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Thermodynamic Effects of Disulfide Bonds
on the Structural Stability of Proteins

Yoshihisa Hagihara

(Received Jan. 25, 2010; Accepted Mar. 1, 2010)

Disulfide bond has been believed to stabilize the proteins structure by restricting a
freedom of the unfolded chain. To examine if this notion is true or not, I prepared the trypsin
inhibitor and immunoglobulin fold domain mutants lacking or introducing the disulfide bonds.
Thermodynamic analysis of these mutants indicates that the effects of disulfide bond on the
stability of protein structure include conformational entropy of the native state and intramolecular
interaction, in addition to the restriction of the unfolded chain.
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RPDFCLEPPYTGPCKARIIRYFYNAKAGLCQTFVYGGCRAKRNNFKSAEDCMRTCGGA

wt-BPTI
L) L
2-SSBPTI ~ RPDFCLEPPYTGPCKARIIRYFYNAKAGLAQTFVYGGCRAKRNNFKSAEDALRTCGGA
1 1
p2-m IQRTPKIQVYSRHPAENGKSNFLNCYVSGFHPSDIEVDLLKNGERIEKVEHSDLSFSKDWSFYLLYYTEFTPTEKDEYACRVNHVTLSQPKIVKWDRDM
1 1
CL-frag.  TVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGE
1 1
h-graft DIVMTQSPSSLSASVGDRVTITCRSSTGAVTTSNYASWVQEKPGKLFKGLIGGTNNRAPGVPSRFSGSLIGDKATLTISSLQPEDFATYFCALWY SNHWVFGQGTKVELKR
1 1
wt-VHH QVOLOESGGGLVQAGGSLRLSCAASGRTGSTYDMGWFRQAPGKERESVAAINWDSARTYYASSVRGRFTISRDNAKKTVYLQMNSLKPEDTAVYTCGAGEGGTWDSWGQGTQVTVSS
0-SSVHH QVOLOESGGGLVQAGGSLRLSWAASGRTGSTYDMGWFRQAPGKERESVAAINWDSARTYYASSVRGRFTISRDNAKKTVYLQMNSLKPEDTAVYTaGAGEGGTWDSWGQGTQVTVSS
- . m m mom
1-SSVHH QVOLOESGGGLVQAGGSLRLSWAASGRTGSTYDMGWFRQAPGKERESVCAINWDSARTYYASSVRGRFTCSRDNAKKTVYLQOMNSLKPEDTAVYTAGAGEGGTWDSWGQGTQVTVSS
g = === o= omy
2-SSVHH QVOLOESGGGLVQAGGSLRLSCAASGRTGSTYDMGWFRQAPGKERESVCAINWDSARTYYASSVRGRFTCSRDNAKKTVYLQMNSLKPEDTAVYTCGAGEGGTWDSWGQGTQVTVSS

Fig.1 Amino acid sequences of proteins discussed in this article. Solid lines indicate disulfide bonds and thick

lines among them correspond to the disulfide bonds which were replaced by random mutagenesis.Broken

lines show the introduced artificial disulfide bonds.
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Fig.2 Crystal structures of BPTI (a) and human 2-m
(b). Disulfide bonds removed were indicated
by sticks and positions of cystein residues were
also indicated by numbers. The figures of BPTI
and human B2-m were drawn by PyMol!? using

PDB data of 7PTI'¥ and 1HHG!®), respectively.
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Table 1 Mutations in isolated clones, T at pH 7.4,

and inhibition of trypsin.”

Groups Mutations at T % Inhibition

positions 14/38 of trypsin at

(mutation at 1:1 molar

another position) ratio

at 37 Ce

C38V L/vV 48 4
group M/V 49 3

M/V(A16T) 50 3

1A% 49 0

VIV 47 3
C14G G/L 51 112
group G/M(A27V) 52 115

G/V 52 107

G/Q 49 83

G/Ae 47 100
Ctrl AIV 41 54

L/L 42 8
1-SS BPTI A/A 35 63
2-SS BPTI C/C 64 118

a. In this work, the thermocouple was soaked in the
cell to measure the temperature of the solution more
precisely. Therefore, the Ty, values differ from those
in previous work.

b. The error is roughly =5 % in the linear extrapolation
of measurements to stoichiometric ratios.

c. Ref.7.
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Table 2 Comparison of the thermal stabilities of the

obtained mutants and control proteins.!®

Ig fold domain  Amino acid pair Tm
for replacing S-S bond? (C)
VHH C/C (Oxidized) 61
C/C (Reduced) 41
V/V (Ctrl) 32
W/A 45
A/A 42
W/P G10Db 42
AV 41
W/G 40
S/A G97V 39
A/l 39
A/F 39
G/V 38
G/L 38
V/A 37
A/S 37
G/F 36
S/S 36
G/1 35
G/A 35
A/L 34
B2-m C/C (Oxidized) 63
C/C (Reduced) 37
A/A (Ctrl) 37
\7A% 43
V/A 42
AV 41
Cp fragment C/C (Oxidized) 57
C/C (Reduced) 32
V/A (Ctrl) 29
A/A (Ctrl) 23
AV 37
A/l 36
VIV 35
G/F 29
G/L 26
G/V 24
A graft C/C (Oxidized) 54
C/C (Reduced) 45
A/A (Ctrl) 39
AlY 44
AV 40
L/G 40
V/A 39
F/L W94R 32
VIV not cooperative
v not cooperative
F/Y not cooperative
\\/A% not cooperative
W/1 V17D insoluble

a We have represented the amino acid pairs replacing the S-S
bonds as one-letter amino acid code combinations, such as
A/V. In this representation, the first letter indicates the mutated
amino acid at the position of the first Cys, that is Cys 22 (VHH),
25 (f2-m), 26 (Cp fragment), or 23 (A graft). The second amino
acid corresponds to the mutation at the position of the second
Cys, that is Cys 96 (VHH), 80 (B2-m), 86 (C. fragment), or 91
(A graft).

b The third mutation, G10D, did rather destabilize the protein.
W/P without the third mutation showed a higher Ty (44 C)
than W/P G10D.
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AHy at 37°C / kJ mol !

Mutations at 14 :38 in BPTI (other mutation)

Fig.3 Enthalpy of unfolding of mutants, 1-SS BPTI,
and 2-SS BPTI at 37 C.» The enthalpy values
of unfolding (AHy) at 37 C were calculated from
the thermal unfolding curves for each mutant
at different pHs using a global fitting method.
Because more than six curves were used for
curve fitting, the errors in AHy at 37 T were
very small (< 1 %). Averaged AHy at 37 C for
the C38V group and the C14G group were 180

47 kImol ! and 221 =7 kJ mol - !, respectively.
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ERED 5Nz (Table 3), —J7, A% %121 Poland &
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Table 3 Thermodynamic parameters of VHHs.!D

VHHs Methods AHy ACp u? Average
at 45C2  (kJ mol™!) difference
(kJ mol™1) in ASy
at 45C»
(J mol~ 1K)
0-SSVHH CD 360 7 5.4+0.7
DSC 342+5 4.8+04
wild-type CD 275 +6 53+0.5 —328
DSC 295+£5 4.8+0.3 —203
1-SSVHH CD 309 +3 5.3+0.7 —205
DSC 3125 52+04 —133

a AHy and AC,y were calculated by global fitting of
CD data and linear fitting of AHys obtained from individual
DSC data, respectively.

b The ASys of wild-type and 1-SSVHH were subtracted
by ASus of 0-SSVHH at the same pHs and these values

were averaged.
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Fig.4 Thermal denaturation of VHHs at different

pHs.!'D Unfolding curves of 1-SSVHH measured
by CD at pH 3.9, 3.5, 3.2, 2.9, and 2.6 (a) and
by DSC at pH 4.1, 3.6, 3.3, and 3.0 (b). Gray
continuous lines indicate the curves drawn by
the parameters obtained in global (a) and
individual (b) fitting methods.
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