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The contribution of proline residues to protein stability
is associated with isomerization equilibrium in both unfolded
and folded states
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Abstract It has long been understood that the proline

residue has lower configurational entropy than any other

amino acid residue due to pyrrolidine ring hindrance. The

peptide bond between proline and its preceding amino acid

(Xaa-Pro) typically exists as a mixture of cis- and trans-

isomers in the unfolded protein. Cis–trans isomerization of

Xaa-Pro peptide bonds are infrequent, but still occur in

folded proteins. Therefore, the effects of the cis–trans

isomerization equilibrium in both unfolded and folded

states should be taken into account when estimating the

stability contribution of a specific proline residue. In order

to study the stability contribution of the four proline resi-

dues to the hyperthermophilic protein Ssh10b, in this work,

we expressed and purified a series of Pro?Ala mutants of

Ssh10b, and performed correlative unfolding experiments

in detail. We proposed a new unfolding model including

proline isomerization. The model predicts that the contri-

bution of a proline residue to protein stability is associated

with the thermodynamic equilibrium between cis- and

trans-isomers both in the unfolded and folded states,

agreeing well with the experimental results.

Keywords Protein stability � Cis–trans isomerization �
Circular dichroism � Unfolding

Introduction

It has long been understood that the proline residue has

lower configurational entropy than any other amino acid

residue in the unfolded form due to pyrrolidine ring hin-

drance (Matthews et al. 1987; Suzuki et al. 1987; Suzuki

1989). Since Matthews et al. showed in 1987 that the

thermostability of bacteriophage T4 lysozyme could be

enhanced by replacing an alanine with a proline, the

decreasing entropy theory has been verified by many

reports: replacing Xaa (representing any other amino acid)

with Pro has resulted in enhanced thermostability in

Bacillus stearothermophilus neutral protease (Hardy et al.

1993), Bacillus cereus ATCC7064 oligo-1, 6-glucosidase

(Watanabe et al. 1994), Aspergillus awamori glucoamylase

(Li et al. 1997; Allen et al. 1998), Serratia marcescens

chitinase (Gåseidnes et al. 2003), and Clostridium bei-

jerinckii alcohol dehydrogenase (Goihberg et al. 2007).

Replacing Pro with Xaa has been reported to decrease

thermostability in Thermotoga neapolitana xylose isomer-

ase (Sriprapundh et al. 2000), decrosin (Frare et al. 2005),

and Thermus aquaticus aqualysin I (Sakaguchi et al. 2007).

The peptide bond between proline and its preceding

amino acid (Xaa-Pro) in unfolded proteins typically exists

as a mixture of cis- and trans-isomers with a cis-content of

about 10–30% depending on the primary sequence (Cheng

and Bovey 1977; Grathwohl and Wüthrich 1981), implying

that the free energy of the trans-isomer is about 2–5 kJ/mol

lower than that of the cis-isomer at room temperature

(DG = -RT ln(K)). Cis–trans isomerization of the Xaa-

Pro peptide bonds are infrequent, but still occur in folded

proteins. Therefore, the cis–trans isomerization equilib-

rium in both unfolded and folded states should be taken

into account when estimating the stability contribution of a

specific proline residue to protein stability.
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The DNA binding protein Ssh10b from the archaeon

Sulfolobus shibatae, a member of the Sac10b family, is

conserved in most thermophilic and hyperthermophilic

archaeal genomes that have been sequenced to date (Xue

et al. 2000). This protein constitutes about 4–5% of cellular

protein, and binds dsDNA without apparent sequence

specificity. Ssh10b is capable of constraining negative

DNA supercoils in a temperature dependent fashion. This

ability is weak at 25�C, but is enhanced substantially at

temperatures of 45�C and higher. Ssh10b is a highly ther-

mostable dimeric protein composed of two identical

subunits (Xu et al. 2004). Each monomer contains 97

amino acid residues, and has four proline residues located

at positions 6, 8, 18, and 62. Heteronuclear nuclear mag-

netic resonance (NMR) and site-directed mutagenesis

analysis indicate that two native forms of the Ssh10b

homodimer co-exist in solution due to slow cis–trans

isomerization of the Leu61-Pro62 peptide bond (Cui et al.

2003). The T-form dimer, with the Leu61-Pro62 peptide

bonds of both monomers in the trans-conformation, dom-

inates at higher temperatures; while the C-form dimer, with

the Leu61-Pro62 peptide bonds of both monomers in the cis-

conformation, dominates at lower temperatures. The two

forms of the Ssh10b homodimers have the same DNA

binding site but have different conformational features that

are responsible for the temperature-dependent nature of the

Ssh10b-DNA interaction (Cui et al. 2003).

In the present work, a series of Pro?Ala mutants

of Ssh10b (P6A, P8A, P18A, P62A, P18AP62A, and

P6AP8AP18AP62A) were constructed by site-directed

mutagenesis to study the stability contribution of the four

proline residues. Stability of Ssh10b wild-type and its

mutants was investigated through unfolding experiments

monitored by circular dichroism (CD) in detail. A new

unfolding model was proposed in which the cis–trans

isomerization of the peptide bonds between the proline

residue and its preceding residue was taken into account.

According to this model, the contribution of a proline

residue to protein stability is associated with the thermo-

dynamic equilibrium between the cis- and trans-isomers in

both the unfolded and folded states.

Materials and methods

Materials

HEPES, Urea, Tris, and isopropyl b-D-thiogalactoside

(IPTG) were purchased from Sigma. The expression plas-

mid pET11a-ssh10b containing the ssh10b gene, and host

strains E. coli DH5a and BL21 (DE3) were from our

laboratory stocks. Enzymes and reagents for DNA manip-

ulations were purchased from Takara. Plasmid miniprep

kits were obtained from Qiagen. All chromatography

apparatus and materials were purchased from GE

Healthcare.

Expression and purification of Ssh10b and its variants

All expression plasmids of Ssh10b variants were con-

structed from the parental plasmid pET11a-ssh10b. All

mutations were introduced by site-directed mutagenesis

through overlap extension PCR. The construct for each

variant was verified by commercial DNA sequencing at

Takara Biotechnology (Dalian) Co. Ltd.

Expression plasmids of Ssh10b and its variants were

transformed into the E. coli BL21 (DE3) host strain. Wild-

type Ssh10b and its variants were expressed and purified to

homogeneity in the same way as previously described (Xu

et al. 2004) except that the UNO S6 column (Biorad) was

substituted with a 6 ml Resource S column (GE Health-

care). The protein samples were dialyzed against 50 mM

NH4HCO3, lyophilized and stored at -20�C.

CD spectra characterization of Ssh10b and its variants

Ssh10b and its variants were characterized by CD spectra,

which were recorded in 20 mM Na2HPO4-NaH2PO4/pH

6.8 with a p*-pistar 180 spectrometer (Applied Photo-

physics Ltd, UK) by using a rectangular quartz cuvette with

a path length of 1 mm. Far-UV CD spectra were recorded

from 200 to 250 nm at a protein concentration of 50 lM at

25�C, while near-UV CD spectra were recorded from 250

to 300 nm at a protein concentration of 1 mM at 70�C.

Each spectrum was the average of four scans and was

corrected for spurious signals generated by the solvent.

Unfolding studies

In this study, the protein concentration used at all unfolding

experiments is about 50 lM (monomer concentration).

Urea-induced unfolding of Ssh10b and its variants was

studied by taking CD measurements, performed in buffer H

(10 mM HEPES/pH 7.0). The CD signal was monitored

using a rectangular quartz cuvette with a path length of

1 mm. The urea solution was freshly prepared on the day of

use. Samples containing various concentrations of urea

were equilibrated at 25�C overnight and then measured by

far-UV CD at 222 nm.

Heat-induced unfolding of Ssh10b and its variants was

also performed in buffer H by measuring far-UV CD at

222 nm. Each sample was heated from 40 to 98�C and then

cooled from 98 to 40�C using stepwise changes of 2�C, and

the CD signal was recorded after equilibration for 2 min at

each temperature point. During the entire experiment CD

spectra were recorded before heating, after heating, and
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after cooling. Spectra were scanned at 1 nm intervals from

200 to 250 nm.

Analysis of the denaturation data

Previous work of our laboratory has shown that both

denaturant- and heat-induced unfolding of Ssh10b are fully

reversible, and follow a two-state mechanism involving a

native dimer and two denatured monomers (Xu et al.

2004). Therefore, in this work the thermodynamic prop-

erties of Ssh10b and its variants were calculated assuming

a two-state denaturation process: N2 $
Kobs

2U (Xu et al.

2004). The observed equilibrium constant (Kobs) and the

corresponding free energy change (DG) at temperature T or

denaturant concentration [D] were calculated from the CD

data according to:

Kobs ¼
2� Pt

yN þ mNT D½ � � yU þ mUT D½ �

� yN þ mNT D½ � � y½ �2

y� yU þ mUT D½ � ð1Þ

DG ¼ �RT ln Kobsð Þ ð2Þ

Here, Pt is the total protein concentration in monomer

units; R is the gas constant; T is the absolute temperature; y

is the experimentally measured signal value at a given

temperature (T) or given denaturant concentration ([D]); yN

and yU are the intercepts; and mN and mU are the slopes of

the native and unfolded baselines respectively.

According to the linear free energy model (Schellman

1987; Chen and Schellman 1989; Agashe and Udgaonkar

1995; Kamal et al. 2002), the changes in free energy (DG)

that occur on unfolding are expected to vary linearly with

the denaturant concentration ([D]).

DG ¼ DG H2Oð Þ � mG D½ � ð3Þ

Here, DG(H2O) represents the free energy change of

unfolding in the absence of denaturant and mG is the slope

of the transition for the free energy.

The unfolding of a proline residue in a dimeric protein,

including the cis–trans isomerization in both native and

unfolded states, can be represented as Scheme 1.

Then,

KN ¼
N
0

2

� �

N2½ �
ð4Þ

K ¼ U½ �2

N2½ �
ð5Þ

K
0 ¼

U
0� �2

N
0
2

� � ð6Þ

KU ¼
U
0� �

U½ � ð7Þ

Here, [N2] and N
0
2

� �
represent protein concentrations in the

trans- and cis-forms of the native state respectively; [U]

and [U0] are protein concentrations in the unfolded state in

trans- and cis-forms, respectively; K and K0 are the

equilibrium constants for unfolding from trans- to trans-

form and from cis- to cis-form, respectively; and KN and

KU are the trans–cis isomerization equilibrium constants of

the native and unfolded states, respectively. Thus the

observed equilibrium constant for Pro62 unfolding

(Kobs(P62)) is:

Kobs P62ð Þ ¼
U½ � þ U

0� �� �2

N2½ � þ N
0
2

� �

¼ 1þ KU P62ð Þð Þ2

1þ KN P62ð Þð Þ �
U½ �2

N2½ �

¼ 1þ KU P62ð Þð Þ2

1þ KN P62ð Þð Þ � K P62ð Þ

ð8Þ

Here, K(P62) represents the equilibrium constant of

unfolding of Pro62 from trans- in the native form to

trans- in the unfolded state. Since there is no evidence for

cis–trans isomerization at Pro18, the observed equilibrium

constant for Pro18 unfolding (Kobs(P18)) is:

Kobs P18ð Þ ¼
U½ � þ U

0� �� �2

N2½ �

¼ 1þ KU P18ð Þð Þ2 U½ �2

N2½ �

¼ 1þ KU P18ð Þð Þ2�K P18ð Þ

ð9Þ

Here, K(P18) represents the equilibrium constant of

unfolding of Pro18 from trans- in the native state to trans-

in the unfolded state.

Furthermore, when proline is replaced by alanine in a

homodimer, the apparent equilibrium constant (K*) of such

a substitution can be represented as:

K� ¼ K Alað Þ
K Proð Þ ¼ exp � 2DS

R

� �
ð10Þ

N2

2U

N2

2U

K 

KN

K'

KU

Scheme 1 Thermodynamic

unfolding model of a proline

residue in dimer
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Here, DS is the configuration entropy difference of a proline

residue relative to an alanine residue (Matthews et al. 1987).

For the variant P18AP62A, the observed equilibrium

constant (Kobs) for unfolding can be represented as:

Kobs P18AP62Að Þ ¼ K A18ð Þ � K A62ð Þ � Krest ð11Þ

Here, Krest represents the equilibrium constant for the

unfolding of the protein except for the contribution of the

18th and 62nd residues. Considering the cis–trans

equilibrium of Pro18 and Pro62, the observed equilibrium

constant (Kobs) for the unfolding of wild-type Ssh10b can

be represented as:

Kobs Wildð Þ ¼ Kobs P18ð Þ � Kobs P62ð Þ � Krest

¼ 1þ KU P18ð Þð Þ2 1þ KU P62ð Þð Þ2

1þ KN P62ð Þð Þ � K P18ð Þ

� K P62ð Þ � Krest ð12Þ

Substituting Eqs. 10 and 11 into Eq. 12 gives:

Kobs Wildð Þ ¼ 1þ KU P18ð Þð Þ2 1þ KU P62ð Þð Þ2

1þ KN P62ð Þð Þ � K� P18Að Þ � K� P62Að Þ
� Kobs P18AP62Að Þ

ð13Þ

Here, K*(P18A) and K*(P62A) are the apparent

equilibrium constants for the replacement of Pro18 and

Pro62 with Ala. For the unfolding of P18A, the observed

equilibrium constant (Kobs(P18A)) can be represented as:

Kobs P18Að Þ ¼K A18ð Þ � Kobs P62ð Þ � Krest

¼ 1þ KU P62ð Þð Þ2

1þ KN P62ð Þð Þ � K� P18Að Þ

� Kobs P18AP62Að Þ ð14Þ

For the unfolding of P62A, the observed equilibrium

constant (Kobs(P62A)) can be represented as:

Kobs P62Að Þ ¼ Kobs P18ð Þ � K A62ð Þ � Krest

¼ 1þ KU P18ð Þð Þ2

K� P62Að Þ � Kobs P18AP62Að Þ ð15Þ

Assuming that the enthalpy and entropy changes of

the trans–cis isomerization are temperature independent,

then:

KN ¼ exp �DGN

RT

� �
¼ exp �DHN � T � DSN

RT

� �

KU ¼ exp �DGU

RT

� �
¼ exp �DHU � T � DSU

RT

� � ð16Þ

Here, DGN(DGU), DHN(DHU), and DSN(DSU) represent the

free energy, enthalpy, and entropy changes of the trans–cis

isomerization equilibrium, respectively, in the native

(unfolded) state.

For thermal unfolding, assuming that the heat capacity

change (DCp) between the native and unfolded states of the

system is relatively independent of temperature, then for

the mutant P18AP62A (Santoro and Bolen 1988; Freire

1995):

DG Tð Þ ¼ �RT ln Kobs P18AP62Að Þð Þ

¼ DHm � TDSm þ DCp

T � Tmð Þ þ T ln 1� T � Tm

T

� �� �
ð17Þ

Here, DHm and DSm are the enthalpy and entropy changes

of the mutant, respectively, at the transition midpoint,

where T = Tm. Within the transition range, where

T ln 1� T�Tm

T

� �
� Tm � T ; Eq. 17 can be simplified to the

van’t Hoff plot:

Kobs P18AP62Að Þ ¼ exp �DHm � T � DSm

RT

� �
ð18Þ

Substitution of Eqs. 16 and 18 into Eqs. 13–15, then for the

wild-type protein:

For the variant P18A:

Kobs P18Að Þ¼
1þexp �DHU P62ð Þ�TDSU P62ð Þ

RT

� �� �2

1þexp �DHN P62ð Þ�TDSN P62ð Þ
RT

� �� �
�K� P18Að Þ

��exp �DHm�TDSm

RT

� �
ð20Þ

Kobs Wildð Þ ¼
1þ exp � DHU P62ð Þ�TDSU P62ð Þ

RT

� �� �2

1þ exp � DHU P18ð Þ�TDSU P18ð Þ
RT

� �� �2

1þ exp � DHN P62ð Þ�TDSN P62ð Þ
RT

� �� �
� K� P18Að Þ � K� P62Að Þ

� exp �DHm � TDSm

RT

� �
ð19Þ
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For the variant P62A:

Kobs P62Að Þ ¼
1þ exp � DHU P18ð Þ�TDSU P18ð Þ

RT

� �� �2

K� P62Að Þ
� exp �DHm � TDSm

RT

� �
ð21Þ

Here, DHu(P62), DSu(P62), DHu(P18), and DSu(P18) rep-

resent the trans–cis isomerization enthalpy and entropy

changes of Pro62 and Pro18, respectively, in the unfolded

state; DHN(P62) and DSN(P62) represent the trans–cis

isomerization enthalpy and entropy changes, respectively,

of Pro62 in the native state; DHm and DSm represent the

unfolding enthalpy and entropy changes, respectively, at

the transition midpoint of the variant P18AP62A.

Results

Co-existence of two Ssh10b homodimers

with different conformations

Wild-type Ssh10b and its variants were purified to homo-

geneity in the same way, and the purity of the proteins was

confirmed by to be more than 95% by 15% SDS-PAGE.

Cation exchange chromatography experiments showed an

interesting phenomenon of two adjacent absorbance peaks

at UV280 in the elution profiles of Ssh10b and the variants

without Pro62 mutations, while there was only one absor-

bance peak in the elution profiles of variants with an

alanine replacement of Pro62. In order to clarify the

molecular basis of this phenomenon, fractions from the two

adjacent absorbance peaks of Ssh10b and the absorbance

peak of P62A (as shown in Fig. 1) were collected, and

analyzed immediately by ultracentrifugation. Our data

suggest that the three samples all existed as dimers (data

not shown). The two Ssh10b fractions were dialyzed

against buffer A (20 mM Na2HPO4/NaH2PO4, pH 7.5,

1 mM EDTA) overnight, and then applied to the same

chromatography column. The two elution profiles were

similar to one another and to the original elution profile

(Fig. 1). Taken together, these results indicated that there is

a kinetic equilibrium between the two forms of Ssh10b in

solution due to the presence of Pro62. This is in agreement

with published data indicating that two forms of Ssh10b

homodimers co-exist in solution because of cis–trans

isomerization of the Leu61-Pro62 peptide bond (Cui et al.

2003).

CD spectra characterization of Ssh10b and its variants

Figure 2a shows that far-UV CD spectra of the Ssh10b

wild-type and its variants are almost superimposable,

indicating that Pro?Ala replacements do not influence

secondary structure. Near-UV CD spectra of the Ssh10b

wild-type and its variants are also almost superimposable

(Fig. 2b), suggesting that Pro?Ala replacements have no

influence on the tertiary structure of the protein.

Unfolding studies

Ssh10b is resistant to urea-induced denaturation in phos-

phate buffer (Xu et al. 2004), but its stability toward

urea-induced denaturation decreases greatly in some

monovalent ion buffers (Mao et al. 2007). Figure 3a shows

representative urea-induced unfolding profiles for Ssh10b

and its variants in buffer H. These proteins can be divided

into three groups: high stability (P6A, P8A, and wild-type

Ssh10b); intermediate stability (P18A and P62A); and low

stability groups (P18AP62A and P6AP8AP18AP62A). The

unfolding curves of the proteins from high stability and low

stability groups are almost superimposable within each

group, while in the intermediate stability group, P18A

seems obviously more stable than P62A. The linear free

energy model (Schellman 1987; Chen and Schellman 1989;

Agashe and Udgaonkar 1995; Kamal et al. 2002) was used

to estimate the unfolding free energy of Ssh10b and its

variants. The obtained unfolding free energy values were:

DG(wild-type) = 55.2 ± 0.6 kJ/mol, DG(P18A) = 47.9 ± 0.7

kJ/mol, DG(P62A) = 44.6 ± 0.5 kJ/mol, and DG(P18AP62A)

= 38.4 ± 0.4 kJ/mol. The unfolding free energy values of

the three variants (P18A, P62A, and P18AP62A) relative to

the native protein decreased by 7.3, 10.6, and 16.8 kJ/mol,

respectively. These data suggest that destabilization by the

Pro?Ala replacement is roughly additive.

Ssh10b is thermally stable up to 85�C in phosphate buffer

(Xu et al. 2004), but we found that its thermostability

decreased greatly in HEPES buffer. The heat-induced

Fig. 1 Elution profiles of wild-type Ssh10b and the P62A variant by

cation exchange chromatography: wild-type (solid line), P62A (dotted
line), and percentage of buffer B (dashed line)
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unfolding and refolding curves of Ssh10b and its variants in

buffer H monitored by far-UV CD at 222 nm are nearly

superimposable, and for each one the CD spectrum of the

refolded protein is nearly identical to that of the native

protein (data not shown), indicating that the processes of

heat-induced unfolding of Ssh10b and its variants are fully

reversible.

Protein stability toward heat-induced unfolding dis-

played a similar tendency as shown for urea-induced

unfolding: heat-induced unfolding profiles of proteins of

high stability and low stability groups are almost superim-

posable within their groups. But for the intermediate

stability group, an interesting phenomenon was found:

P62A seems slightly more stable than P18A, in contrast to

results of urea-induced unfolding. Figure 3b shows the

heat-induced unfolding profiles of wild-type Ssh10b, P18A,

P62A, and P18AP62A in buffer H. The profiles of P6A and

P8A were almost superimposable with that of wild-type

Ssh10b, and the profile of P6AP8AP18AP62A was almost

superimposable with that of P18AP62A (data not shown).

Heat-induced unfolding profiles were analyzed using

the model described in ‘‘Materials and methods’’. The

parameters DHN(P62) and DSN(P62) were obtained by fit-

ting the population ratio data of the cis-form/trans-form

Ssh10b homodimer versus temperature from the previous

report of Cui et al. (Cui et al. 2003) to Eq. 16. A Pro?Ala

replacement was calculated to contribute 4 cal/mol per K

to the entropy of denaturation (Némethy et al. 1966;

Matthews et al. 1987), therefore K*(P18A) and K*(P62A)

were obtained by substituting this value into Eq. 10. The

parameters DHm and DSm were obtained by fitting

Kobs(P18AP62A) to Eq. 18. These values were then

substituted into the corresponding equations as follows:

DHu(P18) and DSu(P18) were obtained by fitting

Kobs(P62A) to Eq. 21; DHu(P62) and DSu(P62) were

obtained by fitting Kobs(P18A) to Eq. 20. The values

obtained for all these parameters are presented in Table 1.

All parameters were substituted into Eq. 19 to reconstruct

the wild-type protein unfolding curve. As shown in Fig. 3b,

the theoretical unfolding curves of Ssh10b and its variants

matched the experimental data perfectly, indicating that

these Pro?Ala replacements are independent.

DCp of P18AP62A was obtained by substituting the

value of DG(P18AP62A) obtained from urea-induced

unfolding experiments at 298 K into Eq. 17. Using Eq. 17,

we can deduce DG(P18AP62A) at any specified temperature.

The unfolding free energy of P18A, P62A and wild-type

Ssh10b at any specified temperature can also be deduced

from Eqs. 2, and 13–16. For example, the obtained

unfolding free energy values of P18A, P62A and wild-type

Ssh10b at 298 K were: DG(wild-type) = 57.2 ± 0.6 kJ/mol,

DG(P18A) = 49.1 ± 0.5 kJ/mol, DG(P62A) = 46.4 ± 0.5 kJ/

mol, agreeing well with those obtained from urea-induced

unfolding experiments. Figure 4 shows the profiles of the

unfolding free energy (DG) of these four proteins (wild-

type Ssh10b, P18A, P62A, and P18AP62A) versus tem-

perature. As shown in Fig. 4, DG for P18A was greater at

lower temperatures than DG for P62A, but was lower at

higher temperatures than that of P62A, in good agreement

with experimental results: in the urea-induced unfolding

experiment (298 K) P18A was more stable than P62A,

while in the heat-induced unfolding experiment P62A was

slightly more stable than P18A within the melting region

(about 335–360 K).

Discussion

The proline residue has less configurational entropy than

any other amino acid residue in the unfolded form due to

Fig. 2 CD spectra of Ssh10b

and its variants: a the seven
lines represent the far-UV

spectra of Ssh10b and its

variants; b the seven lines
represent the near-UV spectra of

Ssh10b and its variants
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the configurational hindrance of the pyrrolidine ring

(Suzuki et al. 1987; Matthews et al. 1987; Suzuki 1989).

Therefore, proline residues are thought to play an important

role in maintaining protein stability. It has been estimated

that the stability of the native form of a protein increases by

about 2–4 kJ/mol when a proline residue is introduced into

a protein chain at a location that does not alter the protein

structure (Matthews et al. 1987; Allen et al. 1998; Nich-

olson et al. 1992).

In this work, a series of Pro?Ala variants was con-

structed to study the stability contribution of the four

proline residues in the protein Ssh10b. Using chromatog-

raphy experiments we found that there is a kinetic

equilibrium between the cis- and trans- forms of Ssh10b in

solution due to the presence of Pro62, agreeing well with

published data (Cui et al. 2003). The Pro?Ala replace-

ments in these variants did not cause substantial variation

in the global secondary and tertiary structure of the protein,

as judged from far- and near-UV CD measurements

(Fig. 2).

However, the four single-site mutants in this study

showed differences in stability. Unfolding curves of P6A,

P8A and the Ssh10b wild-type were almost superimposable

in both urea-induced and heat-induced experiments, sug-

gesting that the Pro6 and Pro8 make little contribution to

the stability of Ssh10b. We concluded that, in the folded

state, these two residues may be very flexible, agreeing

well with results from a previous report showing that no

electron density was observed for the first eight amino

Fig. 3 Unfolding profiles for wild-type Ssh10b and its variants:

a representative urea-induced unfolding profiles for wild-type Ssh10b

(filled circles) and its variants: P6A (open circles), P8A (filled
triangles), P18A (open triangles), P62A (filled inverted triangles),

P18AP62A (open inverted triangles), and P6AP8AP18AP62A (filled
stars); continuous lines represent the fit of the experimental data to

the linear extrapolation model; b, representative heat-induced

unfolding profiles for wild-type Ssh10b (filled circles) and its

variants: P18A (open triangles), P62A (filled inverted triangles),

and P18AP62A (open inverted triangles); continuous lines represent

theoretical curves obtained by using the new model

Table 1 Parameters obtained from heat-induced unfolding

experiments

Parameter Value

K* 56.0

DSm (J/mol per deg) 879.8 ± 18.7

DHm (kJ/mol) 332.6 ± 6.5

Tm (K) 345.7 ± 0.2

DCp (kJ/mol) 9.3 ± 0.2

DSN(P62) (J/mol per deg) -211.9 ± 5.2

DHN(P62) (kJ/mol) -65.2 ± 2.1

DSU(P18) (J/mol per deg) 85.0 ± 2.6

DHU(P18) (kJ/mol) 27.2 ± 0.8

DSU(P62) (J/mol per deg) 91.2 ± 2.9

DHU(P62) (kJ/mol) 28.7 ± 1.1

Fig. 4 The profiles of the theoretical unfolding free energies of wild-

type Ssh10b and its variants versus temperature: wild-type Ssh10b

(solid line), P18A (dashed line), P62A (dotted line), and P18AP62A

(dashed dotted line)
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acids in the crystal structure of Ssh10b (Wardleworth et al.

2002).

Stability of the other two single-site mutants, P18A and

P62A, decreased greatly relative to the Ssh10b wild-type.

An interesting phenomenon was observed: urea-induced

unfolding experiments at 298 K showed that P18A was

more stable than P62A, while heat-induced unfolding

experiments showed that P62A was slightly more stable

than P18A. This phenomenon is consistent with the pre-

diction of our unfolding model that the contribution of a

proline residue to protein stability is connected with the

thermodynamic equilibrium between the two isomers

induced by the cis–trans isomerization of the peptide bond

between the proline residue and its preceding residue both

in unfolded and folded states.

According to the unfolding model described in ‘‘Mate-

rials and methods’’, relative to the unfolding free energy of

P18AP62A, the increased unfolding free energy of protein

P62A results from the contribution of the Ala18?Pro18

replacement, which can be divided into two components:

(1) a favorable contribution associated with lower config-

urational entropy of the proline residues in the unfolded

state that can be represented as DDGconf = -TDS; and (2)

an unfavorable contribution associated with the isomeri-

zation of peptide bonds Lys17-Pro18 in the unfolded state

that can be represented as DDG18U = -2RT ln (1 ?

KU(P18)), where KU(P18) can be calculated through

Eq. 16.

Relative to the unfolding free energy of P18AP62A, the

increased unfolding free energy of protein P18A results

from the contribution of the Ala62?Pro62 replacement. Due

to the presence of peptide bonds Leu61-Pro62 isomerization

in the native P18A, this contribution can be divided into

three components: (1) a favorable contribution associated

with lower configurational entropy of the proline residues

in the unfolded state that can be represented as DDGconf =

-TDS; (2) an unfavorable contribution associated with

peptide bonds Leu61-Pro62 isomerization in the unfolded

state that can be represented as DDG62U = -2RT ln

(1 ? KU(P62)), where KU(P62) can be calculated through

Eq. 16; and (3) a favorable contribution associated with

peptide bonds Leu61-Pro62 isomerization in the native state

that can be represented as DDG62N = RT ln (1 ? KN(P62)),

where KN(P62) can be calculated through Eq. 16.

The difference in the unfolding free energy between

P62A and P18A can be represented as DDGdiff =

DDG62N ? DDG62U - DDG18U. Generally, DDG62N is

associated with the ratio of cis:trans in peptide bonds

Leu61-Pro62 in the native state, and is temperature-depen-

dent; DDG62U and DDG18U are associated with the ratio of

cis:trans in peptide bonds Leu61-Pro62 and Lys17-Pro18 in

the unfolded state, and are dependent on both primary

sequence and temperature. As the cis-form of Leu61-Pro62

dominates in native state and the values of DDG62U and

DDG18U are similar at lower temperatures, DDGdiff is

mainly determined by DDG62N. For example, the obtained

values of these three sections at 298 K were: DDG62N =

2.9 kJ/mol, DDG62U = -2.1 kJ/mol, DDG18U = -1.9 kJ/

mol, so the difference in the unfolding free energy between

P18A and P62A was 2.7 kJ/mol, agreeing well with the

difference of 3.3 kJ/mol obtained from urea-induced

unfolding experiments. At higher temperatures, due to the

overwhelming prevalence of the trans-form of Leu61-Pro62

in native state, the value of DDG62N tends to zero; therefore

the DDGdiff is mainly determined by the slight difference

between DDG62U and DDG18U. For example, the obtained

values of these three section at 348 K were: DDG62N =

0.2 kJ/mol, DDG62U = -7.1 kJ/mol, DDG18U = -6.2 kJ/

mol, so the difference in the unfolding free energy between

P62A and P18A was -0.7 kJ/mol, agreeing well with the

facts that in the heat-induced unfolding experiment P62A

was slightly more stable than P18A within the melting

region (about 335–360 K).

These arguments form the basis for explaining the

interesting phenomenon described above. Therefore, we

can conclude that proline residues play an important role in

maintaining protein stability, but the contribution of a

specific proline residue to protein stability is not only

associated with its lower configurational entropy in the

unfolded states but also associated with the thermodynamic

equilibrium between cis- and trans-isomers both in the

unfolded and folded states.
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