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SYNOPSIS

In order to relate the observed SH and CS stretch frequencies of the cysteine residue in
proteins more closely to its conformation, we have done normal mode calculations on a
model for this structure, viz., (CCONH)(CNHCO)CHCH,SH. A range of x' and x? were
studied, combined with the ¢,¢ of the a-helix, 8-sheet, glutathione, and extended-helix
conformations. The force field was a combination of a scaled ab initio force field of the
-CH,SH group, obtained from ethanethiol and tested on 1-propanethiol and 3-thiol-N-
methylpropionamide, and our empirical force field for the peptide group. The results provide
more detailed structure-spectra correlations than are possible from experimental studies
of model compounds. © 1992 John Wiley & Sons, Inc.

INTRODUCTION

The cysteine residue side chain, -CH,SH, is an im-
portant one in proteins, both because of its inherent
properties as well as its ability to react with similar
groups to form a disulfide bridge, -CH,SSCH,-, be-
tween polypeptide chains. It is therefore important
to develop detailed spectroscopic correlations for
characterizing its conformation.

It has long been known that the SH stretch (s)
mode, »(SH), is generally found in the range of
2500-2600 cm ™, being weak in the ir and strong in
the Raman spectrum. Since »(SH) is sensitive to
the presence of SH groups and to their environment,
particularly hydrogen bonding, it has been studied
in various proteins, such as hemoglobin, ' eye lens
proteins,®® B-lactoglobulin,® and virus proteins.”®
Conformational information with respect to the C*-
CA-S-H dihedral angle (X 2) has been sought through
experimental studies of model alkanethiols®!! as
well as normal mode calculations on such mole-
cules.'*'® Low-frequency torsional modes have also
been studied*"!% in order to obtain information on
rotational barriers.

The v(CS) mode has been known to give rise to
Raman bands in the 600-800-cm™! region. Confor-
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mational assignments with respect to the C-C*-C*-
S dihedral angle (X') have been based on experi-
mental studies of thiols,”® dialkyl disulfides,®%°
and alkyl sulfides,?! as well as normal mode calcu-
lations on these molecules.??3

While these experimental studies on simple model
compounds have provided an important base for ca-
tegorizing conformational states, the results cannot
be satisfactorily transferred to a detailed under-
standing of the structure-spectra correlations in
proteins, where, as in the case of the disulfide
bridge,?** the conformations of the adjoining pep-
tide groups are probably important. To achieve such
insights requires normal mode analyses with a re-
liable force field on the relevant structures. In pre-
paring for a vibrational study of glutathione,? we
did not feel that current empirical alkanethiol force
fields!%!® were satisfactory, in part because some of
the band assignments in these studies were ques-
tionable. Nor did a force field developed for the
amino acid cysteine® seem suitable, since it was
based in part on the alkanethiol force field® and in
any case only considered the residue conformation
in the crystal.

We have, therefore, by analogy with the disulfide
case, 3! obtained an ab initio force field for the
-CH,SH group. This was scaled using the experi-
mental data on ethanethiol >'® (ET), and was tested
on 1l-propanethiol’*!” (1PT), and 3-thiol-N-
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methylpropionamide® (3TNMP), CH;NHCOCH,
CH,SH, in the latter case using our ab initio force
field for hydrogen-bonded N-methylacetamide®
(NMA). The resulting satisfactory agreement jus-
tified using the -CH,SH force field, together with
our empirical force field for the peptide group,® to
calculate the »(SH) and »(CS) modes of a model
for the cysteine residue in proteins,

CCONH
CH—CH,—SH
CNHCO

as a function of x?,x*, and the ¢,J of the adjacent
peptide groups (¢ and  are the CNC*C and NC“CN
dihedral angles, respectively). The results provide
greater insight into exactly how these frequencies
depend on the complete conformation of the cysteine
residue.

AB INITIO FORCE FIELD OF
CH,SH GROUP

As noted above, we have based the force field of the
-CH,SH group on the scaled ab initio force field of
ET. The calculational procedures were similar to
those used for the disulfide group.®® The structure
is determined by X?, which is known to be ~ 60°
(gauche, G} and ~ 180° (trans, T') for the two stable
conformers.? However, since X2 is more variable in
proteins, we have obtained the force field not only
at the above minima but also at the energy maxima
of X2 ~ 0° (cis, C) and ~ 120° (skew, S). This
provides, as in the case of the disulfide group,®' a
conformation-dependent force field.

The restricted Hartree-Fock calculations were
done using Gaussian 86 with a 3-21G* basis set, the
same basis set as was used for the disulfide calcu-
lations.?® (A calculation was also done with a 4-31G*
basis set, but the results were not significantly dif-
ferent.) Force constants were calculated in cartesian
coordinates by the analytical method at the opti-
mized C, G, S, and T geometries. They were then
transformed into internal coordinates using a nu-
merical method for determining the redundant co-
ordinates.’® Force constants for negative X2, G’ and
S’, can easily be obtained from their positive coun-
terparts.?! Since force constants obtained with such
limited basis sets are generally too high, we have
scaled them according to a standard procedure.*
Because of the similarity of parts of the ET molecule

to the disulfide group, we initially transferred related
scale factors from the latter®® and subsequently re-
fined all scale factors to improve agreement with the
experimental data.

The structures of the four conformers are shown
in Figure 1 and their optimized geometric parame-
ters are given in Table I. A dihedral angle of x*
= 64.8° has been obtained for the G conformer from
analysis of higher level torsional transitions,'® which
compares very well with our calculated value of
64.5°. The relative energies, in kcal /mole, are G = 0,
T =0.317, S = 1.619, and C = 1.906. (The 4-31G*
relative energies are G = 0, T = 0.546, S = 1.666,
and C = 2.054.) This leads to AE(G-T) = 0.317
(compared to an experimental value of 0.3366) and
barriers of G > T = 1.619 (1.410'%), T — G = 1.302
(1.028%%), and G — G' = 1.906 (1.764 '), which are
all in acceptable agreement with experiment.

The internal and local symmetry coordinates are
defined in Tables II and III, respectively. The band
assignments for the G conformer of gaseous ET are
quite secure,®*'® and therefore the refinement of
scale factors was straightforward; these are given in
Table IV. The scaled ab initio force field (for force
constants = 0.03) is given in Table V. The calculated
frequencies based on the full ab initio force field,
with their potential energy distributions (PED), are
given in Table VI for the G and T conformers.
They are compared with observed gas-phase

He
S1
H9 H8
Cu
C3
5
H7 HE
C T
S
Figure 1. Conformations and atom numberings of C,

G
T, G, and S conformers of ET.
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TableI Optimized Geometric Parameters of
Ethanethiol Conformers

Conformer
Parameter® G T S C
CC 1.538 1.541 1.539 1.539
CS 1.826 1.829 1.838 1.838
SH 1.328 1.327 1.325 1.326
CH5 1.082 1.081 1.080 1.080
CH6 1.081 1.081 1.081 1.080
CH7 1.085 1.084 1.085 1.084
CHS8 1.082 1.083 1.083 1.083
CH9 1.084 1.083 1.082 1.083
CSH 97.4 97.9 98.1 98.0
CCS 113.5 109.2 111.9 113.4
SCH5 105.1 109.4 1079 107.5
SCHs6 109.3 109.4 108.4 107.6
CCH7 110.1 109.8 110.0 109.8
CCH8 110.5 110.7 110.7 110.8
CCH9 110.8 110.7 110.5 110.8
CCSH 64.5 181.5 119.8 0.7
H5CSH —175.1 —58.1 —118.6 122.4
H6CSH —59.8 61.1 —2.0 -121.1
H7CCS 176.7 180.5 179.4 179.9
H8CCS 56.4 60.7 59.7 60.3
H9CCS —63.7 —59.8 —60.3 —60.5

®*Bond lengths in A, bond angles in degrees. Numbered H
atoms refer to Figure 1.

frequencies®!*'® and with condensed phase data.’

Calculated ir and Raman intensities are also given.

The agreement between observed gas-phase fre-
quencies and those calculated for the G conformer
is excellent. The one exception is the CH, rock (r)
mode, calculated at 718 cm™! and observed at 736
cm™! (unless the very weak 725-cm ! band'® is as-
signable to this mode ). Its observed shift to 781 cm ™!
in the T conformer,® however, is reasonably well
reproduced by the calculation. [ We should note that
the observed difference between v (SH) and v (SH)
can be accounted for by the difference in force con-
stants f(SH) that results from differences in elec-
tronic structure between the conformers (cf. Table
V), since an unchanged f(SH) results in an un-
changed »(SH). It is therefore unnecessary to invoke
an interaction between SH s and CCSH torsion,1°
(t) which in any case is very small (cf. Table V), in
order to account for this difference. That Ar{calc)
=3 cm™! compared to Ar(obs) = 9 cm ! may be due
to the limited basis set used in our ab initio calcu-
lation or to anharmonicity effects.] For the few
bands assignable to the T conformer, the agreement
is good and the assignments are reasonable. How-

ever, it has been proposed'® that some of these bands
may be combinations or hot bands (e.g., 855 = CS
s+0—>1CS81t,232=1—->2CCt,157T=1—>2CS
t). There was no such assignment for the 675-cm™
band,'® and it and the 781-cm™ band are convinc-
ingly assigned to the T conformer,® so it may be
necessary to reexamine such alternate assign-
ments.'® After all, if AE(G-T') is 0.336 kcal / mole, 1
there should be ~ 36% of the T conformer in the
sample.

The ab initio force field also accounts convinc-
ingly for the frequency shifts on deuteration ( Table
VII). The »(SH) mode of the G conformer shifts
from 2594 (calculated at 2594 ) to 1881 (1866 ) cm ™ ;
this discrepancy is undoubtedly due to the different
(and large) anharmonicities of the SH and SD
modes (the ab initio calculation of course gives har-
monic frequencies). The shift of the CHsrl /CSH
bend (b) mode from 1098 (1100) to 1069 (1064 )
cm ' is well reproduced. The CSH b mode at 870
(870) cm™! moves to 625 (610) ¢cm™!, a reasonable
prediction in view of the different anharmonicities.
What is particularly gratifying is that shifts of modes
not involving significant SH contributions are well
predicted, viz., CS s for G [662 (662) to 676 (670)
cm '] and T [675 (672) to 696 (704) cm '] con-
formers, and CS t for G [191 (191) to 150 (144)

Table II Internal Coordinates of ET?

R1 = Ar(S1—H2)

R2 = Ar(S1—C3)

R3 = Ar(C3—C4)

R4 = Ar(C3—HS5)

R5 = Ar(C3—HS)

R6 = Ar(C4—H7)

R7 = Ar(C4—HS3)

R8 = Ar(C4—HY9)

R9 = AH(C3—S1—H2)
R10 = Af(C4—C3—S1)
R11 = A(S1—C3—Hb5)
R12 = A#(S1—C3—HS6)
R13 = A8(C4—C3—HSb)
R14 = Af(H5—C3—HS6)
R15 = A#(C4—C3—HS®)
R16 = A(C3—C4—HY9)
R17 = A6(C3—C4—H7)
R18 = A(C3—C4—HB)
R19 = AG(H7T—C4—H9)
R20 = A(H7-—C4—HS3)
R21 = AG(H8—C4—H9)
R22 = A7(C38S1)

R23 = A7(C3C4)

® For atom numbering, see Figure 1.
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Table III Local Symmetry Coordinates of ET

Symmetry Coordinates Description®
S1 =R1 SH s
S2 = R2 CSs
S3 = R3 CCs
S4=R4+R5 CH, ss
S5 =R4 — R5 CH, as
S6 =R6 + R7+ R8 CH; ss
S7 = R6 — R7 CH; asl
S8 = 2R8 — R6 — R7 CH; as2
S9 = R9 CSH b
S10 = 5R10 — R11 — R12 — R13 —- R14 — R15 CCSd
S11 = 4R14 — R11 — R12 — R13 — R15 CH; b
S12 = R13 + R15 — R11 — R12 CH, w
S13 = R13 + R11 — R12 — R156 CH, tw
S14 = R11 + R15 — R12 — R13 CH, r
S15 = R19 + R20 + R21 — R16 — R17 — R18 CH; sb
S16 = 2R20 — R19 — R21 CH; ab1
S17 = R19 — R21 CH; ab2
S18 = 2R16 — R17 — R18 CH; r1
S19 = R17 — R18 CH; r2
S20 = R22 CSt
S21 = R23 CCt
S22 = R10 + R11 + R12 + R13 + R14 + R15 Red 1
S23 = R16 + R17 + R18 + R19 + R20 + R21 Red 2

2 s: stretch; ss: symmetric stretch; as: antisymmetric stretch; b: bend, sb: symmetric
bend; ab: antisymmetric bend; d: deformation; w: wag; r: rock; tw: twist; t: torsion;

Red: redundancy.

cm '] and T [157 (166) to 136 (125) cm '] con-
formers. Thus, this force field should be transferable
to other molecules with SH groups.

FORCE FIELD OF CYSTEINE RESIDUE

In order to properly predict the modes of the cysteine
residue in proteins, we need to be sure that the force
field can satisfactorily reproduce the dependence of
v(SH)and »(CS)on X!, and, as found in the disulfide
case,”® the differences introduced by adjacent pep-
tide groups. We have examined the first point by
transferring our ab initio force field to calculations
of the modes of 1P T, the simplest relevant molecule
that can exhibit a X! dependence, and 3TNMP, a
molecule containing an adjacent peptide group and
for which the effects of hydrogen bonding can also
be examined.

1-Propanethiol

The force field used in the calculation of the normal
modes of 1PT consisted of two parts: the ab initio

force field for the -C’H,SH portion of the molecule,
taken from that of ET, and an empirical force field
for the CH3;C*H,- hydrocarbon part of the mole-
cule.’® This combined force field gave reasonably
good frequency agreement with the frequencies of
the expected predominant X*x? = TG conformer,*?
particularly in the low-temperature liquid'? (we
agree with this TG assignment'® but not with the
proposed TT or GT assignments'?). We then did a
least-squares refinement of the empirical force con-
stants (which is not unreasonable in merging two
such force fields) to optimize the agreement. The
force constant changes were very small, and we then
applied this force field to the calculation of the nor-
mal modes of the five possible conformers. The re-
sults are given in Table VIII.

In making the assignments proposed in the table,
we were guided by the consideration that, while the
energy of the TG conformer is the lowest, those of
GG and TT may well be about equal to each other
because of the roughly comparable AE (T-G) for x!
and x%. We find that some spectral results, partic-
ularly in comparing band intensities between gas
(g) room-temperature liquid (lg), and low-temper-
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Table IV Scale Factors for ET and 3STNMP Force

Constants

Internal Coordinate® ET 3TNMP Ratio®
SH s 0.8084 0.7826 0.9681
CSs 0.9045 0.9061 1.0018
CCs 0.9771 0.9281 0.9499
CPH s 0.8255
C*H s 0.8189
CSHb 0.7841 0.7626 0.9726
CCSb 0.8451 0.8470 1.1206
SCHb 0.7602 0.8431 1.1090
C*C’H b 0.7904 0.6718 0.8499
CfC*H b 0.7685 0.8679 1.1294
HCfH b 0.7558 0.7410 0.9804
HC*H b 0.7528 0.7405 0.9837
CCt 0.8590 0.8590 1.0000
CSt 0.6246 0.6246 1.0000
CN s 0.8318 0.9442
COs 0.6962 1.0423
CC*and NC(H;) s 0.8284 0.9827
CNC, NCC?, NCO, and C*CO d 0.7881 0.8651
CNHb 0.8118 1.0667
NCHb 0.7474 0.9558
HC (H;)Hb 0.7686 0.9879
NH ob 0.8849 1.0056
CO ob 1.0179 1.1567
CNt 0.8752 0.9946
CC and NC t* 1.0000 1.0000

® s: stretch; b: bend, ob: out-of-plane bend; d: deformation; t: torsion.
" Ratio of STNMP to ET or N-methylacetamide® scale factors.

¢ From empirical force field.3

ature liquid (1), indicate the presence of TT as
well as GG conformers (contrary to previous
assumptions'®), while there is no evidence for the
necessary presence of G'G or GT.

The predominance of the TG conformer in the I,
phase is attested to by the excellent agreement be-
tween the observed band frequencies and intensities
and the frequencies calculated for the various con-
formers. This is particularly true in view of the
presence of unique TG bands at 961, 898, and
(probably) 781 em™!, and the weakened band at
~ 790 ¢cm ™ and absent band at 655 cm . The pres-
ence of the GG conformer in the g and lg phases is
supported by bands at 1210, ~ 920, 880, 793, and
655 cm™' (although some of these coincide with
bands of the G’G conformer). The intensity change
at ~ 1085 cm ™! indicates the likely presence of the
TT conformer in these phases. The strong bands at
706 and 736 cm ! undoubtedly result from a Fermi
resonance between CS s and the overtone of CCC
deformation (d) (as previously suggested'”), and

several other combination bands are readily indi-
cated. Incidentally, the slightly lower observed
v(SH) (compared to ET'), with a necessarily smaller
f(SH) to give closer agreement, probably reflects
the presence of hydrogen bonding, at least in the
liquid.

Thus, reasonable assignments can be made for
1PT, the results of which show that the ab initio
force field provides a reliable description of the con-
formation dependence of frequencies associated with
the -CH,SH group.

3-Thiol-N-Methylpropionamide

No crystal structure has been reported for STNMP,
and we have therefore used aqueous solution data>?
in refining the scale factors for this molecule (these
frequencies are in fact close to those of the solid??).
In order to provide a relevant model for the normal
mode calculations, we have placed H and O atoms
in hydrogen-bonding positions appropriate to the
peptide group, taken from NMA,* and to the SH
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Table V Secaled Ab Initio Force Field of ET for Different Conformers (Force Constants = 0.03)

Value® Value®
Force Force
Constant® C G S T Constant® C G S T
SH 3.903 3.875 3.914 3.882 CH7/CCH¢9 —-0.067 —0.067 —0.068 —0.067
SH/CCS -0.043 -0.011 0.010 0.026 CH7/CCH7 0.052 0.054 0.055 0.054
SC 3.012 3.064 3.016 3.044 CH7/CCHS8 —0.067 —0.068 —-0.068 —0.067
SC/CC 0.145 0.181 0.194 0.181 CH7/HCHa 0.079 0.080 0.077 0.079
SC/CH5 0.076 0.079 0.074 0.070 CH7/HCHb 0.079 0.077 0.079 0.079
SC/CHé6 0.076 0.068 0.030 0.072 CH7/HCHc -0.072 —0.072 —0.072 —0.072
SC/CSH 0.226 0.171 0.209 0.146 CHS8 4.773 4.811 4.770 4.786
SC/CCS 0.208 0.221 0.209 0.158 CH8/CH9 0.048 0.048 0.048 0.048
SC/SCH5 0.177 0.133 0.178 0.185 CHB8/CCS -0.021 -(.033 —0.015 —0.016
SC/SCH®6 0.178 0.182 0.167 0.187 CH8/CCHS®6 0.034 0.036 0.026 0.032
SC/CCH5 —0.193 —-0.187 —-0.198 -(.186 CH8/CCH9 —0.066 —0.065 —0.067 —0.065
SC/HCH6 —0.180 —0.180 —-0.176 —0.154 CH8/CCH7 —0.067 —0.065 —0.067 —0.068
SC/CCHS6 —-0.192 —-0.173 —0.181 —0.186 CH8/CCHS8 0.050 0.049 0.052 0.054
SC/CCH9 —-0.027 —0.031 —0.028 —-0.018 CH8/HCHa —0.070 -0.068 —0.072 —0.070
SC/CCH7 0.058 0.065 0.063 0.045 CH8/HCHb 0.076 0.072 0.077 0.072
CC 4.379 4.383 4.380 4.369 CH8/HCHc 0.078 0.079 0.080 0.078
CC/CH5 0.070 0.075 0.080 0.071 CH9 4771 4.751 4.808 4.782
CC/CHs6 0.070 0.077 0.074 0.071 CH9/CCS —0.021 —0.017 —0.033 —-0.015
CC/CH7 0.075 0.077 0.076 0.073 CH9/CCH5 0.034 0.031 0.036 0.031
CC/CHS8 0.074 0.065 0.074 0.076 CH9/CCH9 0.050 0.049 0.047 0.055
CC/CH9 0.074 0.073 0.065 0.077 CH9/CCH7 —0.067 —0.067 —0.064 —0.068
CC/CSH —0.049 —0.026 0.021 0.053 CH9/CCHS8 —0.066 —0.068 —0.065 —0.066
CC/CCS 0.149 0.139 0.144 0.192 CH9/HCHa 0.077 0.080 0.073 0.073
CC/SCH5 —0.153 —0.150 —0.145 —0.157 CH9/HCHb —0.070 —0.072 ~0.068 —0.071
CC/SCH6 —0.152 —0.143 —0.148 —0.157 CH9/HCHc 0.078 0.081 0.080 0.079
CC/CCH5 0.137 0.141 0.132 0.137 CSH 0.850 0.815 0.824 0.794
CC/HCHS#6 —0.143 —0.142 —0.147 —0.156 CSH/CCS —0.051 —0.061 0.062 0.176
CC/CCHSe6 0.137 0.126 0.143 0.136 CSH/SCHS5 0.058 0.154 0.061 —0.060
CC/CCH9 0.161 0.159 0.170 0.156 CSH/SCH6 0.056 —0.058 —0.067 —0.058
CC/CCH7 0.113 0.100 0.099 0.124 CSH/CCH7 —0.013 —0.006 0.019 0.038
CC/CCHS8 0.161 0.169 0.164 0.156 ccs 0.768 0.737 0.740 0.745
CC/HCHa —0.154 —0.154 —0.147 —0.153 CCS/SCH5 —0.150 —0.145 —0.156 —-0.142
CC/HCHDb —0.154 —0.146 —0.154 —0.153 CCS/SCH6 —0.149 —0.141 —0.133 —0.143
CC/HCHce —-0.143 —0.144 —-0.146 —0.145 CCS/CCH5 —0.177 —0.175 —0.179 —0.155
CH5 4.855 4.829 4.861 4.848 CCS/HCHS6 —0.148 —0.145 —0.149 —0.151
CH5/CH6 0.058 0.051 0.051 0.056 CCS/CCH6 —-0.176 -0.171 —0.153 —0.157
CH5/CCS —-0.052 —0.057 —0.046 —0.051 CCS/CCH9 —0.034 —0.036 —-0.041 —0.036
CH5/SCH5 0.008 0.052 0.005 0.003 CCS/CCH7 0.085 0.091 0.093 0.091
CH5/SCH6 -0.044 —0.059 —0.052 —-0.045 CCS/CCHS8 —0.035 —0.041 —0.040 —0.036
CH5/CCH5 0.056 0.055 0.064 0.057 CCS/CSt —0.000 0.000 0.045 —0.002
CH5/HCH6 0.098 0.090 0.091 0.094 SCH5 0.544 0.549 0.540 0.523
CH5/CCH6 —0.059 —0.066 —0.058 —0.058 SCH5/SCH6 —0.115 —0.110 —0.105 —0.099
CHSs6 4.856 4.841 4.868 4.847 SCH5/CCH5 —0.066 —0.063 —0.069 —0.083
CHs6/CSH 0.014 —0.010 —0.040 —0.002 SCH5/HCHG6 —0.080 —0.071 —0.074 -0.076
CH6/CCS —0.052 —0.047 —0.049 —0.051 SCH5/CCH6 —0.121 -0.126 —0.122 —0.118
CH6/SCHb —0.044 —0.0562 —0.050 —0.045 SCH5/CS t 0.045 —0.011 —0.036 0.004
CH6/CCH5 —-0.059 —0.057 —0.057 —0.058 SCHé6 0.543 0.526 0.526 0.5624
CH6/HCHG6 0.098 0.092 0.094 0.094 SCH6/CCH5 —0.121 —0.120 —0.120 —0.118
CH6/CCH6 0.056 0.063 0.058 0.057 SCH6/HCHS6 —0.080 —0.089 —0.080 —0.076
CH7 4.747 4.719 4.724 4.762 SCH6/CCH6 —0.066 —0.064 —0.076 —0.083
CH7/CHS8 0.049 0.046 0.050 0.048 SCH6/CS t —0.045 0.011 —0.003 —0.003
CH7/CH9 0.049 0.051 0.046 0.048 CCH>5 0.543 0.555 0.556 0.5647
CH7/CCS 0.033 0.043 0.044 0.031 CCH5/HCH6  —0.074 —0.061 —0.074 ~—0.081
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Table V (Continued)
Value® Value®
Force Force
Constant? C G S T Constant® C G S T
CCH5/CCHS6 -0.116 —-0.126 —0.120 —0.113 CCH7/CCH8 —0.126 —-0.126 —-0.125 —0.126
CCH5/CCH9 0.087 0.087 0.089 0.089 CCH7/HCHa —0.084 -0.087 —0.086 —0.085
CCH5/CCH7 -0.037 —-0.039 —0.041 —0.038 CCH7/HCHb —0.084 —0.085 —-0.087 —0.085
CCH5/CCHS8 -0.040 —-0.038 —0.038 —0.040 CCH7/HCHc —0.099 —0.096 —0.095 —0.097
HCHS6 0.490 0.482 0.475 0.465 CCHS8 0.524 0.524 0.528 0.527
HCH6/CCHé6 —0.075 —0.078 —0.073 —0.081 CCHS8/HCHa —0.099 —-0.100 —0.098 —-0.099
CCH6 0.543 0.530 0.534 0.548 CCH8/HCHDb —0.094 —0.090 —0.094 —0.094
CCH6/CCH9 —-0.040 ~0.038 -0.039 —0.040 CCHS8/HCHc —0.089 —0.092 —0.092 —0.090
CCH6/CCH7 —0.037 —0.038 —0.037 —0.038 HCHa 0.454 0.453 0.447 0.452
CCH6/CCHS8 0.087 0.087 0.088 0.089 HCHa/HCHb -0.079 —0.081 —0.080 —0.078
CCH9 0.524 0.525 0.525 0.527 HCHa/HCHc —0.085 —0.082 —0.082 —0.084
CCH9/CCH7 -0.126 ~-0.125 —0.127 —-0.125 HCHb 0.454 0.448 0.452 0.452
CCH9/CCHS8 -0.128 ~0.128 —0.128 —0.129 HCHb/HCHc —0.085 —0.083 —0.081 —0.084
CCHY9/HCHa ~-0.094 ~0.093 —0.090 —0.095 HCHc 0.451 0.451 0.450 0.450
CCH9/HCHb -0.099 ~0.098 —0.099 —-0.099 CSt —0.029 0.035 —0.024 0.028
CCH9/HCHc --0.089 ~0.090 —0.093 —0.090 CCt 0.116 0.098 0.098 0.092
CCH7 0.515 0.510 0.511 0.513
2 XY: X—Y stretch; XYZ: X—Y —Z bend; t: torsion. HCHa: H7C4H9; HCHb: H7C4H8; HCHc: HRC4H9.

b Values included only if force constant for one conformer =0.03.

group, taken from the c¢rystal structure of gluta-
thione.”

Since it is not possible to know a priori which of
the many conformers of STNMP may be most prev-
alent in aqueous solution, we have attempted to an-
swer this question spectroscopically. The confor-
mation of 3TNMP depends on three dihedral angles,
NCC*C? (¢),CC*C?S (x'),and C*CPSH (x?) (see
Figure 2). We have, by analogy with the observa-
tions for ET and 1PT, set X% = G. We then examined
the normal modes of the 15 conformers obtained by
setting X! = T, G,and G'and ¢ = 8', G', G, S, and
T (the ¢ = C structure is obviously of high energy).
Using an initial force field (see below), we did a
least squares refinement of scale factors for each
conformer to the observed non-CH s NH, SH and
(with half the weight) ND, SD frequencies, and ex-
amined the goodness of fit using several criteria. We
assume that, in general, a relatively complete start-
ing force field will refine most satisfactorily for the
conformer (s) that actually gives rise to the observed
frequencies. Such selectivity seems to be indicated
here.

The initial force field was obtained by combining
the ab initio force field of hydrogen-bonded NMA *
with our ab initio force field for ET (except that
empirical values® were used for CC t and NC t).
Since both of these molecules have a C*Hj; rather
than a C“H, group, it was necessary to modify the

force constants at the C“ atom, where the two mol-
ecules ‘“‘merge.” This was done as follows. First, di-
agonal force constants relating to the merged region
were retained from each force field, for example,
f(CPC*H) from the ET force field and f (CC*H)
from the NMA force field. For f (C°H) and f (HC“H)
the ET values were initially used, and an appropriate
starting value was taken for f (CC*C*) 3¢ Of course,
common force constants in each force field were re-
quired to have the same values; thus, what was the
corresponding f (C“H) in the NMA force field must
take the value of f (C*C*) of the ET force field and
what was the f (C“H) of ET must take the value of
f(CC*) of NMA. Second, although all off-diagonal
terms in each force field were retained, it was as-
sumed that there were no interaction terms between
the two parts; thus, for example, f (NCC*, CC*C*)
would be included (with an initial value from the
NMA force field) but not f (NCC*, C*C*?S). Rele-
vant off-diagonal constants not in either force field
were approximated by using the standard scaling
procedure ™ on the corresponding adjusted diagonal
scale factors and applying the resulting scale factor
to the appropriate off-diagonal constant in the ET
or NMA force fields. Third, hydrogen-bond force
constants were chosen from NMA * to give approx-
imate H- - - O s frequencies (below ~ 150 cm ™) in
order to incorporate this effect, without expecting
any accuracy in these modes since no experimental
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Table VI Observed and Calculated Frequencies (in cm™) of ET

v (obs)® v (calc)
Gas Cond »(G) v('T) I(ir)® I(R)® PED*
2980 2988 24.9 11.0 CH,; as(80) CH; as2(11)
2993 25.4 19.7 CH, as(88)
2971vw 2966 2961 6.7 98.7 CH; as1(67) CH, as(17) CH; as2(12)
2961 28.8 72.4 CH; as1(75) CH, ss(17)
2946vs 2950 31.6 78.5 CH; as2(54) CH,, ss(38)
2958 4.8 106.0 CH; as2(78) CH, as(12) CH; as1(10)
2940vs 2931 2937 7.3 109.5 CH, ss(60) CH; as2(24) CH; as1(15)
2942 14.9 1056.2 CH, ss(83) CHj3 as1(13)
2886m 2876 2895 23.6 100.6 CH; ss(97)
2902 19.3 97.2 CH; ss(100)
2594s 2561 2594 13.6 117.0 SH s(100)
2603w 2597 17.0 148.7 SH s(100)
1450 4.1 16.6 CH; ab2(88)
1450w 1451 [ 1453 4.3 16.6 CH; ab2(72) CH,; abl1(21)
1447 10.7 22.7 CH; ab1(87)
1449 99 25.0 CH, ab1(71) CH; ab2(21)
1434 1434 6.1 21.6 CH, b(99)
1443 6.7 18.7 CH, b(100)
1377 1375 6.0 3.2 CH; sb(105)
1375 6.8 2.9 CHj; sb(106)
1275w 1272 1279 129 2.0 CH, w(92)
1278 32.4 1.9 CH, w(94)
1250 1255 4.3 12.7 CH, tw(63) CH; r1(10)
1246 0.6 10.8 CH, tw(57) CH; ri{15)
1098w 1095 1100 13.1 11.9 CH; r1(30) CSH b(23) CH, r(15)
1094 3.9 13.9 CC s(28) CH; r2(26) CSH b(19)
1045w 1052 1048 34 5.0 CC s(39) CH; r2(38)
1021 0.0 6.5 CH, tw(43) CH, r1(27) CH, r(21) CH, r2(10)
985w 971 985 4.8 8.2 CC s(49) CH; r2(28)
990 6.4 6.8 CC s(56) CH; r2(19)
870w 868 870 12.0 7.4 CSH b(57) CH; ri{34) CH, tw(22)
855w 859 1.7 12.7 CSH b(77) CC s(13) CH; r2(11)
736w 738 718 2.5 3.0 CH, r(72) CSH b(17) CH; r1(10)
781 770 5.7 0.4 CH, r(73) CH; r1{(27)
662m 660 662 5.1 25.3 CS s(89)
675w 672 1.9 30.0 CS s(92)
330w 333 330 1.2 2.0 CCS d(88)
308 2.8 0.7 CCS d(95)
246vvw 246 6.1 2.2 CC t(90)
232vvw 240 2.8 2.1 CC t(86)
191w 191 18.8 7.9 CS t(95)
157vvw® 166 22.1 9.6 CS t(98) CC t(14)

2 Gas-phase Raman frequencies: Ref. 16, except for 2594 and 2603, from Ref. 10. Condensed-phase frequencies (average of liquid
and glass phases): Ref. 9.

b I(ir) = calculated ir intensity, I(R) = calculated Raman intensity.

¢ Contributions to potential energy distribution =10. s: Stretch; ss: symmetric stretch; as: antisymmetric stretch; b: bend; sb: symmetric
bend; ab: antisymmetric bend; d: deformation; w: wag; tw: twist; r: rock; t: torsion.

4 Given as 190 cm ™! in Ref. 14 and 193 cm™ in Ref. 15.

¢ Given as 158 cm™ in Refs. 14 and 15.

data are available (in fact, we do not report such frequencies varying by up to ~ 70 cm™' between
modes). conformers. In Table IX we present various mea-
The calculations showed that a number of modes sures of the goodness of fit between the observed

were particularly sensitive to conformation, with frequencies of STNMP and the calculated frequen-
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Table VII Observed and Calculated Frequencies (in em™) of ET-SD

v (cale)
v(obs)® v (G) v (T) PEDP
2988 CH, as(80) CH; as2(11)
2993 CH, as(88)
2971vw 2961 CH; as1(87) CH, as(18) CH; as2(12)
2961 CHj; as1(75) CH, ss(16)
2945vs 2950 CHj; as2(54) CH, ss(38)
2951vw 2958 CH; as2(78) CH, as{12) CH; as1(10)
2940vs 2937 CH,; ss(60) CH; as2(24) CH; as1(15)
2942 CH, ss(83) CH; as1(13)
2882m 2895 CHj; ss(97)
2902 CHj; ss(100)
1881m 1866 SD s(100)
1886sh 1868 SD s(100)
1451 CH; ab2(87)
1450w [ 1453 CH; ab2(72) CH; ab1(21)
1447 CHj; ab1(87)
1449 CHj; ab1(71) CH; ab2(21)
1434 CH, b(99)
1443 CH, b(100)
1375 CHj; sb(105)
1375 CH, sb(106)
1271w 1277 CH, w(94)
1275 CH, w(95)
1253 CH, tw(63) CH; r1(12)
1246 CH, tw(57) CHj3 r1(15)
1069w 1064 CC s(31) CH; r1(29)
1067 CC s(36) CH; r2(32) CH; r1(11)
1046w 1042 CH; r2(30) CH, tw{23) CC s(16) CH, r(15)
1021 CH,; tw(43) CH; r1(28) CH, r(21) CH, r2(10)
978w 984 CC s(48) CH; r2(26)
990 CC s(58) CH; r2(18)
779 CH, r(48) CH; r1(33) CSD b(15)
769 CH, r(73) CH; r1(28)
676m 670 CS s(89) CCS d(10)
696w 704 CS s(63) CSD b(33) CH; r2(11)
625w 610 CSD b(80) CH, r(31)
620 CSD b(56) CS s(32)
325w 326 CCS d(87)
301vvw 302 CCS d(95) CSD b(13)
250vw 244 CC t(93)
232vw 238 CC t(92)
150w 144 CS t(99)
136w 125 CS t(101)

2 Gas-phase Raman frequencies from Ref. 16.

b Contributions to potential energy distribution =10. s: Stretch; ss: symmetric stretch; as: antisymmetric stretch; b: bend; sb: symmetric
bend; ab: antisymmetric bend; d: deformation; w: wag; tw: twist, r: rock; t: torsion.

¢ Given as 149 cm™! in Ref. 15.
4 Given as 125 cm™ in Ref. 15.

cies obtained from a least-squares refinement of
scale factors for each conformer. Since the CS s fre-
quency was well reproduced for ET and 1PT, we
expect that it should be comparably well predicted
in 3TNMP. Thus, the TGG and TG'G conformers,

with discrepancies of 84 and 91 cm ™, respectively,

are unacceptable possibilities for the actually exist-
ing structure(s). A similar potential conclusion
about S'TG, G'TG, GTG, STG, and TTG is
strengthened when we examine the average devia-
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Table VIII Observed and Calculated Frequencies (in cm™) of 1PT

QIAN AND KRIMM

v (obs)® v (calc)
v(g) v(lg) v(ly) TG GG TT G'G GT Mode®
2985 2984 2991 2985 2992 CH, as
29556 2955 2955 2955 2955 CH; as2
2950bd 2950bd 2950bd { 2955 2955 2955 2955 2955 CH; asl
2946 2946 2949 2946 2948 C*H, ss
2934 2931 2936 2935 2936 C*H, as
2881 2880 2880 2880 2881 C*H, ss
2862 2862 2862 2862 2862 CH; sb
25658 2564s 2560s 2570 2570 2573 2570 2573 SH s
1468 1468 1468 1468 1468 CHj; ab2
1458s 1458s {
1450s 1467 1467 1466 1467 1467 CH; abl
1440s 1440s 1442 1435 1449 1440 1449 C*H, b
1424 1424 1425 1426 1428 C*H,; b
1380s 1380s 1380m 1376 1377 1376 1376 1376 CH; sb
290 + 1030 = 1320
1340w 1339m 1340m {
2 X 655 = 1310
1309 CHy w
1298s 1298s 1297s 1294 1285 1283 1287 C*H, w
1285 C*H, w
1240s 1246s 1249s 1259 1256 1257 1252 C°H, w
1228 1218 C*H, tw
1225sh 1225s 1221s
1228 CH, tw
1209 1197 CH, tw
1210w 1208sh {
1204 1203 1207 C*H, tw
1162 1141 C’H, tw
1126 CSH b C*H, tw
1100 CH, r
1105m 1105s 1108s
290 + 810 = 1100
1085 CH; r2
1085s 1088s 1082m
1091 CC*s
1062 10564 1044 CH, tw
1060w 1060sh 1062m 1059 1069 CH; r2
1057 CC*s
1029 1028 1026 1022 1029 CC*s
961vw 961vw 960w 961 CSHb
937 945 940 CSH b
920w 925w 918w 928 CSH b
890s 892s 891vs 898 CCfs
883 884 C*C?s
880sh 880m 880sh
871 875 CH, r
847 851 C*Cfs
837 CH;rl
815w 815w 810s 806 815 802 CH, r
793s 793s 790sh 791 CH, r
780w 779sh 780w 781 C*H, r
781 C*H, r
744 C*H, r



CONFORMATION DEPENDENCE OF SH AND CS STRETCH FREQUENCIES 1513
Table VIII (Continued from the previous page)
v (obs)* v (calc)
v(g) »(lg) v(ly) TG GG TT GG GT Mode®
735m 736m 736vs 736 745 CSs
710s 706m 706vs 2 X 363 = 726
655s 655s 659 666 672 CSs
472 478 467 CCCd
290 + 118 = 408
417 (0)
290 + 135 = 425
363 (5) 365 364 cccd
290 (0.5) 274 274 252 297 278 CCSd
230 (0) 236 230 218 221 205 CSt
141 135 142 137 135 CC*t
118 110 114 111 106 C*C?t

“From Ref. 12, for gas, room-temperature liquid, and low-temperature (—120°C) liquid. Raman intensities of 417-230-cm™! bands

from Ref. 17.

» Only major contributor is given, except for 1126 (GG), where both components are essentially equal. s: Stretch; ss: symmetric
stretch; as: antisymmetric stretch; b: bend; sb: symmetric bend; ab: antisymmetric bend; d: deformation; w: wag; tw: twist, r: rock; t:

torsion.

tion for frequencies <1700 cm ', which is highest
for these conformers. Another criterion might be
the number of modes that show very large deviation,
say =20 cm™!. Such a “sieve” leaves three favorable
cases: SGG, G'G'G, and SG'G. The last is disfavored
by a large discrepancy for the amide V mode and
the first by a large discrepancy for the CSH b mode.
Thus, the G'G’'G conformer, which is overall the
most favored on these (as well as other) criteria,
seems to be the most likely structure in solution. Its
structure is shown in Figure 2, and we present a
complete description of its normal modes in Table
X, with scale factors being given in Table IV. While
this procedure may not guarantee a unique structural
solution, it should provide a test of whether the ET
force field (or a very slight modification of it) can
be transferred to a system in which there are peptide
groups adjacent to the -CH,SH group, as in proteins.

As can be seen from Table X, the agreement be-
tween observed and calculated frequencies is quite
good: the average discrepancy for bands below 1700
cm™!is 4.3 em™!, compared to 5.7 for 1PT and 3.0
for ET. The assignments are reasonable and (not
surprisingly ) differ in some cases from those pre-
viously proposed on empirical grounds.*? We have
also calculated the normal modes of the ND,SD
molecule, and these compare well with the experi-
mental data.* The v(SH) frequency does not depend
on X! and has a small sensitivity to xZ%. Since
(SH)/df(H- - -O) is positive, the lower v(SH)
(compared to ET'), with the required smaller f (SH),

reflects the hydrogen bonding of this group. The
shift on deuteration to 1875 cm ™ (calculated at 1865
cm™') is reasonably well predicted considering the
anharmonicity difference. Amide I at 1634 shifts to
1631 (1621) cm™! and amide II at 1583 shifts to 1496
(1492) cm™! on deuteration. The 1373-cm™! band
shifts to 1335 (1321, C*H, wag (w)) cm™! on deu-
teration, a shift that is reasonably well predicted for
this partially amide III mode. (It may be possible
that a Fermi resonance with 2 X 673 = 1346 also
contributes to the observed 1373- and 1316-cm™’
pair.) The three CH, w and CH, twist (tw) modes
at 1292, 1280, and 1209 cm ™' are replaced by two

(OH18

’

010,/

017
Figure 2. Structure of G'G’G conformer of 3STNMP.
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Table IX Measures of Agreement Between Calculated® and Observed® Frequencies of Conformers

of 3STNMP

Conformer® {AKCS) |4 {lAv])* N(|Av|= 20)* | Av(V) |8 | Av(CSH) |®
S'TG 14 144 3 6 20
GTG 28 13.2 5 11 9
GTG 20 13.1 5 9 16
STG 19 11.6 3 9 8
TTG 14,126' 10.6 3 13 7
SGG 7 8.6 2 11 6
G'GG 3 10.1 4 9 2
GGG 8 9.7 3 5 6
SGG 1 6.0 0 8 14
TGG 84 7.9 2 9 3
SG'G 1 8.4 3 6 1
G'G'G 2 4.3 0 7 0
GG'G 4 8.6 3 8 0
SG'G 6 8.3 0 47 10
TG'G 91 7.7 3 2 2

® Based on least-squares refinement of force field for each conformer (see text).

> From Ref. 32.
¢ ¥x'x? dihedral angles. Prime indicates negative angle.

4 Magnitude of difference between observed and calculated CS stretch mode, in em™.

1

¢ Average magnitude of difference between observed and calculated frequencies, in cm™.

f Number of discrepancies whose magnitude is =20 cm™.

& Magnitude of difference between observed and calculated amide V frequencies, in em™.
" Magnitude of difference between observed and calculated CSH bend mode, in em™.

' CS stretch divided between two modes.

bands on deuteration, 1287 (1275, C*H, tw, C*H,
w) and ~ 1232 (1219, C*H, w) cm™}, while bands
at 1168, 1084, and 1025 cm ™ shift only slightly [ al-
though the 1091- (1107)-cm™ band is now com-
pletely CH; r2]. The ND in-plane bend (ib) mode
appears as a new medium band at 990 (981) cm ™,
while the 881-, 807-, and 770-cm ™! bands reorganize
into modes at 895 (902, C*H, r), 848 (830, CH; rl,
CN s, C’H, r, CC* s), and 767 (777, CO out-of-
plane bend (ob)) cm™'. The »(CS) mode shifts from
673 to 680 (679) cm™ !, and CCS d shifts from 369
to 355 (360) cm™!. This general level of agreement
for the deuterated molecule supports the validity of
the force field and the assignments for STNMP, and
provides the basis for a confident transfer of the ET
force field to a model of the cysteine residue in pro-
teins.

PROTEIN MODEL FOR CYSTEINE RESIDUE

The model system chosen to calculate the confor-
mation dependence of ¥(SH) and v(CS) of the cys-
teine residue in proteins, following our experience
with similar calculations on the disulfide bridge,*
was

CCONH

\
C"H—C"H,—SH

CNHCO

which is shown in Figure 3. The force field consisted
of our ab initio force field for ET combined with our
empirical force field for the peptide group,* a pro-
cedure that proved to be satisfactory in the analysis
of the disulfide bridge.?* The SH group was left non-
hydrogen bonded, since this only affects f (SH) and
we are interested here in the conformation depen-
dence of ¥(SH). The structure is determined by X2,
x! [taken as r(NC*C*S)], and (¢,¥). The calcu-
lations were done for X2 = 180° (T), —150° (D'),
—120° (S'), —90° (B'), —60° (G'), —30° (A'), 0°
(C),30° (A),60° (G),90° (B), 120° (S), and 150°
(D); x! = 180° (N), —60° (C), and 60° (H); and
(b)) = a (—57.4°, —47.5°), v (—86.9°, —3.0°),
(—138.4°,135.7°), and ¢ (—80°, 142°) (the v struc-
ture corresponds to that in glutathione,?” and the ¢
structure is the average extended-helix
conformation®). The X* dependence of the force
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Table X Observed and Calculated Frequencies (in cm™?) of GG'G 3TNMP

v (obs)*
Solid
IR R Solution R v (calc) PED®
2572vs 2573vs 2582vs 2596 SH s(96)
1640s 1639s 1634m 1636 CO s(66) NH ib(21)
1560s 1559w 1583w 1586 NH ib(45) CN s(42) CO s(15)
1469w 1461sh 1463 CH; ab2(67) CH; ab1(22)
1451 C*H, b(93)
1432w 1432m 1433 CH; ab1(73) CH; ab2(24)
1426s 1420m 1419 CPH, b(85)
1407m 1407 CH,; sb(86)
1370w 1372w 1373m 1355 C°H, w{33) CC~ s(20) CN s(14)
NH ib(13) CHj; sbh(11)
1316sh 598 + 720 = 1318
1292m 1292 C*H, w(53) CN s(11)
1275s 1272m 1280m 1277 CH, tw(27) C*H, w(27) C*H, tw(15)
1217s 1222w 1209w 1217 C*H, w(74) C*H, tw(19)
1162s 1162m 1168m 1167 CPH, tw(54) C*H, tw(24) CSH b(11)
1149 CH; r1(55) NC s(14)
1108 CH; r2(85)
1090sh 1090w 1084w 1084 NC s(50) CC* s(16)
1033sh 1032w 1025w 1025 C*C* s(71)
977w 982w 981w 981 CSH b(40) C*H, tw(23) C*H, r(10)
945w 275 + 673 = 948
910s 91vs 912m 908 C*H, r(63)
860m 860m 881m 874 CN s(17) CSH b(14) CH; r1(13)
CC~s(11)
800sh 807w 804 CO ob(17) C*H, r(17) CO ib(12)
765sh 767m 770w 766 C"H, r(36) CO ob(35) CSH b(10)
T20vs 713 CN t(37) NH ob(17) NH t(12)
673s 671m 673vs 675 CS s(71)
583s 584w 598m 592 CC* 3(23) CO ib{22)
435s 437s 442m 455 C“CN d(32) CO ib(29) CCC d(10)
363w 369w 364 CCS d(58) CCC d(15)
278w 278vs 275m 288 CNC d(40) CS t(18) CCC d(12)
CO ib(11)
251 CS t(57) CNC d(20) C*CN d(13)
191 CCC d(24) C°CN d(20) SH- - - O
s(19)
149 NC t(92)
126 NH ob(61) CN t(45)
63 C*C#t(33) NH- - - O b(17) NH t(15)
42 NH t(62) CN t(13)
24 CO t(94)
8 SH t(79) CS t(11)

2 From Ref. 32.
b Contributions to potential energy distribution = 10. s: Stretch; ss: symmetric stretch; as: antisymmetric stretch; b: bend; sb: symmetric
bend; ab: antisymmetric bend; ib: in-plane bend; ob: out-of-plane bend; d: deformation; w: wag; tw: twist, r: rock; t: torsion.

field was incorporated in the calculation, as in the these 144 structures are given in Table XI. The cal-
case of the disulfide bridge.* culated x? dependence of »(SH) of ET is reproduced
The calculated v(SH) and »(CS) frequencies of here, i.e., Av(T-G) = 3 cm™, but we see that the



1516 QIAN AND KRIMM

Oy

Figure 3. Structure of model for calculations of normal
modes of cysteine residue in proteins.

maximum variation can be 14 ecm™}, viz., Av(S-G).
Since the observed ET difference is much larger,
viz., 9 cm™}, we expect that the observed confor-
mational variation of »(SH) in proteins will be sig-
nificantly larger than the predicted 14 cm™*. Of
course, this will be influenced by the effects of hy-
drogen bonding, so caution will be needed in infer-
ring X2 from »(SH).

With respect to »(CS), we see that, as in the case
of the disulfide bridge,?® it depends strongly on x*
and x!, and particularly on ¢,J. The dependence is
not exactly the same for the two structures, and the
overlapping regions are different. In Table XII we
present the Xx? frequency ranges for the dominant
»(CS) mode as a function of X'¢,¥, and it can be

Table XI Cysteine Residue SH and CS Stretch Frequencies (in cm™)
»(SH) »(CS)*
X2V Nea Ny N3 Ne Ca Cvy Cg Ce Ha Hy HB He
T 9593 739 (66)° 730 (68) 758 (54) 737 (64) 880 (34) 805 (15) 784 (18) 725(33) 683 (45) 711 (16) 673 (69) 668 (62)
669 (52) 708 (37) 667 (20) 683 (54)
D' 2598 738 (69)  739(71) 759(59) 739 (67) 830 (26) 826(22) 812 (16) 814 (15) 681 (43) 711 (16) 669 (69) 666 (60)
679 (31) 668 (50) 706 (37) 1723 (34) 617 (16) 681 (52)
650 (18) 675 (15) 666 (22)
S 2604 734 (71)  I36(71) 756(61) 737 (71) 824 (23) 818(26) 800(25) 805 (19) 680 (41) 710 (15) 665 (68) 664 (60)
679 (27) 666 (43) 704 (37) 720 (33) 618 (19) 679 (53)
651 (24) 651 (24) 673 (17) 665 (25)
B 2597 739 (69) 746 (70) 765 (64) 737 (73) 825 (23) 817(29) 801(27) 798 (21) 684 (48) 711 (23) 675(72) 668 (63)
681 (30) 670 (51) 709 (40) 719 (33) 622 (16) 686 (51)
655 (18) 666 (24)
G 2590 736 (56) 750 (56) 763 {42) 733 (66) 82B(21) 815 (29) 805(24) 793(22) 686 (58) 709 (17) 683 (76) 670 (70}
741 (16) 671 (52) 715 (40) 718 (35) 686 (53)
682 (36) 666 (24)
A 2595 736 (69) 740 (50) 758 (57) 731 (71) 823 (18) 666 (56) 789 (22) 788 (18) 681 (52) 711 (16) 672 (78) 666 (69)
678 (35) 709 (39) 721 (38) 681 (58)
655 (15) 674 (15) 666 (24)
C 2600 729 (68) 728 (71) 750 (55) 728 (69) 674 (31) 803 (18) 786 (18) 784 (15) 675 (45) 673 (58) 661 (74) 663 (68)
652 (24) 660 (28) 704 (35) 720 (37) 617 (21)
657 (33)  672(20) 665 (24)
A 2595 739 (70) 740 (58) 753 (61)  732(60) 836 (25) 832(20) 821 (16) 722 (39) 681 (50) 711 (16) 670 (78) 664 (69)
678 (37) 667 (55) 708 (40) 667 (23) 621 (18) 680 (57)
655 (16)
G 2500 746 (62) 749 (64) 753 (56) 735 (54) 835(30) 830(29) 811(31) 810(19) 687 (51) 713(20) 675 (72) 664 (67)
707(16) 682 (40) 673 (52) 711 (43) 723 (41) 684 (51)
668 (21)
B 2597 743 (72) 743 (74) 75T (62) 738 (66) 830 (25) 824 (26) 804 (27) 806 (18) 684 (45) TI2(18) 671 (73) 664 (64)
682 (31) 672 (51) 708 (41) 723 (37) 621 (19) 683 (51)
655 (19) 667 (22)
S 2604 734 (70) 736 (72) 756 (64) 737 (70) 825(21) 819 (22) 798 (24) 802 (16) 680 (41) 679 (54) 665 (71) 663 (62)
679 (27) 666 (45) 704 (38) 722 (34) 617 (18)
651 (24) 673 (15) 665 (23)
D 2598 738 (68) 741 (62) 761(59) 739 (68) 827(18) 808 (16) 795(23) 791 (19) 681 (43) Til (15) 670 (70) 666 (62)
680 (30) 668 (50) 706 (37) 723(33) 617 (16) 682 (54)
650 (18) 666 (22)

2 x! = 7(NC*C#S), N, C, H are atoms trans to S. o, v, B, € = s o = —57.4°, —47.5°; v = —86.9°, —3.0°; 3 =
= —80°, 142°.

b x? = 7(C*CSSH). T = 180°, D = 150°, S = 120°, B = 90°, G = 60°, A = 30°; prime indicates negative angle.

¢ Potential energy distribution in CS stretch = 15.

—138.4°, 135.7°, ¢
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Table XII Frequency Ranges of CS Stretch
Frequencies® (in cm™!) of Cysteine Residues
in Proteins

xlp, Y Range
Nea 729-746
Ny 728-750
Ng 750-765
Ne 728-739
Ca 674-682
Cy 657673
cB 704-715
Ce 718-725
Ha 680-687
Hy 679-686
Hp 661-683
He 663-670

® For the dominant CS stretch mode from Table XI.

b x! = 7(NC“C*S), N, C, H are atoms trans to S. &, 7, 8, ¢ = ¢,
Yra = —57.4° +47.5% v = —86.9°, —3.0° 8 = —138.4°,135.7°, ¢
= —80°, 142°.

seen that though there is overlap in other regions,
these are unique for NG, C8, and Ce. Within each
of these regions, X? can be (though less uniquely)
characterized from the dependence given in Table
XI. Of course, as in the disulfide case,?® not all
X*X "¢,y may be found with equal probability in pro-
teins. When sufficient structural data are available
to compile such statistics, then, as with the disulfide
bridge,? it will be possible to narrow the confor-
mational probabilities on the basis of such infor-
mation.

At present, detailed experimental data to compare
to the predictions in Table XI are highly limited.
The structure of glutathione is known,*” and the
cysteine residue in it has a conformation close to
BHy. Our predicted »(CS) is 682 cm™!, and the
spectra show a strong Raman band at 679 cm™! and
ashoulder in the ir at 682 cm ™!, % in excellent agree-
ment with our calculation. A neutron diffraction
structure of orthorhombic L-cysteine is known,* and
although it is not exactly relevant since it does not
contain peptide groups, it probably can serve to ver-
ify the general range for »(CS). The unit cell has
molecules whose conformation is close to GH and
G'H, and the observed v(CS) mode is at ~ 690
cm™!.®*? Our predicted value, averaging over ¢y,
is ~ 680 cm™', which is probably reasonable given
the different structures. In monoclinic L-cysteine,
the unit cell has molecules whose conformations are
close to X! = H and x! = N [the x-ray structure

determination did not identify the (S)H], and
»(CS) Raman bands are observed at 677 and 737
cm 1.’ The former frequency is clearly consistent
with a X! = H conformation and the latter with a
x! = N conformation (but not with X! = C, as pos-
sibly suggested!®). These examples thus provide
support for the validity of the calculated frequencies
given in Table XTI as being reliable indicators of cys-
teine residue geometry.

CONCLUSIONS

The development of a reliable ab initio force field
for the -CH,SH group has enabled us to make de-
finitive predictions about the conformational de-
pendence of v(SH ) and »(CS) of the cysteine residue
in proteins. In the case of the strong Raman v(SH)
mode, the frequency shift due to hydrogen bonding
is superimposed on a conformational variation, so
separating these two effects must be taken into ac-
count. For the weaker Raman v(CS) mode, it is of
course necessary that a correct identification of this
band be made in the spectrum. If this is done, the
calculated frequencies given here can provide a more
specific assignment of conformation than was pre-
viously possible on the basis of simple model com-
pound correlations.

This research was supported by NSF grants DMB-8816756
and DMR-9110353.
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