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ABSTRACT: To clarify the role of amino acid residues at turns in the conformational stability and folding

of a globular protein, six mutant human lysozymes deleted or substituted at turn structures were investigated
by calorimetry, GUHCI denaturation experiments, and X-ray crystal analysis. The thermodynamic properties
of the mutant and wild-type human lysozymes were compared and discussed on the basis of their three-
dimensional structures. For the deletion mutan#7—48 andA101, the deleted residues are in turns on

the surface and are absent in humetactalbumin, which is homologous to human lysozyme in amino
acid sequence and tertiary structure. The stability of both mutants would be expected to increase due to
a decrease in conformational entropy in the denatured state; however, both proteins were destabilized.
The destabilizations were mainly caused by the disappearance of intramolecular hydrogen bonds. Each
part deleted was recovered by the turn region likeaHactalbumin structure, but there were differences

in the main-chain conformation of the turn between each deletion mutara-¢axctalbumin even if the

loop length was the same. For the point mutants, R50G, Q58G, H78G, and G37Q, the main-chain
conformations of these substitution residues located in turns adopt a left-handed helical region in the
wild-type structure. It is thought that the left-handed non-Gly residue has unfavorable conformational
energy compared to the left-handed Gly residue. Q58G was stabilized, but the others had little effect on
the stability. The structural analysis revealed that the turns could rearrange the main-chain conformation
to accommodate the left-handed non-Gly residues. The present results indicate that turn structures are
able to change their main-chain conformations, depending upon the side-chain features of amino acid
residues on the turns. Furthermore, stopped-flow GuHCI denaturation experiments on the six mutants
were performed. The effects of mutations on unfoldimgfolding kinetics were significantly different
among the mutant proteins. The deletion/substitutions in turns located iadbenain of human lysozyme
affected the refolding rate, indicating the contribution of turn structures to the folding of a globular protein.

The tertiary structures of globular proteins contain turn proteins €100 amino acid residues3,(9). The results have
and/or loop structures in addition to secondary structures, shown that the role of turns in the stability and folding is
the o-helix and g-strand (). Turn structures change the strongly context-dependen®)( In the previous studies,
polypeptide chain directions, connect the secondary structurehowever, information on the structural changes due to
elements, and compact the protein structures as a globulemodification in the turns has been mostly lacking: how do
There are conventional interests in the roles of turns in the modifications in the turns affect the structure? How are the
tertiary structure, conformational stability, and folding of stability and folding of mutant proteins affected by the
proteins, whether turns are no more than linkers of secondarystructure changes? Moreover, in the case of more complex
structure elements or the turns hold the keys to the formationproteins ¢ 100 amino acid residues) including other kinds
of tertiary structures. of structural elements, such as ant /5 structure ¢-helix

To address these issues, some studies have investigated g-sheet), the effects of modifying turn residues on the

the effects of turns on the stability and folding kinetics by stability and folding have not yet been investigated system-
modifying the loop length or sequence in the turnsudfelix atically.

bundle proteins3—4), p-barrel proteins §-7), and small Human lysozyme has been extensively studied using its
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human lysozyme VRQYVQGC-GV
human a-lactalbumin LEQWL--CEKL
Ficure 1: Sequence alignment of human lysozyme and human FIGURE 2: Structure of human lysozyme. The turn regions modified

o-lactalbumin 87) and the corresponding secondary structure in this study are shown. The structure was generated with the
elements of human lysozyme?). program MOLSCRIPT &5).

In this study, we focused on two characteristic turn 50, 78, and 37 are exposed to the solvent, and residue 58 is

structures among various turn structurgs,(29. That is, buried in the human Iysozymg' structure. '
(i) insertion and deletion of amino acid residues are observed W€ characterized the stability and structures of the six
in the region of turn structures more than in that of secondary human lysozyme mutants, which were deleted or substituted
structures among homologous proteir80,( 3] and (ii) at the turn structures, by calorimetry, GUHCI denaturation
residues with a left-handed helical configuration, having €XPeriments, and X-ray crystal analysis. Stopped-flow

positive values of the andy angles, are frequently located GuHCI denaturation experiments of the six mutant protgins
in turn structures ¥, 32—34). were also conducted. The effects of deletion/substitutions

is h | | loumin i . id of amino acid residues at the turns on the conformational

Lysozyme is homologous te-lactalbumin in amino acid - q4pijity and folding of ar + 4 protein will be discussed
zggﬂgggg Zﬂg;ﬁ}rgﬁ%?gﬂﬁggﬁf’é/ggz'y':r'ngeufné iﬁ?}‘;‘;éhe on the basis of the structures of the mutant proteins.
talbumin @7) and the corresponding secondary structure MATERIALS AND METHODS
elements of human lysozyme. In some turn regions, human ) ) ) L
lysozyme possesses extra amino acid residues, compared to_Mutant ProteinsMutagenesis, expression, and purification
humana-lactalbumin. We constructed two deletion mutants Of mutant human lysozymes examined in this study were
of human lysozymeA47—48 and A101, in which the performed as described ). All chemicals were reagent
residues Ala47 and Gly48 and the residue Argl101, respec-grad_e Prote|_n colr;centranon was determined spectrophoto-
tively, are deleted. The deletion residues are absent in humar{net.rlcally gsng (1. cm) = 25'65 at 280 nm:{8)._ .
a-lactalbumin. The residues 4A8 are located in a turn Differential Scanning (_:alonmetr_y (DSC)’.:anrlmetrlc
betweens-strands, and the residue 101 is located in a turn measurgmgrgg \,/\v/lerGel caHrréeldbo#t with aHD2A§M4 :;n:lgcroczlo-
following the C-terminal end of am-helix, as shown in rimeter in 0. y-HCI bufter at pH 2.4 to 3.3, an
Figure 2. When one or a few of the amino acid residues in data analysis was done using the Origin software (MicroCal,

a protein are eliminated, the conformational entropy in the Inc., Northampton, MA), as describediq). The thermody-

denatured state should be decreased, providing the effect%ﬁjn:écv\?;r:?;i:lztfgé (ljji?natutrha;lc;n l?astiir]:gncuon of temper-
of protein stabilization. 9 q

A Ramachandran plo8@) of human lysozymel(d) is as AH(T) = AH(Ty) — AC|(T4—T) @
shown in Figure 3. Most residues are in extended (ar@und
= —100° andy = 12C°) or right-handed-helical (aroung! AY(T) = AH(Ty)/Ty — AC, In(T4/T) (2)
= —75° andyp = —50°) regions, but several are observed AG(T) = AH(T) — TAST) 3)

outside of the two main regions. Gly residues usually allow

the outside region, but non-Gly residues are only rarely assuming thanC, does not depend on temperatusg)(
observed, due to the fact that non-Gly residues have a Equilibrium Experiment on GUHCI DenaturatioBuHCI-
p-carbon. Itis then thought that a left-handed non-Gly residue induced denaturation of human lysozyme was monitored by
has unfavorable conformational energy compared to a left- CD at 222 nm as describedld, 23. CD measurements were
handed Gly residue. We have constructed four point mutantscarried out with a Jasco J-720 recording spectropolarimeter
of human lysozyme, R50G, Q58G, H78G, and G320Q)( using a cell of 10-mm path length and performed in 40 mM
The substitution residues are located in the turn structuresGly—HCI buffer at pH 4.0 and 16C. The protein solutions
(Figure 2) with positivep andy angles in the wild-type
structure, so that R50G, Q58G, and H78G would be expected 1 appreviations: CD, circular dichroism; DSC, differential scanning
to increase in stability and G37Q to decrease. The residuescalorimetry; GUHCI, guanidine hydrochloride.
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Ficure 3: Ramachandran plo8®) of human lysozymel(). The residues modified in this study are shown: open squares, Arg50, GIn58,

His78, and Gly37; open up triangles, Ala47, Gly48, and Arg101.

were incubated for 1 day in various GUHCI concentrations
at 10°C. The fraction of unfoldingf() was calculated from
eq 4,

f,= (b, +a[C] — y)/(b, +a[C] — b/’ —a[C]) (4)

wherey is the CD value at a given GuUHCI concentration,
[C], and b, and b,° are the CD values for the native and
unfolded statesteD M GuHCI, respectively, and, anda,

are the slopes of the pre- and posttransition baselines, respe
tively. The Gibbs energy changA@G) upon unfolding was
calculated by the linear extrapolation modé0) assuming

a two-state transition, according to the following equations:

AG= —RTInK
RTIn( /(1 — 1)

®)
(6)

HereK is the equilibrium constant of the unfolding reaction
and AGH® and m are the Gibbs energy change upon

AG =AG"® + m[C]

We used the Origin software (MicroCal, Inc., Northampton,
MA) to produce a least-squares fit of the experimental data
in the GuHCI unfolding curves to eq 7 in order to obtain
AGH0,

X-ray Crystal AnalysisMutant human lysozymes exam-
ined in this study were crystallized as described previously
(15, 29. All crystals belong to the space groB@;2,2;, but
the cell dimensions oh47—48 differ from those of the wild-
type and most mutant protein$5—25). The crystal struc-

Ct_ures of Q58G, H78G, and G37Q have been already
determined Z0).

The intensity data set for the mutant human lysozymes
was collected by the oscillation method on the Rigaku
R-AXIS IIC imaging plate mounted on the Rigaku RU300
for A47—48, by synchrotron radiation at the Photon Factory
(Tsukuba, Japan) on beam line 6A with a Weissenberg
camera 41) for A101, and by synchrotron radiation at the
SPring-8 (Harima, Japan) on beam line 41XU (Proposal No.
1999A0210-CL-np) for R50G. The data were processed with
the program DENZO42) for A101 and with the software

unfolding in the absence of GUHCI and the slope of the linear provided by Rigaku fon47—48 and R50G. The structures

correlation betweem\G and [C], respectivelyf, is then

were solved by the isomorphous method using the program

represented as a function of the GUHCI concentration asx-p| OR (43) for A101 and R50G 15, 25 and by the

follows:

f,=1/[ 1+ exp(AG"®° + m[C])/RT)] 7)

molecular replacement technique using the program AMoRe
(44) for A47—48 (24). The structure was refined with the
program X-PLOR 43) as described previousiy9).
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Table 1: Thermodynamic Parameters for Denaturation of Mutant
Human Lysozymes at Different pH Values

pH Ta (°C) AHca (kJ/mol)  AHyy (kJ/mol)
A47—-48 255 57.2:0.0 395+ 2 401+ 2
271 59.9+0.0 402+ 3 416+ 4
3.08 64.9-0.0 423+ 2 439+ 3
A101 252 60.3:0.1 407+ 6 439+ 5
272 63.3:0.1 431+ 8 448+ 8
3.14 70.7+£0.1 460+ 5 481+ 4

Kinetic Experiments on GuHCI Unfolding and Refolding.
The reaction of unfolding and refolding by GuHCI was

Takano et al.

48, A101, H78G, and G37Q were smaller than that of the
wild-type protein, indicating the destabilization by the
substitutions. In contrast, increases in stability were observed
for R50G and Q58G.

Structures of Mutant Human LysozymBsta collection
and refinement statistics foA47—48, A101, and R50G
human lysozymes are summarized in Table 4. The crystal
structures of Q58G, H78G, and G37Q have been already
determined20). The overall folded structures of the mutant
human lysozymes were essentially similar to that of the wild-
type protein.

monitored by the fluorescence intensity measurement above The deletion residues a847—48 andA101 are located

300 nm with excitation at 280 nm as describd@,(23.

in the turn structures near A-strand and ana-helix,

Fluorescence stopped-flow experiments were carried out withrespectively, in the wild-type structure (Figures 1 and 2).
a Photal RA-401 stopped-flow spectrophotometer equipped The structures in the vicinity of the mutation sites fot7—

with a mixing device using 1:10 volumes of two solutions

48 andA101 are illustrated in Figure 4. Both deletions caused

(Otsuka Electronics, Osaka, Japan) and were performed instructure changes not in the secondary structures but in the

40 mM Gly-HCI buffer at pH 4.0 and 10C. The protein
solutions for refolding were incubated for 1 day in 5.5 M
GuHCI concentrations at 1. The kinetic data were fitted
using the Origin software by the method of nonlinear least-
squares with the following equation:

AD) — A(@) = H A exp(ki) (8)

HereA(t) andA(e) are the fluorescence intensities at a given

time, t, and at a time when no further change is observed,

respectively A is the amplitude of théth phase, and; is
the apparent rate constant of tite phase.

RESULTS

Equilibrium Stability of Mutant Human Lysozymes: Cal-
orimetry and GuHCI Denaturatiort.o examine the changes
in conformational stability of the mutant human lysozymes,

we measured the heat and denaturant stability by DSC and

GuHCI denaturation experiments monitored with CD, re-
spectively.

DSC measurements féx47—48 andA101 were carried
out in an acidic pH region (pH 2-53.2) where the heat
denaturation of human lysozyme is highly reversible. Table
1 shows the denaturation temperatufg),(the calorimetric
enthalpy changesAHc.,), and the van't Hoff enthalpy
changes AH,4) of each measurement for the mutants.
Calorimetric experiments for R50G, Q58G, H78G, and G37Q
have been already investigatedO). Table 2 shows the

turn regions. The turn regions recovered the deletion space
(Figures 4a,d). Tha47—48 structure deleted three intramo-
lecular hydrogen bonds in total compared with the wild-type
structure, as shown in Figures 4b,c. In the cas&dd1,

one intramolecular hydrogen bond disappeared (Figures 4e,f).

In the Q58G, H78G, and G37Q structures, the main-chain
conformations of the turns were apparently similar to that
in the wild-type structure as displayed in Figure—sa In
contrast, the main-chain conformation of the turn between
residues 47 and 50 was slightly different between the wild-
type and R50G structures as shown in Figure 5d.

Kinetic Studies for RefoldingUnfolding of Mutant Human
LysozymesTo examine the effects of substitutions on the
folding of the mutant human lysozymes, kinetic studies of
the reversible refoldingunfolding were performed. All
measurements were carried out at pH 4 and°CO The
refolding and unfolding reactions were monitored by fluo-
rescence intensity. The logarithm of the apparent rate
constants kypp, as a function of GuHCI concentration is
shown in Figure 6.

The unfolding kinetics of the mutant human lysozymes
was described by a single exponential, as was reported for
the wild-type protein12). Theksppvalues ofA47—48,A101,
and H78G were higher than that of the wild-type protein,
indicating the acceleration of the unfolding rate by the
mutations. In the case of R50G, the unfolding rate slowed.

The refolding reactions of the mutant human lysozymes,

thermodynamic parameters for denaturation of the mutantexcept forA101, were described as two phases at low GuHCI

and wild-type proteins at the same temperature, 6€.9
which is the denaturation temperature of the wild-type at
pH 2.7 (L5). The results indicate that H78G, G37Q, and both
deletion mutants A47—48 and A101) were destabilized
compared with the wild-type protein, but the stability of
R50G and Q58G increased due to the substitutions.
Denaturation by GuHCI of the human lysozymes was

concentrations, which is like that of the wild-type protein
(12). The amplitude of the fast phase in the two phases
observed in the refolding kinetics was greater than that of
the slow phase in any case, indicating that the fast phase is
predominant in the refolding reaction. Canet et 4b) have
reported that the refolding of human lysozyme at pH 5 and
25 °C has three phasesIll). Phase | occurs in several

monitored by CD at 222 nm as a function of the denaturant milliseconds 45), which is within the dead time of our

concentration at pH 4 and E£C, which is the same condition

for the kinetic studies. The transition curves upon denatur-

ation were highly cooperative at certain GUHCI concentra-

experiments (about 10 ms). Thus, we did not observe three
phases but two phases, because of different experimental
conditions or dead time. Thig,, values for the fast phase

tions, and the denaturation was completely reversible. Thein this study ofA47—48, R50G, and H78G were identical
thermodynamic parameters for denaturation at pH 4 and 10to that of the wild-type protein, but the other mutants changed

°C were calculated using eqs—3, as shown in Table 3.
The denaturation Gibbs energies in watkG"°, of A47—

the refolding rates: Q58G acceleratedl101 and G37Q
slowed.
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Table 2: Thermodynamic Parameters for Denaturation of Mutant Human Lysozymes &C64€8 2.7

Ta(°C) AT4(°C)  ACR(KImolK)  AH (kJ/mol)  AAH (kJ/mol)  TAAS(kJ/mol)  AAG (kd/mol)
wild-type?  64.9+0.5 6.6+ 0.5 477+ 4

A47—48 59.5+ 0.3 -5.4 3.7+ 0.4 423+ 2 —54 —48 -6.7
A101 63.24+ 0.3 -17 4.9+ 0.9 433+ 7 —44 —42 22
R50G 65.8+ 0.1 +0.9 6.1+ 1.5 420+ 10 -57 —58 +1.1
Q58G 70.6+ 0.5 +5.7 5.6+ 0.2 455+ 1 —22 -30 +7.8
H78G 64.4+ 0.0 -0.5 6.6+ 0.5 455+ 4 —22 22 -05
G37Q 64.1+ 0.0 -0.8 4.8+0.38 450+ 5 —27 -26 -11

3 AC, was obtained from the slope dfHca versusTy. ® Takano et al. 15). ¢ Takano et al. Z0).

Table 3: Thermodynamic Parameters for Equilibrium Unfolding of

Mutant Human Lysozymes at 1@ and pH 4.0

turn structures of human lysozyme play the role of a linker
of the secondary structure elements. Sagermann e4@l. (
have also reported that the structures of individuslelices

AGH®  AAGHP , : ,

mkJImolM)  Cu? (M) (kJ/mol)  (kJ/mol) are determined predominantly by the nature of the amino
wildtype —15.1+00 3.96+0.01 60.0t0.1 acids within the helix rather than the structural environment
A47-48  —152+0.1 3.46+001 527402 7.3 provided by the rest of the protein.
A101 —-15.1+0.2 3.60£0.02 545+08 55 i ; ; ; ;
RE0G 159101 A411£001 622£02 422 Wh_en_one or a few of the amino acid resu_jues in a protein
Q58G —161+0.2 4.26+002 686+08 +86 are eliminated, the conformational entropy in the denatured
H78G —15.240.1 3.81£0.01 57.8:0.2 —2.2 state should be decreased. This provides the effect of protein
G37Q —14.8+0.2 3.79+-0.02 56.4-04  —3.6 stabilization. Thompson and Eisenbed@)(have shown that

aCn is the GUHCI concentration of the midpoint in the transition.

Table 4: X-ray Data Collection and Refinement Statistics of Mutant

Human Lysozymes

thermophile proteins possess shorter amino acid lengths in
the loop regions than their homologous mesophile proteins,
indicating that thermophile proteins might gain the high
thermostability due to turn deletions. In the case of the two
deletion mutants of human lysozymes, the entropy changes

AAT—48 A101 R50G .
Data Colloction (TA_S) upon denaturation oA47—48 andA101 could be

space group P2,2,2, P2,2,2, P2,2:2, estimated to be reduced by 13.7 and 3.7 kJ/mol at®5
cell (A) respectively, using the method by Oobatake and @8). (

a 45.80 56.42 56.28 However, both proteins destabilized as compared with the

2 gg'sz g%'gg gg-jg wild-type protein (Tables 2 and 3), indicating that the deleted
resolution (A) 20 2 18 residues in the turns of human lysozyme might contribute
no. of measd reflections 20 055 27719 26 966 to the protein stabilization. The calorimetric experiments
no. of indepdt reflcns 7155 5952 10 060 show that these destabilizations were caused by an enthalpic
completeness (%) 94.1 973 90.8 effect (Table 2). The decreases in enthalpy change observed
Rmerge(c%))a1 8.1 4.2 4.5 )

_ were not overcome by the decreases in entropy change. These
no. of atoms Ref'ﬂ%’gem 1206 1248 results mean that the deletions of human lysozyme also
no. of solvent atoms 178 188 226 affected other destabilization factors in addition to the
resolution (A) 8.6-2.0 8.0-2.2 8.0-1.8 entropic effect, such as hydration effects, hydrophobic
no. of reflcns used 6820 5530 9573 interaction, hydrogen bonds, and steric strain (conformational
g}gﬁﬁeness (%) 0_22;50 0%'55 oigg’ energy). The changes in hydration and hydrophobic effects

3 Rmerge= 100y || — OQVY OO P R factor = ¥ ||Fo| — |Fel /Y |Fol.

DISCUSSION

Effect of Deletion at the Turn on the Structure and Stability
of Human Lysozymét. has been reported that in homologous
proteins, insertion and deletion of amino acid residues occur
in the region of turn/loop structures more than in that of

secondary structures, thehelix andg-strand 80, 31). In
the case of two deletion mutants of human lysozyx/—

48 andA101, the deletion residues are located in surface

upon mutation might be not very large, because the deletion
sites are on the surface of the folded structure. On the other
hand, three and one intramolecular hydrogen bonds disap-
peared in th\47—48 andA101 structures, respectively, due
to the deletions (Figure 4). One intramolecular hydrogen
bond contributes to protein stability by-® kJ/mol 1), so

that both deletion mutants of human lysozyme were mainly
destabilized by the removal of hydrogen bonds. In the case
of deletions at thex-helices in T4 lysozyme, the deletion
mutants have been remarkably destabilized by 4226
kJ/mol @9). Therefore, a deletion of amino acid residues is
not always able to stabilize the protein by the entropic effect

turn structures near fa-strand and an-helix, respectively, ) i
in the wild-type structure (Figure 2) and are absent in human of the depatured state, because other mteracuons caused by
a-lactalbumin that is homologous to human lysozyme in the deletion compensate for the entropic effect.

sequence and structure (Figure 1). X-ray crystal analysis of Comparison between Deletion Mutants of Human Lysozyme
the deletion mutants revealed that the deleted space was madend Humaro-Lactalbumin.in the A47—48 andA101 human

up of the turn regions, not the secondary structural regions, lysozymes, each turn which was modified has the same loop
so that each turn in both structures was shortened (Figurelength as that in humaa-lactalbumin. Figure 7 shows the

4), suggesting that the secondary structure regions foldstructures in the vicinity of the deletion sites A#17—48
independently of the turn regions. It then seems that theseand A101, compared with those of humanlactalbumin.
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FiGure 4: Structures in the vicinity of the mutation sites: 64d7—48, (a) A47—48 and wild-type, (b) wild-type, and (&)47—48; for

A101, (d)A101 and wild-type, (e) wild-type, and (3101. In (a) and (d), only main-chain atoms are drawn. In (b) and (c), the side-chain
atoms of Ala47, Asp49, Arg50, Ser51, and Arg62 are drawn. In (e) and (f), the side-chain atoms of Arg101, Asp102, and Tyr20 are drawn.
The thin lines represent hydrogen bonds.

In the case oA47—48, there was a slight difference in difference in interaction with other amino acid residues
the main-chain conformation in the part of the turn between between Arg50 inA47—48 and Glu46 in human-lactal-
A47—48 and humai-lactalbumin, although the main-chain  bumin. The side chain of Glu46 in humanlactalbumin is
conformation in the3-sheet inA47—48 was similar to that  able to hydrogen bond with a main-chain atom of the turn
in humana-lactalbumin (Figure 7a). Each side chain of (Figure 7b), but that of Arg50 ih47—48 was not (Figure
Asp49 inA47—48 and Asn45 in humaa-lactalbumin did 7c). In A101, the turn which was modified also had a
not interact with any other protein atoms, so that the different main-chain turn conformation from that in human
difference in turn conformation might be caused by the a-lactalbumin (Figure 7d). The amino acid sequence of the



Ficure 5: Stereodrawings of the structures in the vicinity of the mutation sites for (a) Q58G and wild-type, (b) H78G and wild-type, (c) G37Q and wild-(f)dR30G and wild-type20).
The wild-type and mutant structures are superimposed.
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. . dues, Q58G, H78G, and G37Q, caused few structure changes
A47-48 (a) A101 (b) (Figures 5a-c); the overall structures and the main-chain
T conformation in the turn region of the point mutants were
seemingly similar to those of the wild-type protein, indi-
cating that the turn structures are able to accommodate both
Gly and non-Gly residues with the main-chain torsion angles
e of the left-handed region. Such an observation has also been
[ reported in D30G of Rop, in which the substitution residue
- is left-handed at a surface turB)( In the case of R50G
+ + human lysozyme, the turn conformation changed compared
Q58G (d) with that in the wild-type structure (Figure 5d). This turn
1 structure might be more limber than the other turns, because
the turn structure is on the surface of human lysozyme and
includes another Gly residue at position 48 (Gly48).
It has been reported that the conformational energy of a
o 1 left-handed non-Gly residue is unfavorable relative to a Gly
. ',0.' residue with the same and vy angles 51, 52. The left-
2f i T ’ 1 handed structure of non-Gly residue has a higher conforma-
2 = + = ' = : tional energy that is caused by interaction between the
H78G (e) G37Q (f) p-carbon and the main chain than does the right-handed
T 1 structure, by 4-8 kJ/mol 61—55). On the other hand, the
destabilization effect of substitution of non-Gly for Gly
residues due to an increase in main-chain conformational
entropy in a denatured state is only about 1.7 kJ/rBél (
o 57). Therefore, the R50G, Q58G, and H78G of mutant
] 0. human lysozymes would be expected to increase in stability
2f ' T ’ 1 and G37Q was expected to decrease compared with the wild-
0 P 7 ra— 3 7 : type protein, if structure changes were not introduced.
GUHCI (M) GUHCI (M) However, the stability of R50G, H78G, and G37Q was
FIGURE 6: Logarithm of apparent rate constants as a function of €SSentially comparable to that of the wild-type protein,
GUuHCI concentration of (ap47—48, (b) A101, (c) R50G, (d)  although Q58G was stabilized as expected (Tables 2 and 3).
Q58G, (e) H78G, and (f) G37Q mutant human lysozymes. Closed More detailed analysis of the structures of the mutant
circles, closed squares and open squares depict the data fol,man lysozymes revealed that theandy angles of the

unfolding, fast-phase refolding, and slow-phase refolding, respec- .
tively, o? the npw)utant proteing. Dashed, Fs)olid, and dot%ed Iiﬁes mutant structures except for R50G changed slightly, as shown

represent the data for unfolding, fast-phase refolding, and slow- in Figure _8 Q'thOUQh the main-chain conformations around
phase refolding, respectively, of the wild-type protein. the substitution residues in Q58G, H78G, and G37Q were

apparently the same as those in the wild-type structure

turn in A101 is Asp102-Pro103-GIn104-Gly105-I1le106—, (Figure 5). In the case of Q58G, H78G and G37Q, each Gly
corresponding to Asp9711e98—Lys99-Gly100-I1le101— in residue has both a larg¢rvalue and a smallap value than
humano-lactalbumin (Figure 1). The side chains of Pro103 those of the corresponding non-Gly residue. These observa-
and GIn104 inA101 and those of 1198 and Lys99 in human tions suggest that the turn structures changed the main-chain
o-lactalbumin were located on the protein surface. It might conformation to accommodate the left-handed non-Gly
be then that the difference in amino acid sequence betweerresidues. The survey of left-handed Gly and non-Gly residues
Pro103-GIn104 inA101 and 11e98-Lys99 in humaa-lac- in protein structures has shown that non-Gly residues mostly
talbumin caused the different turn conformation, suggesting appear in the region op = 50—70° and y = 30—-60°,
that the side-chain feature of the amino acid residue affectswhereas Gly residues tend to have both lawyealues and
the main-chain conformation. These results indicate that turnsmallery values than those of non-Gly residues, reflecting
conformation changes depending upon the amino acideach energy minimum region of non-Gly and Gly residues
sequence in the turn, even if the loop length is constant. (58). Therefore, the non-Gly residues at positions 58, 78,

Effect of Substitution of a Left-Handed Residue at the Turn and 37 in human lysozyme had little unfavorable energy,
on the Stability and Structure of Human Lysozyms.is and the stability of H78G, and G37Q was similar to that of
well-known, the main-chain conformations of most residues the wild-type protein, although Q58G was stabilized. In the
in protein structures have an extended or right-handed helicalcase of R50G, the rearrangement of the main-chain confor-
region, but several have a left-handed helical region that mation at the substituted residue as caused in Q58G, H78G
corresponds to the positive valuesg@findy angles 50). and G37Q was not induced at residue 50 (Figure 8):¢the
Gly residues in a protein take the left-handed conformations andy values of R50 are on the outside region of those of
much more than non-Gly residues do, because the Glythe left-handed non-Gly residues usually observed. However,
residue lacks #&-carbon. In the wild-type human lysozyme the turn conformation was different between the wild-type
structure, the residues of R50, Q58, H78, and G37 are locatedand R50G structures, as shown in Figure 5d. Therefore,
in the turn structures and are left-handed residues, havingjudging from the stability change upon mutation of R50G
positive¢ andy angles. The substitutions of non-Gly with  (Tables 2 and 3), the turn structure admits R50 with the
Gly or Gly with non-Gly residues at these left-handed resi- support of the other residues within the turn. These results

2 T T T ——

log Kypp (s)

R50G (c)

log K, (™)

10g Kypp (87)
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FIGURE 7: Structures in the vicinity of the mutation sites: ##7—48, (a) humaro-lactalbumin andA47—48 of human lysozyme, (b)
humana-lactalbumin, and (ch\47—48; for A101, (d) humaru-lactalbumin andA101 of human lysozyme, (e) humanlactalbumin, and

(f) A101. In (a) and (d), only main-chain atoms are drawn. In (b), the side-chain atoms of Asn45, Glu46, Thr48, Lys58, and Glu65 are
drawn. In (c) the side-chain atoms of Asp49, Arg50, Thr52, Arg62, and Lys69 are drawn. In (e), the side-chain atoms of 1le98 and Lys99
are drawn. In (f) the side-chain atoms of Pro103 and GIn104 are drawn. The thin lines represent hydrogen bonds.

show that turn structures are able to adjust their conformation Why was only Q58G stabilized? Q58G might be stabilized
to accommodate left-handed non-Gly residues without due to a decrease in the side-chain conformational entropy
unfavorable energy. in the denatured state, because residue 58 is buried in the
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80 . r . ; — AAG,* "0 values were calculated to be oniy0.5, 0, and
—0.4 kJ/mol, respectively. These results indicate that the
mutation sites have been partly refolded in the transition state.
The residues 101 and 37 are located in ¢hdomain, and

60 a 7 residue 58 is located in the interface between dheand
58\G H p-domains. Canet et ak) have reported that the-domain
ka ] and interface between the- and f-domains in human
S G lysozyme fold faster than thgzdomain, which coincided with
gr " Q37 the present observations47—48, R50G, and H78G which
> % were modified in thef-domain did not influence the

predominant refolding reaction, in which the-domain

0L o i mainly folds. In contrast, the refolding rate 4fl01, Q58G,
506 and G37Q which were modified in/near thedomain was
affected, indicating that these turn structures contribute to
the folding of human lysozyme.

th . 2'0 - 4'0 - 6'0 : " In'peptide fragments, turns contribute significantly to t'he
stability and play an important role in the structure formation
¢ (deg) (63, 64). These effects are also observed infaproteins; a
FicUre 8: Ramachandran plo8) of the residues 50, 58, 78, and  -barrel protein plastocyanin is not able to tolerate the turn
37 in the wild-type human lysozyme structure (open squares) and g gifications B), and turns in #-sandwich proteim.-spectin
each mutant structure (closed squares). SH3 domain can play a critical role in the stability and

native structure. On the other hand, because residues 50, 7g°ding (6). In contrast, turns inx-bundle proteins do not
and 37 are exposed to the solvent, side-chain entropic effectd’l2y @ dominant role in determining the folded structures
might not occur. Pickett and Sternbefp) have estimated (2, 3), although the turn modifications influence the stability
the side-chain entropic effect of the replacement of Q by G, @nd folding 8, 4). For a small protein with an-helix and
8.1 kJ/mol, at 65°C, which was comparable with the four g-strands, peptostreptococcal protein L, the two turns
observed value of Q58G, 7.8 kJ/mol (Table 2). show the contrasting effects on the protein folding between
Role of Turn in the Foiding of Human Lysozyrfgom them, indicating that turn role is strongly context-dependent
stopped-flow GUHCI unfolding-refolding experiments, the (9): In the case of a more complex+ /5 globular protein,
changes in the unfoldingrefolding kinetics upon deletion/ turn modlf]catlons hardly affe_:gt the tertlary/secondary_ struc-
substitutions of human lysozyme were significantly different, tures but influence the stability and folding, depending on
depending on the mutation sites47—48, R50G, and H78G the location, as shown in this s.tudy. These reports_ sugge_st
changed the unfolding rate but had little effect on the that because hydrophobic core is absent or scarce in peptide

refolding rate (fast phase), whil®101, Q58G, and G37Q Ea%hments_anqﬂ—t:a_tr)re: profteitns, tthe tfurn sttr_uctulres shtoulc:
changed the refolding rate but had little effect on the te etmatln conggord(l) sru;: ure or:;a_;on. ?goln rast,
unfolding rate (Figure 6). urn structures ofu-bundle proteins an f globular

The differences in the activation Gibbs energy changes proteins are held by several interactions such as hydrophobic

of unfolding and refolding in water between the wild-type {n':era;:tlotr;], resul_tlng in th‘?ff”‘ tL:.m n glogula]\# prtottilns WOtU|.d
and mutant proteinsNAG,* ' andAAG* *:°, respectively) olerate the various modifications and affect the protein

are estimated by use of the following equations folding in many ways, depending on the site.

CONCLUSION

In this study, we could show the role of turns in the
AAijF H0 — —RTIn[k Hzo(mutant)kf Hzo(Wild)] (20) conformational stability, structure, and folding of a protein
using six mutant human lysozymes, which are deleted or
wherek,"° and k:° are the unfolding and refolding rate  substituted at turn structures. The mutations are expected to
constants in water, respectively. FAd7—48, R50G, and  stabilize the proteins; shortening the turn on the protein
H78G human lysozymes which did not change the refolding surface stabilizes due to entropic effect, and substitution of
rate, the—AAG* "° values were calculated to be ori0.3, non-Gly for a Gly at the left-handed region does due to
—0.2, and—0.2 kJ/mol, respectively. This means that the removal of unfavorable steric interactions. The obtained
mutation sites are not organized in the transition state of results were, however, contrary to the expectations. The
refolding of human lysozyme60—62). The AAG,* "0 deletion mutants were destabilized by the structural changes
values were also calculated to b&.1,+2.6, and—1.6 kJ/ due to mutation; the loss of some hydrogen bonds caused
mol, respectively. These values are equivalent to the differ- the unexpected loss in stability. The structural analysis also
ences in equilibrium Gibbs energy change in watehG™:0), revealed that each turn region had the same loop length as
—7.3, +2.2, and —2.2 kJ/mol, respectively (Table 3), thatinthe homologoua-lactalbumin structure; that is, each
indicating that the changes in stability due to the mutation part deleted was recovered by the remainder of the turn
are mainly interpreted in terms of the change in unfolding region, suggesting that a turn structure is able to tolerate the
rate. These three mutation sites are located in the surface ofoop length modification. The stability of Gly mutants, R50G,
the f-domain of human lysozyme. On the contrary, Adr01, H78G, and G37Q, substituted on the surface hardly changed,
Q58G, and G37Q, the AAG;* M0 values were calculated but that for one case at a buried site, Q58G, was stabilized.
to be —4.4,+2.1, and—2.6 kJ/mol, respectively, but the These data do not support the opinion that the substitution

AAG, " = —RTIn[k,"°(mutant)k " °(wild)] (9)
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of a non-Gly residue for a Gly residue at the left-handed 28. Lewis, P. N., Momany, F. A., and Scheraga, H. A. (1973)
region always stabilizes the protein. The structural data : i
showed that turn structures could accommodate left-handed 29- Oliva. B., Bates, P. A., Queral, E., Aviles, F. X., and Sternberg,
non-Gly residues without unfavorable energy by adjustments 55
in the main-chain conformations. The stabilization at the 31
buried site might be due to the effect of side-chain entropy.
Consequently, the variability of turn conformation should

be considered for engineering a turn as one wishes, but the

tolerance of a turn against a modification would provide the
potentiality for engineering.
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