lysozymes werevicinity of mutation site are illustrated in Figure 2. Every

collected with a Weissenberg came2&)(on beam line 18B

polar side chain introduced in the interior of the molecule

at the Photon Factory (Tsukuba, Japan; proposal no. 99G099forms new hydrogen bonds with polar groups around the

for A32S, and with a Rigaku R-AXIS IV imaging plate

site. This indicates that polar groups in the interior of a

(Tokyo, Japan) at the Institute for Protein Research, Osakaprotein are prone to form hydrogen bonds. In the structures

University (Suita, Japan) for L8T, A9S, A92S, V93T, A96S,

of 159S, 159T (8), and V93T, new water molecules are

VI9T, and V100T. The data were processed with the observed near the mutation site and form hydrogen bonds

program DENZO 24). The structures were solved by the

with the mutation residue.
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Table 2: X-ray Data Collection and Refinement Statistics of Mutant Human Lysozymes
L8T A9S A32S A92S Vo3T A96S Vo9T V100T
(A) Data Collection

cell (A)

a 56.42 56.24 56.36 56.18 56.17 56.32 56.42 56.34

b 60.68 61.23 61.56 61.32 61.25 61.22 61.28 61.45

c 32.90 32.88 32.70 32.76 32.76 32.85 32.59 32.69
resolution 2.1 1.8 1.8 1.8 1.8 1.8 1.8 1.8
no. of measured reflections 17 508 34 540 48 127 34 266 34979 34 963 24 628 34 569
no. of independent reflections 5442 10750 10999 10831 10 846 10 946 10383 10871
completeness (%) 76.3 97.1 99.9 98.2 98.4 98.8 94.2 98.2
Rmerge (%0)2 7.0 4.3 4.0 34 4.1 43 3.6 43

(B) Refinement

no. of protein atoms 1028 1030 1030 1030 1029 1030 1029 1029
no. of solvent atoms 193 270 247 251 263 260 239 252
resolution (A) 8.0-2.1 8.0-1.8 8.0-1.8 8.0-1.8 8.0-1.8 8.0-1.8 8.0-1.8 8.0-1.8
no. of used reflections 4957 9476 10526 10190 8818 8620 9156 9939
completeness (%) 72.4 87.1 96.6 94.0 81.4 79.2 84.6 91.4
R-factoP 0.156 0.167 0.172 0.172 0.173 0.172 0.170 0.170

2 Rperge = 100 x 3|1 — DY 0P Rfactor= 3 ||Fo| — [Fell/3|Fol.

Some systematic surveys of hydrogen bonds in protein residue, forming and removing hydrogen bonds, introducing
structures have shown that buried polar groups usually find water molecules, and the contribution of other effects to
their hydrogen bond partners and are rarely left unsatisfied stability, respectively. EacAAG can be expressed by each
(29—-32). This is because more than half of all polar groups parameter in terms of the conformational change as shown
are buried within the molecular interior, and hydrogen in the following equations.
bonding partners are omnipresent within protein structures

(1, 33, 34). In the case of the buried polar side chains AAG,p = 0.1780AASAp — 0.01AAASA,  (5)
examined in this study, there are at least some polar groups
around them, such as the neighbor backbone nitrogen/oxygen AAG = — TAAS, (6)

atoms and their hydrogen bond partners. The Ser/Thr side

chain introduced in A9S, V93T, and V100T mutant human AAGyg = 25.63 (rgpy) — + 15.60% (Mygppup)
lysozymes forms a hydrogen bond with its neighbor back- 14.91 -1 (7
bone atom, and that in L8T, A32S, 156T, A96S, and V99T 9Ly (fugg) — (7)
forms a hydrogen bond with its backbone hydrogen bond _

partner (Figure 2). AAGHZO - 7'79ANH20 (8)

DISCUSSION whereAASAnr andAASAp represent the differences in ASA
(accessible surface area) of the nonpolar (C/S) and polar (O/
N) atoms, respectively, of all residues in a protein upon
denaturation, andAAASA means the difference INASA
between the wild-type and mutant proteii®,(18); ASons
is the difference in the side chain conformational entropy
defined by Doig and Sternber®%); ruspp;, MHepw;, and
rusw are the length of the hydrogen bond between protein
atoms, between a protein atom and a water molecule, and
between water molecules, respectiveBB){ Nu,0 is the
number of water molecules introduced by substituti®) (

As previously discussed by Funahashi et 4B)(eq 5

Empirical Structure-Based Calculation of Stability Change
(AAG) Using the Wild-Type and Mutant Structurésnino
acid substitutions affect the conformational stability by a
combination of the contributions of several stabilization
factors, such as hydrophobic effects, hydrogen bonds, and
entropic effects. In the present case, all mutant proteins
examined would affect hydrophobic interactidr2,(13), side-
chain conformational entropy of mutation residues in the
denatured state3p), and hydrogen bonds2{, 28, 36).
Furthermore, the crystal structures of 159S, I1598)( and

VO3T revealed that new water molecules appear at the neang that buried nonpolar groups (buried nonpolar surface)
mutat'lon sm_e' (Figure 2). Because a yvater molec_ule affectsgreatly contribute to the protein stability (the coefficient of
protein stability 28, 37, 38_), the stability changes in 159S, AAASAws, 0.178, in eq 5), whereas the dehydration of polar
I59T, and VO3T should include the effect of such water g.ns has little effect on the stability (the coefficient of
molecules. . , AAASAp, —0.013, in eq 5). These coefficients (0.178 and
It has been proposed that the stability change in each_g g13) are comparable to the values estimated from the
mutant protein is rgpresented by a unique equa}tion, considery ansfer Gibbs energy from water to octanol, 0.13 and
ing the conformational changes due to mutatiots @8). —0.004, respectively30), rather than those from water to
vacuum, 0.05 and-0.5, respectively 15). Equation 7,
+ AAGyg + AAGHZO * furthermore, respects the contributions of hydrogen bonds
AAG e (4) to protein stability. These parameters could be useful for the
analysis of the present data from the buried nonpolar to polar
where AAGhp, AAGen, AAGHs, AAGH,0, and AAGgner mutant proteins.
represent the changes &G due to a hydrophobic effect, Figure 3 shows the correlation betwe@NGe,, and
the side chain conformational entropy of the mutation AAGesiusing eq 4 AAGeier = 0) for the 11 mutant human

AAG. = AAG,p + AAG

ent
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Ficure 2: Stereodrawings of the structures in the vicinity of the mutation sites for (a) L8T, (b) A9S, (c) A32S, (d2B6Te) 159S (8),
(f) 159T (18), (g) A92S, (h) VO3T, (i) A96S, (j) V99T, and (k) V100T human lysozymes. The wild-type and mutant structures are
superimposed. The thin lines and filled circles represent hydrogen bonds and water molecules, respectively.

lysozymes examined in this paper. The estimated stability structural analysis of L8T showed that the @om of Thr8
roughly agrees with the experimental stability, except for in the mutant structure has a short contact with tffea@m

L8T. The stability of L8T is about 6 kJ/mol lower than the of Phe3 (2.99 A), resulting from the steric difference in shape
estimated value. This suggests that the difference betweerbetween Leu and Thr residues. Because unfavorable steric
them contains the contribution of other factors to stability, interactions severely destabilized protein structuB<l8,
which are not considered in the present calculation. The 40), the difference in L8T betweefNAGe,, and AAGes:might
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5 : - = residues from organic solvents or vacuum to water as a
. hydrophobicity scale has been used to estimate the contribu-
#0 4 tion of buried residues to the stability of proteinkl(. To
date, various hydrophobicity scales have been proposed based
1 on transfer experiments using different organic solvents or
vapor phase 26, 27, 42—46). Table 4 summarizes three
1 AGryansValues of side chains for lle, Leu, Val, Ala, Thr and
Ser residues. There are large differences among such scales
depending on the nonaqueous phase.
ol . . Here, we can offer a new scale for the contribution of
20 15 10 5 0 5 buried amino acid side chains to protein stabilityGsc)
8AG,y,, (kd/mol) based on the empirical calculation of stability change as
FiIGURE 3: Relation between the experimentahG value AAGe,) shown in eq 4, which is obtained from the real experimental
and estimatedAAG value AAGqs) for the mutant human lysozymes.  data upon protein denaturation. TASsc values for lle, Leu,
The AAGey, value is from Table 1, and thAAGes value is Val, Ala, Thr, and Ser residues are also shown in Table 4.
82‘\2‘;{{?‘;ﬁdofllt3r']gg = ‘(‘gg:hg_ﬁr_ay region represents the Sta“”d‘"J‘m'The.AGSCvalue includes the hydrophobic effet@yp), side
chain entropy chang\Gen) and effects of hydrogen bonds
(AGyg). The AGpp value may correspond to th&Girans
values.
The buried polar residues, Ser and Thr, have a relatively
smaller contribution from a hydrophobic effe&tGyp) than

MG, (kJ/mok)

-16

Table 3: Contribution of Various Factors to the Stability of Mutant
Human Lysozymes (kJ/mol)

AAGe? AAGes? AAGHE AAGHEY AAGH,0® AAGen!

L8T  -156 -101 -167  +8.3 —17 buried nonpolar residues. However, th& values of the
A9S -01 -10 —46 +88 -5.2 | id itive. indicating that th | i
A32S  —14  -43 -81 490 59 polar residues are positive, indicating that the polar residues
56T -15% -154 -19.0 +5.1 -15 also contribute to protein stability through the hydrophobic
159 -15.00 -136 —234 +266 —151 17 effect. Furthermore, the buried polar residues, Ser and Thr,
Engs J‘rg-f ;g-i __12-2 Eg; A :ég additionally contribute to the stability, if the buried polar
V93T -28 407 -46 4159 —-75 —31 residues form one or two _mtramplecular hydrogen bonds.
A96S  —4.2 -16 —-57 +93 -5.2 In fact, most polar groups find their hydrogen bond partners
vooT 21 -54 -11.0 +87 -3.1 in the interior of a protein, and the side chains of Ser and
vieor -12 408 50 +89 —31 Thr form 2.3 hydrogen bonds on the averag2) (Recently,

2 The experimentabAG values (Table 1)° The AAG values were Pace 47) has pointed out in another way a greater contribu-
estimated using eq 4AAGest = AAGrp + AAGHs + AAGuo + tion of buried polar groups to protein stability than that of

AAGen). ¢ The AAGyp values were estimated using edfThe AAGyg
values were estimated using ecfThe AAGy0 values were estimated

:tsi;llg Zg)?.f The AAGenvalues were estimated using ecfézunahashi CONCLUSIONS

buried nonpolar groups.

There are many studies on hydrophobic mutants of
be compensated if the effect of the local steric strain can be proteins, indicating that hydrophobic residues in the interior
considered. Table 3 lists the contribution of each factor to contribute to the conformational stability. In contrast, the
the mutant stability estimated from eq 4. All mutant proteins role of buried polar groups in the stability was still unclear,
decrease thAGp values due to the buried nonpolar to polar although they are ubiquitous in the molecular interior. In
mutations. This destabilization, however, is compensated bythe present study, the stability and structure of 11 mutant
the formation of the hydrogen bonds in most mutant proteins. human lysozymes in which a buried nonpolar residue is
This result confirms the favorable contribution of buried polar replaced by a polar one have been examined. The results
groups with hydrogen bonds to protein stability. show that buried polar groups are not a destabilization factor

Contribution of Buried Polar Side Chains to Protein in protein structure but play an important role in the protein
Stability. The transfer Gibbs energiAGyans Of amino acid stabilization through the formation of hydrogen bonds. This

Table 4: ThreeAGyans Values of Side Chains for Amino Acid Residues and Contribution of Buried Side Chains for Amino Acid Residues to
Protein Stability (kJ/mol)

AGtransa AG‘SCe AGHBg

vapoP chex oct OHBi 1HBi 2HBi AGpr OHBi lHBi ZHBi AGemh
Leu —-0.5 16.7 9.7 21.0 24.4 —-34
lle -1.0 16.7 10.3 21.3 24.9 —3.6
Val —-1.7 12.9 6.9 18.8 20.8 —-2.0
Ala -1.9 3.6 1.8 11.9 11.9 0
Ser —31.2 —18.2 —-0.2 2.2 10.7 19.2 7.4 0 8.5 17.0 —-5.2
Thr —-30.4 —-14.7 1.5 7.7 16.2 24.7 12.8 0 8.5 17.0 =51

a AGyans Values between each amino acid and Gly residu@&he AGyans vValues for vapor to water26). ¢ The AGyans vValues for cyclohexane
(Chex) to water 27). ¢ The AGyans Values for octanol (Oct) to water4). ¢ AGsc = AGup + AGug + AGen. fAGrp = 0.178 ASAp — 0.013
ASAp, where ASAr and ASA are the ASA values of nonpolar and polar atoms, respectively, for each amino acid sided@aim\Gs is a
hydrogen bond contribution when an amino acid residue has no, one, or two intramolecular hydrogen bHo8dA \eingth @8). " AGenis the
change in side chain conformational entropy upon denaturadign i(The number of intramolecular hydrogen bonds.
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means that protein structures are stabilized not only by buried 22. Funahashi, J., Takano, K., Ogasahara, K., Yamagata, Y., and
nonpolar groups but also by buried polar groups with

hydrogen bonds. We also showed a new scale for the

contribution of buried amino acid side chains to protein
stability (AGsg).
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