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Vibrational analysis of peptides, polypeptides and proteins 
XXVII. Structure of gramicidin S from normal mode analyses of low-energy conformations. 
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Normal mode calculations have been carried out on three low-energy structures 
of gramicidin S obtained from conformational energy calculations. When the 
results on the amide modes are compared with observed bands in the infrared 
and Raman spectra of crystalline gramicidin S and its N-deuterated derivative, 
one of the structures is clearly disfavored. Of the other two, one is slightly 
favored, and it corresponds to the lowestenergy structure obtained from the 
energy calculations. Spectra from solutions in DMSO and CH3 OH suggest that 
the molecular conformation is essentially retained in these solvents. 

Key words: gramicidin S ;  infrarcd spectra; normal mode calculations; Raman spectra; @- 
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Normal mode calculations provide a powerful 
method for interpreting the infrared (i.r.) 
and Raman spectra of peptide molecules in 
terms of their conformations (1). This is 
especially true if the number of likely structural 
possibilities can be limited by conformational 
energy calculations (2, 3). In such a case, 
normal mode calculations for each of the struc- 
tures can be compared with the observed 
vibrational spectra, thereby making possible a 
more definitive structural assignment. In this 
paper we report such a study for gramicidin S 
(GrS). 

The CrS molecule is a cyclosymmetric 
decapeptide antibiotic whose chemical struc- 
ture is (L-Val-L-Om-L-Leu-D-Phe-L-Pro), . Early 
X-ray crystallographic studies (4) indicated the 
presence of a two-fold axis of symmetry, and 
led to the proposal of a 0-sheet model as one 
of the most probable structures (5). A similar 
structure was proposed on the basis ot‘ n.m.r. 

studies (6). It consists of two antiparallel 
Val-Orn-Leu strands connected by type 11’ 
0-turns (7) formed by the D-Phe-Pro residues, 
the structure being stabilized by four intra- 
molecular hydrogen bonds between NH and CO 
groups of Val and Leu. A subsequent n.m.r. 
study aimed at deriving the dihedral angles (8) 
led to the suggestion of a type 111 @turn for the 
connecting residues, and such a structure was 
also obtained from early empirical confor- 
mational energy calculations (9). However, 
another analysis of the n.m.r. data in conjunc- 
tion with i.r. studies of the NH stretch modes 
favored the type 11‘ &turn (1 0), and this struc- 
ture was further supported by a study involving 
empirical energy calculations combined with an 
analysis of experimental data (1  1). 

In a systematic and extensive conformational 
energy study of symmetric GrS molecules with 
exact ring closure (12), the type 11’ 0-turn 
structure was shown to be the most stable. This 
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work predicted three such similar structures, 
M I ,  M2, and M3, with M1 (of lowest energy, 
- 14,4kcal/mol) being about 2 kcal/mol more 
stable than the other two (of energy - 12.3 
and - 12.2 kcal/mol, respectively). The M1 
structure was in agreement with available 
experimental data, and more recently has been 
shown (13, 14) to be very similar to the struc- 
ture of a hydrated GrS-urea complex derived 
from a single crystal X-ray analysis ( I  5). Small 
differences in conformation at  the Val and O m  
residues (with the retention of an approximate 
two-fold axis of symmetry in the complex) 
were attributed to intermolecular interactions 
in the crystal (13). 

Previous i.r. studies have concentrated on 
deriving structural information from isolated 
features of the spectra. Thus, an early study of 
the dichroism of the amide I band of single 
crystals of a GrS derivative (16) attempted to 
define the chain conformation, but arrived at 
the conclusion that the structure is based on a 
folded chain not involving a 8-sheet structure. 
From the relative intensities of the amide I 
and amide 11 modes it was stated that the pep- 
tide groups are trans (17). Integrated intensities 
of NH stretch modes were used to determine 
the number of hydrogen bonded NH groups 
(10). Studies of GrS oriented in a stretched 
polyoxyethylene film (18) led to the con- 
clusion that molecules associate with each 
other to form a "cross$'' structure, a feature 
noticed (13) in the X-ray structure (15). A 
recent careful study of the NH stretch modes 
of variably deuterated GrS molecules (19) was 
used to identify the bands associated with par- 
ticular NH groups and, from their frequencies, 
to determine their hydrogen bond lengths. 
Raman studies have been of a similar selective 
nature. For example, a study of solid GrS 
attempted to identify 8-turns from the fre- 
quencies of several amide modes (20). 

In the present work, we have aimed at a 
more complete analysis of the vibrational spec- 
trum of GrS. Since its structure can be thought 
of as a mixture of @-sheet and P-turn confor- 
mations, such a study could proceed from 
previous normal mode calculations of standard 
P-sheet (21) and @-turn (22-24) structures. 
However, interactions between such joined 
structures may not be negligible (23), and we 

have therefore chosen to  calculate the normal 
modes of the entire molecule. This also makes 
it possible, as indicated above, to test whether 
the spectra can distinguish between similar 
structures of comparable energies (1 2), viz., 
between M 1 ,  M2, and M3. As will be seen, 
this is indeed possible, once again demon- 
starting the power of normal mode calcu- 
lations in providing definitive information on 
peptide conformation. 

EXPERIMENTAL PROCEDURES 

Gramicidin S was obtained from Sigma and 
recrystallized twice from 50% acetone. Deuter- 
ated GrS (GrS-ND) was prepared by dissolving 
the peptide in an excess of DzO, allowing 
exchange for - 48 h, and lyophilizing. 

Raman spectra of the crystals were recorded 
using a Spex 1403 double monochromator and 
the 514.5nm excitation line of an Ar' laser. 
The incident power was - 140mW and the 
spectral band pass was 2 cm-' . Infrared spectra 
were recorded in KBr disks, using a Digilab 
FTS20C FTIR spectrometer with a resolution 
of 2cm-' ,  Solution Raman spectra were 
recorded with an instrument described pre- 
viously (25, 26), using the 488.0nm line of an 
Ar+ laser at an incident power of 150-200mW 
and an instrumental resolution of 4cm-' . 

NORMAL MODE CALCULATIONS 

The GrS structures used in the normal mode 
calculations had the backbone dihedral angles 
of the M1, M2, and M3 conformations (12), 
but the side chains (including the Pro ring) 
were approximated by point masses equivalent 
t o  CH3. This was necessary in order to make 
the calculation manageable, but we have 
already shown that such an approximation 
reproduces very well the non-side-chain fre- 
quencies and normal modes of a full calculation 
for a- and 0-poly(L-alanine) (27). I t  should, 
therefore, provide a satisfactory basis for 
analyzing the backbone conformation- 
dependent amide modes of GrS. Various param- 
eters of these structures are given in Table 1, 
and a projection of M I  along the two-fold 
symmetry axis is shown in Fig. 1. It  might be 
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TABLE 1 
Structural parameters of conformations of gramicidin Sa 

6 $ r(H . . . 0) r(N . . . 0)  SNHO < HNO 

Val: Mlb -90 100 2.32' 3.04' 128' 31' 
M2 -9 1 100 2.23 2.99 132 34 
M3 - 97 127 3.75 4.33 120 49 

o r d :  M1 -127 125 
M2 -123 124 
M3 -80 113 

Leu: M1 -156 117 1 .90e 2.89e 164e 1 le 
M2 -152 114 1.92 2.89 165 10 
M3 - 106 95 3.13 3.77 123 44 

D-Phed: M1 60 -137 
M2 59 -137 
M3 92 - 148 

prod: M1 -75 -18 
M2 -75 -13 
M3 -75 - 36 

'r in A, angles in degrees. 
bMl, M2, and M3 from ref. 12. 
'NH(Val). . . OC(Leu) hydrogen bond. 
dAll external hydrogen bonds have r(H . . . 0) = 1.90 A, r(N . . . 0) = 2.86 A, < N H O  = UCOH = 160" (see 
ref. 22). 
eNH(Leu) . . . OC(Va1) hydrogen bond. 

-03 

--. 

e?-- 

FIGURE 1 
Projection of MI structure of gramicidin S along two- 
fold axis, showing external hydrogen bonds and point 
mass representation of side chains. Letters represent 
amino acid residue. Prolyl ring represented by d and 
cb atoms (see text). 

noted that the backbone dihedral angles of M 1 
and M 2  are very similar to each other whereas 
they differ significantly from those of M3. 

Two of the structures, M1 and M2, have 
intramolecular NH(Va1). . . OC(Leu) and NH 
(Leu) . . , OC(Va1) hydrogen bonds, whose prop- 
erties are given in Table 1 ;  both of the 
r(N . . . 0) for M3 are so long that these hardly 
qualify as hydrogen bonds. The other NH and 
CO groups form external hydrogen bonds, and 
we have accounted for their influence, as before 
( 2 2 ) ,  by bonding an 0 atom to an NH group 
and an H atom to a CO group (the parameters 
are given in Table 1). This should provide a 
reasonable basis for determining the intra- 
molecular frequencies, which should be influ- 
enced most by the covalent ring and intra- 
molecular hydrogen-bonding interactions. 
Because the crystal structure of the GrS-urea 
complex (15) shows that two adjacent mole- 
cules are hydrogen bonded through the Om NH 
and CO groups, we have assumed this to be the 
case for crystalline GrS and have allowed for 
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this perturbation to the O m  amide 1 and amide 
11 modes (see below), but not in the calculation 
of the frequencies of a single GrS molecule. 

The internal and local symmetry coordinates 
were defined as in earlier work (28). As a result 
of the two-fold symmetry axis in the molecule, 
there are 118 A species modes (symmetric 
with respect to this axis) and 116 B species 
modes (antisymmetric with respect to this 
axis), all of which can be i.r. and Raman active. 
However, because of the rough planarity of the 
molecule, we would expect strong Raman 
bands to be of A species and strong i.r. bands 
to be of B species. 

The force field was one recently developed 
for 0-poly(L-alanine) with the side chain taken 
as a point mass (27). The intramolecular 
H . . . 0 force constants for M I  and M2 were 
obtained by interpolation from the values for 
polyglycine I (29) and P-poly(t-alanine) (2 l), 
using the actual r(N . . . 0) distances; for M 3  
these force constants were set equal to zero. 

Transition dipole coupling (30, 31) (TDC) 
was incorporated, using transition moments of 
Apeff = 0.37D for amide I and Apeff = 0.269D 
for amide 11. This was done in two stages. First, 
interactions within a single molecule were 
considered, taking appropriate account of the 
eigenvector components from the normal mode 
analysis. Second, since the O m  modes were 
essentially isolated, the interaction across these 
intermolecular hydrogen bonds was calculated. 
This TDC interaction was computed using the 
GrS-urea complex structure ( 1  5), the same 
intermolecular relationship being used for all 
three conformations. 

RESULTS AND DISCUSSION 

The Raman spectra of normal and N-deuterated 
crystalline GrS are given in Fig. 2 and the i.r. 
spectra of these molecules are given in Fig. 3. 
Raman spectra in DMSO-d6 and in CH30H are 
shown in Fig. 4. No dependence on concen- 
tration (from 2% to 9%, w/v) was observed in 
these spectra. Since we are concerned primarily 
with the conformation of this molecule, and 
the normal mode calculations have been carried 
out in the side-chain point-mass approximation, 
we shall not attempt a complete assignment of 
the vibrational spectrum. Rather, we will 

analyze only the conformationally sensitive 
amide 1, 11, Ill, and V bands, the observed and 
calculated frequencies and potential energy 
distributions (PED) of which are given in Tables 
2, 3, 4, and 5, respectively. Such assignment 
assumes that bands due to side chains are inde- 
pendently identifiable. This has been achieved 
by comparison with the detailed calculation 
and analysis of the /3-turn structure of Pro-Leu- 
Gly-NH2 (32) for the Pro and Leu (as well as 
Val CH3) modes, and with the Raman bands of 
Phe (33) and the Raman and i.r. spectra of 
polystyrene (34) for the Phe modes. Even 
though the structures are not identical, the 
identification of the NH2 modes of Om is 
assisted by the Pro-Leu-Gly-NH2 analysis (32). 

Crystalline gramicidin S 
Amide I region. The amide I (mainly CO 
stretch) modes in the Raman spectra of GrS 
are observed at 1670VS, 1658sh, and 1646sh 
cm-' (the weak shoulder near 1700 cm-' may 
also be assignable to amide I), In GrS-ND the 
1670 cm-' band has shifted to 1662 cm-' and 
broadened significantly (possibly showing peaks 
at 1662 and 1658cm-'), and a shoulder is 
still present at 1644cm-' . In the i.r. spectrum 
there is a very strong band at 1643 cm-' 
which hardly shifts on N-deuteration, and a 
shoulder at 1655 cm-' which seems to weaken 
in GrS-ND. [Asindicated by the intensity of the 
amide I1 mode at 1534cm-' (see Fig. 3b), 
the GrS-ND is only partially deuterated. How- 
ever, the evidence from the amide 111 region 
(see below) indicates that there is no differen- 
tial exchange of the different NH groups, as 
occurs at lower pH (19).] There is probably 
also a shoulder near 1700cm-'. These bands 
are listed in Table 2, with suggested assignments 
that are discussed below. 

The calculated frequencies shown in Table 2 
were arrived at, as indicated above, by 1) 
computing the normal modes of the molecule, 
2) adding the intramolecular TDC contribution, 
and 3) then adding the intermolecular TDC 
contribution resulting from the hydrogen 
bonding of two molecules through Orn residues. 
The A and B species modes of the molecule 
before applying any TDC interactions were 
found from the calculation to be at essentially 
the same frequency. For example, the Om 
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FIGURE 2 
Raman spectra of crystalline gramkidin S (upper curve) 
and Ndeuterated gramkidin S (lower curve). (a) 
3600-2600 cm-' region, (b) 1800-900 cm-' region, 
(c) 900-100 cm" region. 

FREQUENCY. cm-' 

C 

(65) Leu (6) modes of M 1 in Table 2 are calcu- 
lated at 1655.9 (A) and 1666.0 (B)cm-' . The 
intramolecular TDC contribution shifts each of 
these frequencies by different amounts. In the 
above case, these contributions are 1.3 and 0.4 
em-' , respectively, leading to intramolecular 
frequencies of 1667.2 (A) and 1666.4 (B) cm-' . 
Such intramolecular contributions for all of the 
modes given in Table 2 are as follows [for each 
structure we give the mixed mode (thus, PF 
corresponds to the Pro(39) Phe(2 1) mode) 
followed by the contributions to the A and B 
species]: MI-PF: 10.1, 9.2; FP: -9.7, - 10.4; 
OL: 1.3, 0.4; LO: -4.1, 0.8; V: 0.0, 0.0. M2- 
PF: 9.3, 8.6; FP: - 9.3, - 9.8; 0: 1.6, 0.5; L: 
-3.6,-O0.5;V: -0.2, 1.3. M3-F: 6.0, 5.4;P: 
-6.0, -6.7; V: 2.2, -2.2; OL: 0.0, -4.7; 
LO: 2.1, 1.9. As is clear, the intramolecular 
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infrared spectra of crystalline gramicidin S (upper curve) and N-deuterated gramicidin S (lower curve). (a) 
3600-2200 cm-' region, (b) 1800-500 cm-' region. 
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FIGURE 4 
Raman spectrum of gramicidin S in (a) DMSOd, and (b) m 3 a n o l .  
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TABLE 2 
Amide I modes of gramicidin S 

Observeda Calculated 

R 1.1. M1 M2 M3 

Ab Bb PEDC A B  PED A B PED 

- 1700sh(?) 

1670VS 

1665 1664 

1661 1660 
1660 

1658sh 1655sh 1659 

( 1655 1655 
1646sh 1643VS :::: 

F( 32) P( 32) 

1706 1705 
1673 1672 
1667 1666 

1661 1659 

1657 
1656 

1655 1654 
1654 
1653 

P(41) F(19) 1700 
O(70) 
F(35) P(29) 1667 

1664 

1699 F(5O) 

V(74) 

1659 P(71) 
1659 O(67) L(6) 
1656 L(68) O(6) 

1655 L(68) O(6) 

1647 O(67) L(6) 
~~ ~~~ ~~~ ~ ~ 

aFrequencies in cm- I .  VS = very strong, VW = very weak, sh = shoulder. 
bSymmetry species. 
'PED: potential energy distribution for CO stretch 2 5%. Letter represents amino acid residue. 

TABLE 3 
Amide I1 modes of gramicidin S 

I . r . a  Calculated 

M 1  M2 M3 

Ab Bb PED' A B PED A B  PED 

1590 1586 L(32)0(8) 1590 1585 L(32) O(9) 
1588 1583 L(32)0(8) 1587 1582 L(32)0(9) 

1563w (:::: 1559 0(34)L(6) 1552 1561 0(30)L(8) 

1546M 

1569 O(34) L(6) 1562 1571 O(30) L(8) 1565 1560 F(32) L(8) 

1546 1543 V(37) 1548 1545 V(34)0(6) 1554 1553 0(22)V(13) 
(1545 1542 V(37) 1546 1543 V(34) O(6) 1548 1546 O(22)V(13) 

1539 1535 V(18) L(16) 
1539 1534 V(18) L(16) 

15328 1522 1522 F(36) L(9) 1523 1523 F(37) L(9) 1527 1528 O(22) L(14) V(9) 
1521 1522 F(36) L(9) 1522 1522 F(37) L(9) 1520 1521 q 2 2 )  L(14) V(9) 

'Frequencies in cm- I .  S = strong, W = weak. 
bSymmetry species. 
'PED: potential energy distribution of NH in-plane bend > 5%. Letter represents amino acid residue. 
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TABLE 4 
Amide III  modes of gramicidin S 

Observeda Calculated 

R 1.r. M 1  M2 M3 

V P E D ~  V PED V PED 

1464VW' 

1451VS 

1396 VW 
1387W 
1370VW 
1347M 
1343M 
1340W 
1325VW 
1316M 

1290MW 

1276MW 
1262MW 
1242M 

1226VW 

1202M 
I 1  79M 
1158MW 

145 1VS 

1400 VW 

1390W 
1369W 

1342MW 

1314W 

1279W 
1260W 

1236VW 
I228W 

1194W 

1163MW 

1437 
1410 
1404 
1379 

1339 

1308 

1304 

( :2t; 
1255 
1237 

1231 

1220 
1209 

1165 

F(6) 1458 
P[1467Id 
L[ 14511 

V(11) 1443 
1414 

O(6) F(5) 1407 
L(5) 06) 1382 
L,P[ 1395, 13861 
L[ 13701 
L[1351] 

L[1345] 
CH,(?) 

L[ 13101 

~ ( 1 4 1  ou) 1336 

F(7) 1316 

1305 
O(6) 1298 
F(9) L(7) 1291 

V(1 OJ 1256 
V(8) F(7) 1238 

O(11) 1231 

1218 
L(14J O(9) 1208 

1160 

PI12711 

L[ 12411 

L[ 12231 

I:[ 1207 ] 

P[1165] 

1447 

1429 
1413 
1398 
1379 

1342 

1319 

1305 
1287 
1284 

1247 
1237 

1230 

1219 
1212 

1164 

aFrequencics in cm- I .  S = strong, M = medium, W = weak, V = very weak. 
bPotential energy distribution for NH in-plane bend > 5%. Letters represent amino acid residues. Italicized 
modes have NH in-plane bend as maximum contributor. 
'Italicized frequencies weaken on N-deuteration. 
dAssignments to side chain modes, with frequencies in brackets from Pro-Leu-Gly-NH, (ref. 32), phenylalanine 
(ref. 33), or polystyrene (ref. 34). 

contributions are dependent on the molecular 
conform at ion. 

The intermolecular TDC contribution, 
because of the hydrogen bonding through Orn 
residues, affects only amide I modes of Orn 
and, because of the admixed contribution, 
Leu groups. These contributions to the A and 
B species are essentially equal, and in the above 

620 

example amount to f 6.0cm-'. Thus, we 
expect the final frequencies to be 1667.2 f 
6.0 (A) and 1666.4 f 6.0 (B)cm-' , giving the 
values quoted in Table 2 .  Other frequencies in 
the Table were arrived at by similar procedures. 
We note that in all cases we used for crystalline 
GrS the intermolecular relationship in the GrS- 
urea complex (15); if this is not applicable, 
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TABLE 5 
Amide V modes of gramicidin S 

Observed* Calculated 

R 1.r. M 1  M2 M3 

v P E D ~  v PED v PED 

824M 826W 

8 0 2 v  7981  

756MW 750MW 

723MW 

703M 

675VW 6718 
637VW 
622M 622VW 

603 W 604 VW 
588 VW 

556MW 561W 

537VW 538VW 

509W 509MW 

I 831 

186 
762 

1 147 
726 
711 
706 

( 694 
670 
636 

622 
5 99 
585 

540 

830 

188 
768 

75 1 
720 
708 
702 

686 
671 
633 

621 
602 
5 84 

540 

827 O(8) 

791 O(6) 
189 

752 F(34) 
143 (313) 
718 
707 

674 
666 

615 
601 

'Frequencies in cm-'. S = strong, M = medium, W = weak, V = very weak, B = broad. 
bPotential energy distribution of NH outaf-plane bend 2 5%. Letter represents amino acid residue. 

dAssignments to side chain modes, with frequencies in brackets from Pro-Leu-Gly-NH, (ref. 32), phenylalanine 
(ref. 33), and polystyrene (ref. 34). 

Italicized frequencies weaken on Ndeuteration. 

this will modify Om frequencies near 1672 
and 1660cm-' for M1 and M2 and near 1664, 
1659, and 1647 cm-' for M3. 

The results in Table 2 clearly show that even 
the unperturbed modes are significantly influ- 
enced, in frequency and in mixing, by the 
conformation of the molecule. Furthermore, 
the frequencies calculated for the cyclic GrS 
structure are not a simple superposition of p- 
turn and &sheet modes, indicating that inter- 
actions in such a small molecule are not 
negIigibIe. For example, for a type 11' /3-turn 
(with, however, Gly in the 3-position rather 
than Pro) we would expect (23): CO(L,V)- 

1686, CO(V,L)-1673, CO(F)-1667, CO(P)- 
1665; an antiparallel-chain pleated sheet 
structure should give frequencies near (21) 
1694, 1669, and 1632cm-', particularly for 
the Om residues. In fact, we see that the 
highest frequency is associated with Phe mixed 
with Pro in M1 and M2, that CO(V) is much 
lower, and that no bands are found near 1632 
cm-'. This is not really surprising, since it is 
clear (30, 31) that the specific geometry of 
the TDC interactions determines the frnal fre- 
quencies. But, as can be seen by comparing the 
PEDs in Table 2 with the above results, the 
basic mixing of different groups in the normal 
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modes of GrS is different than that in the "iso- 
lated'' 0-turns (23). This illustrates the caution 
that is necessary in transferring correlations in 
detail between conformations that are only 
superficially similar. 

The assignments given in Table 2 are based 
mainly on frequency matching, and can only be 
suggestive at this stage. They could be made 
more definite if, for example, spectra of selec- 
tively l80 substituted GrS molecules were 
available. All three structures predict bands 
near 1700cm-', and the weak shoulders ob- 
served in the Raman and i.r. spectra in this 
region may be assignable to these modes. The 
very strong Raman band at 1670cm-' is 
reminiscent of a similar band in P-poly(L- 
alanine) (2 1) (at 1669 cm-' ); if it is associated 
with the p-sheet-like portion of the GrS molecule, 
it would be expected to be most correlated 
with A species CO(V) and C O ( 0 )  modes (the 
others being more closely involved with the 0- 
turn). It is therefore satisfying that calculated 
frequencies are found near this value, at 1673 
cm-' for CO(0) in M1 and M2 and at 1667 
cm-' for CO(V) in M3. Since the observed 
band is a composite one (cf. the broadening 
and suggestion of splitting on N-deuteration) , 
we should expect the calculations to predict 
at least one other mode in this region. This is 
clearly the case for M2 and probably still 
acceptably the case for M1 and M3. No specific 
assignments can be given for the weak bands 
near 1657 cm-' since there are too many calcu- 
lated possibilities. The strong i.r. band at 
1643 cm-' should be associated with a B 
species mode. The frequency agreement is best 
with the 1647 cm-' mode of M3, but it may be 
difficult to exclude assignments to the B 
species modes of M 1 and M2 near 1654cm-' . 
The very small apparent shift of the peak of 
this band on deuteration is difficult to under- 
stand, unless it is a consequence of differential 
shifts of its multiple components. 

As a final curious observation, we find that 
the normal mode calculations for all three 
structures predict a band near 1480 cm-' (not 
shown in Table 2 since it is not strictly an 
amide I mode) whose largest contribution to 
the PED for M 1  and M2 [next largest for M3] 
is F(26) [F(23) for m3]. This is an unusually 
low frequency for a mode with such a large CO 

stretch contribution [the other large contri- 
butions are C a C ( F )  stretch and HQ(F) bend 21, 
but it is interesting that a shoulder at 1471 
cm-' in the i.r. definitely shifts down by about 
2 cm-' on deuteration, analogous to the 
behavior of other CO stretch modes. I f  this 
assignment is indeed correct, it demonstrates 
again the subtle mixing of internal coordinates 
that is possible in normal modes and how they 
can be revealed by such an analysis. 

In summary, all three structures give reason- 
able predictions of the observed amide I bands, 
and it is difficult to distinguish conclusively 
between these conformations on the basis of 
this region. 

Amide II region. The amide I1 [mainly NH in- 
plane-bend (ib)] modes appear as strong bands 
in the i.r. and weakly or not a t  all in the Raman 
spectrum [we find a very weak band near 
I540cm-' in the Raman spectrum which may 
be an amide I1 mode; the 1604 and 1584cm-' 
bands are due to the Phe side chain]. The i .r.  
spectrum of GrS has a strong asymmetric band 
centered at 1532 cm-' . On deuteration this 
band weakens and exhibits distinct amide 11 
components at 1563, 1546, and 1532 cm-' 
[the shoulder at 1503 cm-' is due to the Phe 
side chain]. In Table 3 we compare these ob- 
served bands with the amide I1 modes calcu- 
lated for the three structures. 

The bands at 1563 and 1546cm-' can be 
well accounted for by all three structures, 
although the assignments to particular amino 
acid residues are significantly different in M 3  
than in M1 and M2. It is interesting to note 
that, for a standard type 11' @-turn (23),a band 
corresponding to NH(0) is predicted at 1559 
cm-', as in GrS, but although a band is also 
predicted at 1546cm-' it corresponds to  an 
NH(L,F) mode rather than the NH(V) mode of 
GrS MI and M2 [the corresponding NH(V) 
mode of the type 11' 0-turn is predicted (23) 
at 1531 cm-' 1 .  The assignment of the strong 
1532cm-' i.r. band cannot be made with 
certainty at present: its frequency is in better 
agreement with those calculated for M3, but 
an assignment to M1 or M2 may not be exclud- 
able at this point, particularly if, as in the case 
of other 0-turn structures (2, 3, 32), there is 
a tendency to  calculate the lower amide I1 
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frequencies on the low side. This point will 
require further study. 

Again, the amide I1 region of GrS provides 
no  clear-cut distinction between the three 
structures, although the observed bands can be 
accounted for quite well by the calculated fre- 
quencies. 

Amide In region. The amide 111 mode usually 
involves NH ib and CN stretch coordinates. 
This mode has been used an an indicator of 
conformation, although it has been noted that 
its frequency exhibits a significant sensitivity 
to sidechain composition (35). In addition, 
analyses of the normal modes of &turns (22, 
23) have emphasized that NH ib contributes 
importantly to  many bands in the region of 
1 200- 1400 cm-’ besides those few generally 
held to be characteristic of conformation. In 
what follows, we shall examine this entire 
deuteration-sensitive region. 

In Table 4, we list all of the observed Raman 
and i.r. bands in the frequency region involving 
NH ib, italicizing those that weaken on deuter- 
ation. Those bands that are unaffected by 
deuteration are very satisfactorily assigned to 
modes of the Pro (32), Leu (32) (and, by 
extension, Val), and Phe (33, 34) side chains, 
and the related frequencies in Pro-Leu-Gly- 
NH2 (32) are given in brackets.The deuteration- 
sensitive bands (as well as a few others) mostly 
contain HQ bend as the major contributor to 
the PED; we have not listed these but only the 
NH ib contribution, with the PED percentage 
in parentheses. In some cases this contribution 
is in fact the largest, and these have been 
italicized in the PED column. It is interesting 
that contributions have to be considered at the 
5- 10% level in order to explain the observed 
deuteration behaviour of some bands. 

The first unusual feature to be seen from 
Table 4 is the extensive range over which NH 
ib is predicted to contribute, viz. 1451-1165 
cm-’ (for M 1). This is much larger than that in 
Pro-Leu-Gly-NH2 (32), viz. 1375- 124 1 cm-’ , 
but is comparable to  that in polyglycine I (29), 
viz. 1422-1157cm-’ (for which there are 
corresponding observed bands in both com- 
pounds). Second, not only d o  observed deuter- 
ation-sensitive bands span this range, but there 
is also very good agreement between observed 

and calculated frequencies. [The weak Raman 
band at 1120 cm-’ that disappears on deuter- 
ation is probably an NH2 rock mode, which 
occurs as a strong Raman band at 1135 cm-’ 
in Pro-Leu-Gly-NH2 (32).] And finally, there 
seems to be a greater sensitivity to confor- 
mation than was the case for the amide I and 
I1 modes. Thus, the M2 structure does not 
predict an NH ib mode (at the 25% level) 
near the observed 1464cm-’ band; M3 is 
poorer in predicting the value of the 126 1 cm-’ 
bands; and M 3  misses badly in accounting for 
the clearly deuteration-sensitive band at 1 179 
cm-’ [note the nearly “internal reference” 
Phe band at 1202 cm-’ ] , instead predicting 
such modes in the 1210-1220cm-’ region 
where in fact no Raman or i.r. bands are even 
observed . 

These results indicate that the force field 
has good predictability and sensitivity to 
conformation, and suggest that perhaps struc- 
ture M3 is disfavored compared to M 1  and M2. 

Amide V region. The amide V mode usually 
combines CN torsion with NH out-of-plane- 
bend (ob). It is a very sensitive indicator of 
conformation, distinguishing easily not only 
between a-helix and 8-sheet structures but also 
between 8-turns (23). It might therefore be 
hoped that analysis of this region would 
provide more definitive information about the 
conformation of GrS. 

In Table 5, we list all of the observed Raman 
and i.r. bands in the frequency region involving 
NH ob, italicizing those that weaken on deuter- 
ation. There is some problem with the i.r. bands 
at 750 and 703cm-’, since they are contri- 
buted to mainly by the Phe ring (34), but if 
they are compared to the “internal reference” 
bands at 561 and 509 cm-’ (which remain rela- 
tively constant) they definitely decrease slightly 
in intensity on deuteration. The same is true if 
we consider the 671 cm-’ band to be the peak 
of a broad band underlying that region. We 
have listed in Table 5 all of the calculated 
frequencies in this region, but have given only 
the NH ob contributions to these modes. 

The most striking feature of the results is 
that structure M 3  cannot account for the 
significant intensity decreases on deuteration. 
One of the more clear-cut effects of deuteration 
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is the disappearance of i.r. bands at 604 and 
588cm-'; the M 3  structure does not even 
predict modes with NH ob in this region. Nor 
does it predict similar intensity decreases at 
723, 703, 671 and 637cm-' . The NH ob co- 
ordinate makes no contribution throughout 
the entire region from 718 to 562 cm-' , but 
only above and below these frequencies! On the 
other hand, the M1 and M2 structures can 
account very well for the deuteration-sensitive 
bands. (The band near 800cm-' that weakens 
on deuteration is probably an NH2 mode.) The 
only small difference is that M2 does not 
account for the deuteration sensitivity of the 
637 cm-' band. 

It seems reasonable, therefore, to conclude 
that the Raman and i.r. spectra of crystalline 
GrS, together with the normal mode calcu- 
lations, argue strongly against the M3 structure 
but are in good agreement with predictions for 
M 1 and M2, perhaps slightly favoring M 1. 

Gramicidin S in solution 
The Raman spectrum of GrS in solution (Fig. 4) 
clearly shows many similarities to that in the 
crystalline state, suggesting a probable retention 
of structure in solution. In the brief analysis 
that follows we examine whether such a 
hypothesis is consistent with the observed data. 

Since DMSO is only a hydrogen bond 
acceptor, we expect those amide I modes to be 
most affected whose contributing CO groups 
are normally externally hydrogen bonded. 
These are Phe, Pro, and Orn modes, and we 
would expect the Om splitting due to TDC 
interactions between adjacent molecules in the 
crystal to disappear in solution. The strong 
Raman band at 1670cm-' in the crystal 
exhibits two definite peaks in solution, at 1678 
and 1667 cm-' . Since N-deuteration showed 
the crystalline band to have two components, 
it is reasonable to suppose that these 
components are no longer overlapping in solu- 
tion. In terms of the M1 structure and the TDC 
interaction, the Om mode should be lowered, 
and therefore the 1667cm-' band should be 
assigned to Om. This is exactly the frequency 
we predicted for the Orn amide I mode in the 
absence of the intermolecular TDC interaction 
(see above). This implies (cf. Table 2) that the 
1678 cm-' band derives from a Phe mode that 

has shifted up by about 13 cm-' from 1665 
cm-' , which is in the right direction for a CO 
group that is no longer hydrogen bonded to 
NH. [The quantitative details of such shifts 
are obviously complicated by unknown di- 
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FIGURE 5 
Infrared spectra of gramicidin S (a) in the solid state 
and (b) in DMSOd, 
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electric constant effects associated with the 
solvent.] By analogous reasoning, amide I 
modes of internally hydrogen bonded Leu and 
Val should be less affected if the molecular 
conformation in the crystal is retained in solu- 
tion. This is observed for the relatively 
unchanged shoulder near 1658cm-', which is 
assigned (cf. Table 2) to Leu. The strong i.r. 
band at 1643cm-' shifts up by 8cm-' in 
DMSO (see Fig. 5). Since this band sharpens 
and becomes more symmetrical in DMSO 
[again indicating that the 1655 cm-' shoulder 
in the i.r. has not shifted] the results suggest 
that the Val CO group is somewhat affected, 
perhaps as a result of a greater accessibility to 
solvent or a slight change in conformation in 
this region of the molecule. The integrity of the 
fl-turn region would result in a relatively 
constant Leu amide I mode. The behavior of the 
amide I region is thus consistent with the essen- 
tial retention of the crystalline conformation in 
DMSO solution, with a possible small change 
in the CO (Val) region. 

A similar conclusion is reached from analysis 
of the amide I11 modes. In this case, external 
NH groups can form hydrogen bonds to DMSO, 
and we therefore do not expect any major 
changes in frequency if the conformation 
remains the same, particularly since most 
modes do not have NH ib as the major con- 
tributor. For those that do have a major NH ib 
contribution, viz. observed Raman bands at 
1343 and 1262 cm-' , it is interesting to note 
(cf. Table 4) that these correspond to  internal 
NH(Va1) hydrogen bonds. We expect such 
bands to remain relatively constant if the 
conformation at the &turn is unchanged, and 
indeed the above two bands hardly shift in 
DMSO (cf. Fig. 4). The 1316cm-' Phe band 
shifts slightly (to 1318cm-'), which may 
account for the small shift of the 1242cm-' 
band (to 1237cm-') since it contains a Phe 
contribution. Thus, the amide 111 region also 
indicates an intact &turn region. 

Finally, this argument is strongly supported 
by the amide V region (although here the 
spectra are for GrS in methanol). The normal 
mode analysis (cf. Table 5) shows that the weak 
Raman band at 603 cm-' should be assigned in 
M1 to a mode with Leu NH ob. The fact that 
this band is present in solution strongly suggests 

that the molecular conformation is essentially 
unaltered in solution. 

CONCLUSIONS 

The normal mode analyses of the low energy 
M1, M2, and M3 conformations of GrS (12) 
have demonstrated two important points. 
First, because of its poorer agreement with 
observed i.r. and Raman spectra, the M3 struc- 
ture (of W e s t  energy of the three) can be 
confidently eliminated as the one present in 
crystalline GrS. It is more difficult to distinguish 
between M 1 and M2, but this is not unexpected 
since the backbone structures are so similar. 
Second, the observed amide I, 11, 111, and V 
modes are remarkably well reproduced by the 
calculation, not only with respect to fre- 
quencies but also with regard to the complex 
forms of the normal modes (cf. the at least 
nine amide I11 modes predicted and experi- 
mentally shown to have NH ib contributions). 
Such agreement has also been observed recently 
in the analysis of Pro-Leu-Gly-NH2 (32), and 
exhibits the power of the normal mode 
approach in studying polypeptide structure 
from vibrational spectra (1). Finally, we note 
that this analysis provides a strong basis for 
inferring that the conformation of GrS in the 
crystal is essentially retained in DMSO and 
CH3 OH solutions. 
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