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Vibrational analysis of peptides, polypeptides, and proteins

XVII. Normal modes of crystalline Pro-Leu-Gly-NH;, a type II §-turn
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A normal mode calculation has been done for Pro-Leu-Gly-NH, in its crystalline
type II B-turn structure, and assignments have been made to infrared and Raman
bands of this molecule and its N-deuterated derivative. Observed and calculated
frequencies below 1700 em™! agree to within about 6 cm™!. This analysis pro-
vides a sound basis for studying the conformation dependence of the vibrational

spectrum.
Key words:
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Vibrational spectroscopic analysis, namely

infrared (i.r.) and Raman spectra combined
with normal mode calculations, can be a power-
ful tool in studying the conformation of
peptide molecules. In earlier studies on §-turns
(1,2) we showed, by calculations on canonical
structures, that the amide I, II, III, and V
frequencies could be used to characterize type
I, II, and I B-turns (3). When tested on known
B-turn structures, both in the tetrapeptide
Z-Gly-Pro-Leu-OH (4) and in the protein insulin
(5), such calculations gave good agreement with
observed frequencies. This approach is particu-
larly powerful in discriminating between §-turn
structures suggested by conformational energy
calculations, as was shown by our studies on
cyclo (L-Ala-Gly-Aca) (6) and cyclo (L-Ala-
L[D]-Ala-Aca) (7). We therefore expect that
normal mode analysis should provide a deeper
insight into f-turn conformation than would
otherwise be possible.

We have now extended such an analysis to
the tripeptide Pro-Leu-Gly-NH,. This peptide

g-turns; infrared spectra; melanocyte stimulating hormone; normal mode

is the C-terminal tripeptide of oxytocin, which
is known to be an inhibiting factor for the
release of pituitary melanotropin (melanocyte
stimulating hormone) (8,9). X-ray crystal-
lographic studies on this peptide show that it
has a type I 8-turn structure in the crystal (10).
Raman spectra in the solid state have been
studied (11), as well as Raman (11, 12), n.m.r.
(13-15), and CD (16) spectra in solution, but
no detailed vibrational analysis has been
reported. A preliminary summary has been
given of our earlier work (17).

EXPERIMENTAL PROCEDURES

The Pro-Leu-Gly-NH, was obtained from the
Protein Research Foundation of Japan. It was
crystalline and gave Raman spectra similar to
those reported earlier (11, 12) for material on
which the X-ray analysis was done (10), thus
establishing that our conformation is that
found in the crystal (10). The molecule was
deuterated by dissolving in D,0 for ~36h and
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FIGURE 1

Infrared spectra in the 2200-3600cm™' region of
crystalline Pro-Leu-Gly-NH,, (a) at room tempera-
ture and (c) at liquid N, temperature; and of its V-
deuterated derivative, (b) at room temperature and (d)
at liquid N, temperaturc.

then freeze drying. Infrared spectra were
obtained in KBr disks, at room and liquid N,
temperatures, on a Perkin-Elmer 180 Spectro-
photometer, and these are shown in Figs. 1 and
2. Raman spectra were also recorded at these
temperatures, using a spectrometer described
previously (18) to which data acquisition
capabilities (Cromemco Z-2 microcomputer
system) had been added. The room and liquid
N, temperature spectra are shown in Figs. 3
and 4. These were obtained with 514.5nm
line excitation and a spectral band width of
~1cm™. The estimated accuracy of sharp
bandsis 1-2cm™".

NORMAL MODE CALCULATION

The conformational angles of Pro-Leu-Gly-NH,,
taken from the X-ray analysis (10), are: y{(Pro)
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FIGURE 2

Infrared spectra in the 500-1800cm™ region of
crystalline Pro-Leu-Gly-NH,, (a) at room tempera-
ture and (c) at liquid N, temperature; and of its N-
deuterated derivative, (b) at room temperature and
(d) at liquid N, temperature.

=152.9°,¢, (Leu)=—61.2° ¢, (Leu) =127.8°,
and ¢3(Gly) = 71.8°. These are close to the
“standard” values of the dihedral angles of a
type 11 B-turn (3), viz. (9, V), = —60°, 120°
and ¢3 = 80°. In the X-ray work (10) hydrogen
atom positions were not refined, and there was
considerable variation in the bond lengths and
angles. In our calculation we used the same
structural parameters as in our previous studies
(19, 20). Also, all of the peptide units were
taken as planar, even though the peptide bond
between Pro and Leu is found to deviate by 9°
from planarity (10). A schematic view of the
structure is shown in Fig. 5. One H,0 molecule
is shared by two Pro-Leu-Gly-NH, molecules
(10), the O atom of the H,0 being bonded to
the NH of Gly (r(N...0)=298A) and an
OH bond of H,0 being bonded to the N of Pro
(N ...0)=2.794).

The internal and local symmetry coordinates
for the peptide moiety were defined as in our
earlier work (19). The NH, wagging coordinate
of the trigonal planar CNH, group was defined
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FIGURE 3

Raman spectra in the 2700-3400cm™ region of
crystalline Pro-Leu-Gly-NH,, (a) at room temperature
and (c) at liquid N, temperature; and of its N-
deuterated derivative, (b) at room temperature and (d)
at liquid N, temperature.

as an out-of-plane bend by Aw = Aacsin
(HNH), where Aag is the displacement of the
CN bond from the HNH plane.

The peptide force field used in the present
calculation was taken from those for poly
(glycine I) (21), B-poly(L-alanine) (22), and
poly(L-proline) (23). Additional force constants
were required for the prolyl ring, the leucyl side
chain, and the CONH, end group, and these are
given in Table 1. For the prolyl ring, the intra-
molecular force constants associated with the
NH group were transferred from g-poly(L-

Normal modes of Pro-Leu-Gly-NH,
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FIGURE 4

Raman spectra in the 300-1800cm™ region of
crystalline Pro-Leu-Gly-NH, (a) at room temperature
and (c) at liquid N, temperature; and of its N-
deuterated derivative, (b) at room temperature and (d)
at liquid N, temperature.

alanine (22). While this is somewhat arbitrary,
the complex NH stretching region of the
spectrum does not at present permit an analysis
in great detail. The force constants selected for
the HOH . . . N (Pro) hydrogen bond are really
estimates at this point, but these will affect
mainly the very low frequencies. For the leucyl
side chain, the force constants were transferred
from B-poly(L-alanine) (22) and from work on
hydrocarbons (24). For the CONH, group, a
Urey-Bradley force field for acetamide (25, 26)
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FIGURE §

Structure of crystalline Pro-Leu-Gly-NH,. Broken lines
are hydrogen bonds; small circles are locations of
external oxygen or hydrogen atoms bonded to NH or
CO groups, respectively.

was converted to a valence force field and the
relevant force constants were transferred to
Pro-Leu-Gly-NH,. Of these, f(CNH) was
lowered from 0.700 to 0.590 mdyn* A in order
to give agreement with the lower observed NH,
bend frequency (1615 cm™) than in acetamide
(1640 cm™). This also helps to account for the
lower NH, rock (1135 (R) and 1130 (i.r.} vs.
1154cm™ in acetamide) and higher NH, (i.e.
CN(T)) torsion (868 (i.r) vs. 810cm™) fre-
quencies. Such a change is reasonable for Pro-
Leu-Gly-NH, since we have included hydrogen
bonds for both NH bonds of the NH, group.
The NH, wag force constant was increased
from 0.089 to 0.140mdyn-A in order to
reproduce the NH, wag frequency at ~ 745 em™?
(this mode is found at 700 cm™! in acetamide).
In addition to the intramolecular hydrogen
bond, external hydrogen bonds were included
for all NH and CO groups as was done before
(1), namely by bonding an O atom to an NH
group and an H atom to a CO group. All f(O . ..
H) force constants were obtained by interp-
olation or extrapolation from the values for
poly(glycine I) (21) and B-poly(L-alanine) (22),
using the actual r(N ... 0O) distances from the

crystal structure (10). Transition dipole coup-
ling (27, 28) was included for amide I (Aptegs
= 0.37D) and amide II (Apiess = 0.29D) modes.

RESULTS AND DISCUSSION

The observed (room temperature) and calcu-
lated frequencies of Pro-Leu-Gly-NH, and its V-
deuterated derivative are given in Tables 2 and
3, respectively. The calculations indicate that
there is strong mixing of internal coordinates
throughout the molecule; for this reason all the
contributions to the potential energy equal to
or greater than 5% are included in Tables 2 and
3.

The NH stretch region is complex, both
because of the presence of NH, and NH groups
(proly! and peptide) as well as the contributions
due to Fermi resonance between fundamentals
and overtones and combinations of NH bend
modes. We will, therefore, not analyze this
region in great detail at the present time. The
NH, antisymmetric stretch (3389W, R and
3395VS, ir) and NH, symmetri¢ stretch
(3235VW, R and 32408, ir.) modes are in
good agreement with similar bands found in
acetamide (25). At low temperature the i.r.
bands shift down, the former to 3376 cm™! and
the latter to (probably) 3214 cm™ (a new band
emerges at 3244 cm™"). This probably is a result
of the stronger hydrogen bonds formed by this
group when the unit cell contracts.

The amide A NH stretch modes are assign-
able to observed i.r. bands at 3314MS and
3240Scm™ (3312 and 3244cm™ at low
temperature) but the specific groups involved
are less certain at present. Because r(N ... 0)
of Gly (2.98 A) is larger than r(N . .. O) of Leu
(2.85A), we expect the frequency of NH(G) to
be higher than that of NH(L). The NH stretch in
saturated ring molecules is found in the region
of 3280-3290cm™ (29) (e.g. pyrrolidone —
3280, 2,5-dimethylpyrrolidone — 3290, piperi-
dine — 3285, all as neat liquids), and the weak
(bifurcated) hydrogen bond between NH(P) of
one molecule and CO(P) of another should
lower this frequency somewhat. It therefore
seems reasonable to associate the 3314 MS cm™
band with NH(G) and the 3240S,bcm™ band
with an overlap of NH(L) and NH(P). (The
higher calculated frequency for Gly results



Normal modes of Pro-Leu-Gly-NH,

TABLE 1
Additional force constants for Pro-Leu-Gly-NH,

Force Constant® ValueP Force Constant Value
Prolyl ring: f(NH) 5.674
f(C®NH) 0.650
f(CPNH) 0.650
f(N...H) 0.050
f(HN ... Hib) 0.010
f(CON ... Hib) 0.050
f(C5N ... Hib) 0.050
CONH, group: f(CO) 8.430 f(NH,NH) ~0.120
f(CN) 6.450 f(CO,NCO) 0.520
f(NH) 6.000 £(CO,C™CO) 0.190
f(O...H) 0.100 £(CO,CeCN)d —0.150
f(C*CO) 1.250 £(CC,CCN) 0.080
f(C*CN) 1.280 £(CC,C*CO) 0.170
f(NCO) 2.500 f(CN,C*CN) —0.080
f(CNH) 0.590 f(CN,NCO) 0.670
f(HNH) 0.320 f(CN,CNH) 0.180
f(NH...0ib,I)¢ 0.040 f(NH,CNH) 0.150
f(NH...0ib,X)¢ 0.056 f(NH,HNH) —0.080
£(CO ob) 0.382 f(NCO,CNH)d 0.251
f(NH, t) 0.500 f(CO ob,NH, t) —0.016
f(NH, w) 0.140 £(CO ob,NH, w) 0.023
£(CO,CN) 0.370 f(NH, t,NH, w) —0.106
f(CN,NH) 0.280

af(AB) = AB bond stretch, f(ABC) = ABC angle bend, f(X,Y) = XY interaction; ib = in-plane angle bend,

ob = out-of-plane angle bend, t = torsion, w = wag.

b Units are mdyn/A for stretch and stretch, stretch force constants, mdyn for stretch, bend force constants, and

mdyn - A for all others.

I = internal hydrogen bond, X = external hydrogen bond.

dFrom poly (glycine 1) force field, ref. 21.

from the higher f(NH) force constant in poly
(glycine I) (21) as compared to that in $-poly
(L-alanine) (22), which was used for Leu and
Pro.) It is interesting that the small shifts in
amide A modes on temperature change are
mirrored in the amide B modes: 3005M and
~3060shcm™ at room temperature and
3032M and 3060Wcm™ at low temperature.
It may be that cell contraction changes the mol-
ecular conformation slightly, altering the
internal HNH ... O = C hydrogen bond, but
has relatively little effect on the hydrogen
bonds formed by the peptide groups.

On N-deuteration a complex pattern of
bands related to ND stretch is found in the
region of 2300—2600cm™. Keeping in mind
that more complex (possibly three-level) Fermi

resonances can occur in this region (30), and
that calculated frequencies are of the order of
50cm™ below observed values (30), a reason-
able assignment of bands nevertheless seems
possible. The ND, antisymmetric and symmetric
stretch modes can be satisfactorily assigned to
i.r. bands at 2552 S and 2403 MS cm !, respect-
ively. (Analogous bands, not shown in the
Figures, are seen in the Raman spectra.) It is
interesting that these bands hardly shift at low
temperature (2552VS and 2405Scm™, re-
spectively), indicating perhaps that very little
conformational change in the molecule occurs
on cooling. Other bands are assignable to ND
stretch, although the exact association must be
considered tentative at this stage since a Fermi
resonance analysis has not been done. They do
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TABLE 2

Observed and calculated frequencies (cm™) of Pro-Leu-Gly-NH,

Observed? Calc. Potential energy distribution®
Raman ir.
3389 VW 3395 VS 3395 NH, as(99)
3314 MS 3285°¢ NH(G) s(98)
3239 NH, ss(97)
3235W,b 3240S,b 3238¢ NH(L) s(98)
3237¢ NH (P) s(98)
3060 sh .
3035 M } amide B
2984 CH,(6,) as2(26), CH, (5 ,) as2(25),
CH,(5,) as1(24), CH,(58,) as1 (24)
2983 CH,(5,) asl (27), CH, (5,) as2(25),
2979 MS 2976 sh CH,(5,) as1(24), CH,(5,) as2(23)
2983 CH,(5,) as2(48), CH,(5,) as2(43)
2982 CH,(5,) as1(47), CH,(5,) asl (44)
2971 MS 2966 S 2965 CH, (Pv) as(48), CH,(PB) as(35),
CH,(P5) as(17)
2963 M 2960 sh 2960 CH,(P5) as(55), CH,(Pg) as(43)
2946 S 2957 CH, (Pv) as(50), CH,(P5) as(28),
CH,(Pg) as(22)
2930 CH,(5,) ss(50), CH,(6,) ss(47)
2938 V8 2935 sh 2930 CH, (5,) 5s(52), CH, (5, ) s5(48)
2928 CH,(G) as(99)
2926 sh 2926 VW 2923 CH, (L) as(87), CYH(L) s(10)
2914 CYH(L) 5(86), CH,(Lg) as(11)
2904 C*H*(P) s(65), CH,(P5) ss(15),
CH, (Py) ss(12), CH,(PB) ss(7)
2903 C*H*(P) s(33), CH, (P5) ss(30),
CH, (PB) ss(19), CH,(Py) ss(16)
2899 MW 2900 sh 2901 CH, (Ps) ss(53), CH, (Pg) ss(28),
CH,(Py) ss(18)
2900 CH, (Py) s5(53), CH,(PB) ss(45)
2875 S 2872 MS 2866 C*H (L) 5(94)
2860 CH, (G) ss(99)
2857 W 2855 sh ( 2855 CH. (LB) 55(94)
1691 MW 1680 VS 1680 CO(P) s(39), CO(L) s(33),
CN(PL) s(11), CN(LG) 5(9)
1664 sh 1662 M 1664 CO(L)s(41), CO(P) s(32),
CN(LG) s(11), CN(PL) s(8)
1652 S 1650 sh 1658 CO(G) s(55), C*CN(G) d(15),
C2C(G) s(9), NH; 1(9),
NH, b(6)
1615 MW 1615 MW 1617 NH, b(49), CN(T) s(32),
CO(G) ib(10), CO(G) s(7)
1565 sh 1568 NH(L) ib(31), C*C(P) s(16),

CN(PL) s(10), CO(P) ib(9),
NC*(P) s(8), H*(P) b2(7),
CO(P) s(7), C*NH(P) d(5)



TABLE 2 (continued)

Normal modes of Pro-Leu-Gly-NH,

Observed®

Raman

ir.

Calc.

Potential energy distribution®

1482 W

1467 M

1451 V§

1423 MW

1395 MW

1384 VW

1375 W

1556 VS

1469 MW

1456 VW

1437 MW

1424 sh

1394 sh

1386 M

1370 M

1545

1498

1479

1477
1458

1454

1453
1451

1451

1447

1423

1406

1404

1402

1401
1396

1391

1383

1375

NH (G) ib(46), CN(LG) s(21),
CeC(L) s(13), CO(L) ib(11),
NC*(G) s(6)

NH(L) ib(23), CENH(P) d(14),
NC¥(P) s(13), CSNH(P) d(13),
CN(PL) 5(10), CH, (Ps) b(6),
CON(P) s(6)

CH, (P8) b(79), CH,(Py) b(10),
CH,(Pp) w(6)

CH, (P5) b(73), CH, (P§) w(12)
CH,(5,) ab1 (35), CH,(5,) ab1 (24),
CH,(5,) ab2(11), CH,(5,) t2(8),
HY(L) bl (5), CH,(5,) ab2(5)

CH, (Py) b(74), CH,(PB) b(11),
CYC8(P) s(6), CH,(Ps) w(6),

CH, (Py) w(5)

CH,(G) b(86), NH, b(6)

CH,(5,) ab2(50), CH,(5,) ab1(22),
CH,(5,) ab2(13), CH,(5,) 11 (6)
CH,(5,) ab2(51), CH,(5,) abl (18),
CH,(5,) abl (11), CH,(5,) r1(8)
CH,(5,) ab1(27), CH, (5,) ab1 (26),
CH,(5,) ab2(20), CH,(5,) ab2(18)
C*CP(P) s(19), CH,(PB) w(18),
CH,(Ps) w(17), H¥*(P) b1 (13),
CH,(P5) b(11), CH,(Py) w(5)

NH, b(21), CH,(G) w(19),
CeC(G) 5(12), CO(G) ib(10),
CN(T) 5(8), CH,(G) b(T)

CH, (Py) w(56), CYC3(P) s(17),
CH,(Pv) b(12), CH,(P5) w(10),
cPCY(P) 5(6)

CH,(5,) sb(63), HY(L) b1(9),

CH, (L) tw(5), CH,(Lg) b(5)
CH, (5,) sb(81), CH,(5,) sb(8)
CH,(LB) b(31), CH,(5,) sb(26),
CYCO(L2) s(13), CH,(5,) sb(9),
CH,(Lg) tw(8)

CH,(P§) w(26), CH,(Py) w(15),
CH,(Pg) w(14), CH, (P§) b(10),
C*CA(P) s(9), CPCY(P) s(8),
CEN(P) 5(8)

CH,(Lg) w(29), CH,(Lg) b(25),
HY(L) b1 (14), CPCY(L) s(11),
CYCE 1) s(9), C2CA(L) 5(5),
CH,(5,) sb(5)

CH, (Lg) b(20), CH,(Lg) tw(19),
CH,(Lg) w(12), H¥(L) b2(8),

C7C® (L2) s(6), HY (L) b1 (5), NH(L) ib(5)
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TABLE 2 (continued)

Observed?

Raman ir.

Calc.

Potential energy distribution®

1351 MW

1345 M
1338 M 1336 M
1310 MW 1314 W
1288 MW 1285 MW
1271 MS 1270 sh

1263 W 1261 M
12418 1241 M

1223 MW 1219 MW

1189 W 1187 W

1177 MW 1174 sh

1165 MW

11358 1130 W

1118 MW

1103 M 1104 W

1354

1350

1335

1328

1300

1282

1266

1244
1237

1220

1196

1168

1164

1154

1144

1134

1125

1115

1109

CH,(G) w(24), CH,{L3) b(9),
CH,(Lg) w(7), NH(G) ib(7),
H®(L) b2(6), NH, b(6),
CO(G) ib(6)

H®(P) b1 (34), CH,(PB) w(28),
CONH (P) d(8), CSNH(P) d(8)
H*(L) b2(25), CH,(G) w(16),
CONH (P) d(7), HX(P) b2(7),
NH(L) ib(6)

CH,(G) w(20), H¥(P) b2(10),
NH (L) ib(9), CENH(P) d(8),
HY(L) b2(6)

CH,(LB) tw(27), CH,(Lg) w(18),
HY(L) b1 (13}, H%(L) b1(8),
CBCY(L) 5(6), NCA(L) s(5)
HY(L) b2(37), CH, (LB) w(18),
HY(L) b2(9), CYCP(L1) 5(9),
H%(L) b1 (6), CYC4(L2) 5(5)
H*(P) b2(16), H¥(L) b2(10),
NH(G) ib(9), CN(PL) s(7),
CH,(G) w(6), NC*(L) 5(5)
CH,(G) tw(85), NH(G) ib(8)
CBCY(L) s(13), HY(L) b2(9),
NCXL) s(7), NCX(G) s(6),
NH(L) ib(5)

CACY(L) s(14), HX(L) b1(9),
NC%(G) s(6), HY(L) b2(6),
HY(L) bl (6), CN(LG) 5(5)
HY(L) b2(28), C7C8(L2) s(12),
H%(L) b1(8), HY(L) b1 (7)
C2CA(L) s(27), NC*(L) s(12),
HY(L) b1(9), CYC8(L1) s(6),
CH,(5,) 11(6)

HY(P) b1(21), NC(P) s(13),
CH, (Py) tw(11), C*CP(P) 5(9)
CH,(Py) tw(41), CH,(Pg) tw(13),
CH,(Ps) tw(12)

H(L) b1 (27), NCXG) s(13),
c7c® (L1) s(9), NC*(L) s(6)
NH, 1(59), CO(G) s(16),
CN(T) 5(6), C*C(G) s(6)
cCB(L) s(38), NC(G) s(11),
CYC(L1) s(9), CH, (5,) 11(8),
CH,(5,) 11 (6)

CH, (Pg) tw(22), CH,(P5) w(10),
CH, (P5) tw(9), CON(P) 5(8),
CPCY(P) s(T), CH,(PB) w(5)
CH, (Ps) tw(35), CH, (P) tw(18),
CYCP (P) s(6), C*N(P) 5(6),
CH,(Ps} w(5)



TABLE 2 (continued)

Normal modes of Pro-Leu-Gly-NH,

Observed?

Raman

ir.

Calc.

Potential energy distribution®

1089 MW

1050 W

1041 M

1013 MS

988 W

976 W

962 MS

957 M

921 VS

916 VS

876 VS

836 W

1087 MW

1046 sh

1038 W

1009 W

984 MW

976 W

958 VW

920 M

914 M

890 VW

868 W

851 vw

1079

1048

1032

1012

995

988

982

979

974

963

921

908

892

885

877

859

853

843

NC%(G) 5(28), H%(L) b1 (18),
CH, (L) tw(13), CH,(5,) r1 (10)
CH,(G) tw(24), CH, (PB) tw(22),
CH,(Ps) tw(20), H¥(P) b2(7)
NC%(G) s(16), NCX(L) s(14),
CH,(5,) r1(12), CH,(G) r(9),
CN(LG) s(8), C*CA(L) s(7)
CH,(5,) 12(47), CH, (5,) r1(23),
CH,(5,) 12(7)

CH,(G) 1{(42), CNCX(L) d(6)
CH,(5,) 12(48), CH,(5,) r1 (11),
CYC4(L2) 5(8), CH,(5,) 11 (7),
CPCY(L) s(5)

CPCY(P) s(18), C2CB(P) s(10),
CH, (P6) 1(10), CH,(G) r(7),
CONH (P) d(7), CH, (PB) 1(6)
CH,(5,) 11 (43), CYCO(L1) s(17),
cBcr@wysan

NC*(P) s(9), CH, (P5) tw(9),
C*C(P) s(7), CEN(P) s(7),
CxCB(P) s(5), HYP) b2(5),
CN(PL) s(5)

CON(P) s(18), CPCY(P) 5(12),
CH,(Pg) r(11), CH, (Py) 1(9),
CYC8(P) s(7), HYP) b1 (7)
CENH (P) d(22), CYC¥(P) s(15),
CH, (Py) tw(9), CH, (Pg) tw(6),
CINH (P) d(6), CH, (P5) tw(6)
CrC8(L2) s(17), CAC(L) s(16),
CH,(G) 1(9), CH,(LB) r(8),
NCeC(L) d(7)

CH,(L#) 1(14), NC*(L) s(11),
cfcY (L) s10), €7t Py s(10),
CH,(5,) r1(7), CPCY(P) 5(6),
CH,(5,) 12(6)

CrC® (P) s(16), CBCY(®) s(9),
CN(PL) s(7), CSNH(P) d(7)
CN(T) t(28), CN(T) s(12),

NH, w(12), CO(G) s(6),

CO(G) ib(5)

CN(T) s(19), CN(T) t(19),
CO(G) 5(9), CO(G) ib(7),
C*C(G) s(T)

C2CPP) 5(12), CC(P) s(9),
CcPCY(P) s(9), NC2(P) 5(6),
CH,(P5) 1(5), CO(P) ib(5)
CH,(LB) 1(16), CYC3(L2) s(1 1),
CH,(G) r(11), C*C(L) s(10),
CN(LG) s(7), CN(T) t(6),
CYCe(L1) 5(5)



V.M. Naik and S. Krimm

TABLE 2 (continued)

Observed?

Raman

ir

Calc.

Potential energy distribution®

777 W

749 MW

695 W,b

647 W

614 W

ST M

542 W

500 M

453 W

10

783 W

747 MS

687 MS

664 VW

645 S

612 MS

570 MS

537 MW

802

751

739

722

704

699

689

669

657

632

603

575

566

502

473
449

CH,(P5) 1(26), CH,(PR) 1(15),
CENH (P) d(9), C*CP(P) s(7),
NCeC(P) d(5)

CO(P) ob(17), CO(L) ib(10),
NH, w(9)

NH, w(23), CO(P) ob(16),

NH . ..O(TX) d(12), CN(T) t(9),
CN(LG) t(7), C*C(G) 5(6)

NH, w(22), NH ... O(TX) d(5),
CN(PL) t(12), CO(L) ib(10),
CN(T) t(8)

CN(LG) t(23), CO(G) ib(9),
NH, w(8), CO(L) ib(7),

C*C(G) s(7), CO(L) ob(5),
NH...O(TX) d(5), NH ... 0(G) d(5)
CN(PL) t(46), NH(L) ob(24),
NH...O(L) d(16)

CH,(Pp) 1(21), CO(P) ib(11),
CoC(P) s(9), CYCEN() d(9),
P (P) d(8), CN(PL) t(8),
NC®C(P) d(6), C*NC® (P) d(6)
CO(P) ib(10), CH,(Py) 1(9),
CEC(P) s(9), CXCP(P) 5(8),
CO(P) ob(8), CENC? (P) d(6),
CN(PL) t(6), CB(P) b2(5)
CeCPCY(P) d(15), CO(P) ob(11),
% P) b2(10), CH, (Py) 1(9),
CH,(P5) 1(9), CPCYCE(P) 4(8),
CENC (P) d(7), NCAC(P) d(6),
NH(L) ob(6)

CO(L) ob(59), C2C(G) s(12),
CA(L) b1(7), CO(G) ib(6)
CN(LG) t(40), NH(G) ob(30),
NH ... O(G) d(18), CO(L) ob(14),
C¥C(G) s(10), CO(G) ib(9),
CECN(L) d(7), CH,(G) w(5)
CN(LG) t(18), C*CN(G) d(16),
NH(G) ob(15), NC*C(G) d(10),
CECN(L) d(10), NC*C(L) d(8),
NH...O(G) d(8)

CH,(Py) 1(31), CH,(Pg) 1 (16),
CH,(Ps) r(15), CPBCYC?(P) d(13),
CYCON(P) d(12), CXCPCY(P) d(5)
COCN(G) d(24), CO(G) ib(15),
CCPCY(L) d(7), CP(L) b2(6),
NC(G) 5(6), NC*C(L) d(5),
NC%C(G) d(5)

0...H(L)s(93)

CO(G) ob(74), CY(L) sd(8)



TABLE 2 (continued)

Normal modes of Pro-Leu-Gly-NH,

Observed®

Raman i.r;

Calc.

Potential energy distribution®

425 W

404 MW

354 W

332 MW

318 MW

295§

280 W

441

433
410
392
380
342
332
310
283
281
269
260

245
236
224
208

201
188

164
148

135
133

CY(L) sd(23), CO(G) ob(21),
O...H(PX)s(14)
O...H(PX)s(80)

O...H(G)s(90)
CY(L) sd(35), CY(P) b2(12),

CY(P) b1 (11), C*CBCY (L) d(),
CO(L) ib(6)

CY(P) b2(42), CY(P) bl (14),
cAwy v (N

CY(P) b1(13), CB(P) b2(11),
CO(L) ib(9), C*CN(L) d(8),
NH(L) ob(8), CNC*(L) d(7)
N...H(P)s(30), CB(P) b1 (18),
CO(P) ib(12), NC¥C(P) d(8),
NH...O(P) d(5)

NC®C(G) d(17), CNCXL) d(14),
CACN(G) d(10), CB(L) b2(9),
CA(P) b2(6)

CY(P) b1 (20), NC*C(G) d(11),
N...H(P)s(10), NH(G) ob(7),
Crcd(L2) t(7), CB(L) b1 (6),
CYCO(L1) t(5), CO(P) ib(5)

N ...H(P)s(47), NCEC(P) d(6),
cB(L) b1 (6), CA(L) b2(5)
N...H(P)s(10), NC*C(L) d(9),
NC*C(G) d(9), CA(P) b1(8),
CO(L) ib(7), CO(P) ob(7),

CY(P) b2(6)

CECN(P) d(19), CB(L) b1 (14),
CNCX(L) d(13), NH(G) ob(10),
NCEC(G) d(7), NC*(L) s(7)
CYCO(L1) 1(60), CYCB(L2) 1(38)
crcdL2) 1@2), et t2n
C®CN(L) d(24), CNCX(L) d(11),
CY(P) b1 (10), CX*CN(P) d(7)
NC2C(G) d(16), C*CPCY(L) d(9),
CY(P) b2(9), NH(G) ob(9),
CNCX(P) d(8)

CON .. .H(P)d(32),CON ... H(P)d(26)
CAN ... H(P)d(19), CTC4(P) t(10),
C8N .. H(P) d(8), CBCY(P) t(7),
CYCON(P) d(6), CPCYCE (P) d(6)
CAN...H(P)d(27), CON ... H(P) d(24),
HN ... H(P) d(17), NC*(P) t(9),
NC8(P) t(9)

CO(G) t(21),H. .. O(L) s(11),
CNC(P) d(8), H ... O(T) s(8)
CO(G) t(60), H . .. O(G) s(9)
COL) t(T1),H...0(G)s(12)

11



V.M. Naik and S. Krimm

TABLE 2 (continued)

Observed? Calc. Potential energy distribution®
Raman ir.
128 H...O0(P)s(26),H...0(G)s(20),
H...O(T)s(12), CO(L) t(8)
126 H...O®)s(54),H...0(G)s(15),
H...O(T)s(12), CO(G) t(6)
123 H...O0(G)s(31),H...0(T) s(14),
H...O(L)s(7), CO(G) t(7)
117 H...O(T)s(13),0...H(PI)s(13),
O...H(L)s(13), CPL) b2(9),
NH (L) ob(8), C*CACY(L) d(7),
H...O®) s(6)
113 H...O(L)s(46), CNCX(P) d(9),
C*Ch(P) t(6)
98 O...H(PI)s(30),H...0(T)s(14)
NH...O®)d(7)
85 CO ... H(L)dQ18), CoCPP) t(6),
NH (G) ob(5)
83 CO...H(G)d(68),CO...H(L)d(7)
79 CO ... H(L) d(34), C*CPCY(L) d(8),
CO ... H(G) d(7), NCEC(L) d(6),
NH ... O(TX) d(5), NH(L) ob (5)
73 NH(G) ob(16), NH . .. O(L) d(12),
NH(TX) t(10), CN(PL) t(7)
64 NH...O(TX)d(31), NH, w(24),
CN(T) t(17), CO ... H(L)d(12),
NH(G) ob(6)
59 CO...H(L)d(12),NH...O®)d(11),
NH(TX) t(9), NH(L) ob(8),
CB(L) b1(6), CO ... H(G) d(6),
CAC(G) t(6), NCXC (L) d(6)
51 CO ... H(PX) d(53), CN(LG) t(9),
NH ... O(G) d(7), NH(G) ob(6)
51 CO ... H(PX) d(43), CN(LG) t(12),
NH ... O(G) d(10), NH(G) ob(7),
CcBCY(L) t(6)
45 CPCY(L) t(27), NH(TX) t(8),
CoC(P) t(7), CXC(G) t(6)
43 NH...O(P) d(19), CPCY(L) t(11),
C2C(G) t(7), C*C(P) t(6),
NH ...O(L) d(6), C*CP(L) t(5),
CNC*(P) d(5)
35 coch(L) t(40), CBCY(L) t(18),
CO(P) t(10), NH(TX) t(5)
34 CO(P) t(81)
30 NH...O(L)d(18),NH...O(P)d(10),
O...H(PI)s(7), CN(PL) t(7),
CPCY(L) 1(6), NC®C (L) d(5)
28 NH(TX) t(33), C*C(G) t(17),
NH(L) ob(10), NH . . . O(L) d(6)
25 NH(G) t(36), C*CP(L) t(15),

12

NH(L) ob(7), NH(L) t(7),



Normal modes of Pro-Leu-Gly-NH,

TABLE 2 (continued)

Observed® Calc.

Raman ir.

Potential energy distribution®

24

21

16

11

8

NH...O(G)d(6),NH...O(L) d(5)
NH(L) t(78), C*C5(L) t(10)
NH(G) t(29), NH(L) ob(17),
CEC(P) t(9), NCX(L) t(9),
NH(TX) t(8), NH . . . O(L) d(7),
CB(Ly b1(6)

NC%(G) t(34), C*C(L) t(15),

NH ... O(G) d(15), NH(G) t(8),
NH(G) ob(7)

CAC(P) t(38), NH . .. O(P) d(9),
NC%G) t(8),0 . .. H(PD) s(7)
CEC(L) t(16), NH(P) t(11),
NC¥G) t(11), COC(P) t(10),
CO...H(PD d(10), NH(TD) t(9),
NH . .. O(TD) d(8), NH(G) ob(8),
NC*(L) t(7)

NH(P) t (84), CAC(P) t(9)

a8 = strong, M = medium, W = weak, V = very, sh = shoulder, b = broad.

b

s = stretch, as = antisymmetric stretch, ss = symmetric stretch, b = angle bend, ib = in-plane angle bend,

ob = out-of-plane angle bend, w = wag, r = rock, t = torsion, d = deformation, sd = symmetric deformation,
tw = twist, L = leucine, G = glycine, P = proline, T = terminal. Numbers 1 and 2 following L refer to C%1 and
€32 of leucine respectively. X refers to external and I refers to intra. In O ... H and H... O the first atom
belongs to the residue in the bracket and the second atom is either an intramolecular or an externally added
atom. In the case of NH ...O and CO...H the groups NH or CO belong to the residue in the bracket. Only

contributions of 5% or greater are included.
€Unperturbed frequency.

not shift in frequency on cooling, but there
are some changes in relative intensities.

The region of the CH stretch modes is com-
plex, since CH;, CH,, and CH groups are
present. It is nevertheless interesting that all of
the observed bands are well accounted for by
the calculations.

The amide I region contains bands that are
mostly CO stretch, mixed with each other and
with NH, modes. The 1680 VScm™ band in
the ir. is well assigned to mixed CO(P) and
CO(L) stretch (the Raman counterpart, at
1691 ecm™ is not coincident, perhaps as a
result of intermolecular effects); its Scm™
downward shift on N-deuteration is well repro-
duced. Another such mode is found near
1660cm™. Because of the smaller {(CO)
constant in the CONH, group (8.430 vs. 9.882
mdyn/A in Pro and Leu), CO(G) stretch is
expected to be the lowest such frequency;

it is well predicted as corresponding to the
1652Scm™ Raman band. This mode contains
only CO(G) stretch, but it also has an admix-
ture of small contributions from NH, rock and
bend. (The main NH, bend mode, with a small
contribution from CO(G) stretch, occurs at
1615cm™.) This accounts for its large pre-
dicted (18cm™'), and observed (17cm™),
downward shift on N-deuteration. Similar shifts
on N-deuteration have been observed for
acetamide (25, 26). It is therefore unnecessary
to invoke a conformational change in the mol-
ecule as the source of this shift (11).

The amide II region exhibits only one strong
band in the i.r., at 1556 cm™, which is moder--
ately well predicted by the calculation. (A very
weak and broad band at ~1510c¢cm™ in the
low temperature spectrum may correspond to
the predicted mode at 1498 cm™.) This con-
trasts with the multiple bands seen for a type I

13
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TABLE 3

Observed and calculated frequencies cm™') of N-deuterated Pro-Leu-Gly-NH,

Observed?® Calc. Potential energy distribution®
Raman ir.
2984 CH,(5,) as2(27), CH, (5 ,) as2(24),
CH,(5,) as1 (24), CH, (5 ,) asl (23)
2983 CH,(5,) as1 (28), CH, (5 ) as2(26),
29808 2975 sh CH,(5,) as1(24), CH, (5, ) as2 (21)
2983 CH,(5,) as2(50), CH, (5 ,) as2(41)
2982 CH,(5,) as1 (47), CH, (5 ,) as1 (44)
29718 2968 S 2965 CH, (Pv) as(47), CH,(PB) as(35),
CH,(P5) as(17)
2962 M 2960 S 2960 CH, (Ps) as(56), CH, (Pp) as(42)
2948 S 2956 CH, (Py) as(51), CH, (P5) as(27),
CH,(PB) as(22)
2930 CH,(5,) ss(51), CH,(5,) ss(46)
2936 sh 2939 VS {2930 CH, (5,) ss(53), CH, (5,) ss(47)
2922 M 2928 CH,(G) as(99)
2923 CH,(Lg) as(87), CYH(L) s(10)
2913 CYH(L) s(86), CH, (L) as(11)
2904 C*H*(P) s(63), CH,(P5) ss(16),
CH, (Py) ss(13), CH,(PpB) ss(7)
2903 CEHX(P) 5(35), CH, (P5) s5(29),
CH, (PB) ss(18), CH,(Py) ss(17)
2901 M 2905 sh 2901 CH, (P5) ss(52), CH, (Pg) ss(34),
CH, (Pv) ss(13)
2900 CH, (Py) ss(57), CH, (Pg) s5(40)
2875 S 28728 2866 C*H(L) s(94)
2860 CH,(G) ss(99)
2856 sh 2855 sh 2855 CH, (L) ss(94)
2550 MW 25528 2518 ND, as(99)
2494 VW 2492 W
2465 W 2464 W 2412 ND(G) s(96)
2377 ND(L) s(96)
2374 ND(P) s(96)
2402 MW 2403 MS 2343 ND, ss(95)
2340 W,b 2328 W
1676 M 1675 VS 1675 CO(L) s(44), CO(P) s(28),
CN(LG) s(13), CN(PL) s(8)
1659 sh 16528 1660 CO(P) s(44), CO(L) s(30),
CN(PL) s(12), CN(LG) s(8),
CUCN(P) d(5)
1635 S 1640 sh 1640 CO(G) s(66), CXCN(G) d(16),
CN(T) s(15), C*C(G) s(5)
1520 VW 1513 C*C(P) s(25), H%(P) b2(15),
NCX(P) s(13), CO(P) s(13),
COP)ib(11), CN(PL) s(8),
CH,(PB) w(5)
1509 VW 1510 vw 1509 CN(T) s(34), CO(G) ib(27),
C*C(G) s(26), CH,(G) b(8),
ND, b(5)
1457 S 1484 CN(LG) s(26), CXC(L) s(25),

14



TABLE 3 (continued)

Normal modes of Pro-Leu-Gly-NH,

Observed®

Raman

Calc.

Potential energy distribution®

1466 M

14518

1423 VW

1401 MW

1381 VW

1350 M
1341 M

1468 W

1457 S

1437 VW

1427 M

1398 W

1387 W

1370 MW

1345 sh
1334 MS

1479

1477

1458

1454

1451

1451

1447

1437

1424

1411

1403

1402

1401

1395

1385

1383

1369

1342
1316

CO(L) ib(17), CO(L) s(11),
ND(G) ib(10), NC*(G) s(6),
H%(L) b2(5)

CH,(PB) b(69), CH,(Py) b(12),
CH,(P§) b(71), CH,(Ps) w(12),
CH, (PB) b(8), C*N(P) s(6)
CH,(5,) abl (34), CH, (5 ;) ab1 (24),
CH,(§,) ab2(11), CH,(5,) r2(8),
CH, (5,) ab2(6)

CH,(Py) b(72), CH,(PB) b(12),
CYC8(P) 5(6), CH,(P5) w(6),
CH,(Py) w(5)

CH,(5,) 2b2(51), CH, (5,) ab1 (23),
CH,(6,) ab2(10), CH,(5,) r1(6)
CH, (5,) ab2(53), CH, (5,) ab1 (19),
CH,(6,) abl (10), CH, (6,) r1(8)
CH, (6 ,) abl (27), CH, (5,) ab1 (26),
CH,(5,) ab2(20), CH, (5,) ab2(18)
CH,(G) b(87)

NC%(P) s(23), HX(P) b1(23),
C*CP(P) s(11), CN(PL) s(10),

CH, (P5) w(5)

CH, (Py) w(21), CH,(Pg) w(20),
CH,(Ps) w(12), CH,(Ps) b(10),
CN(PL) s(9), C*CB(P) s(5)

CH, (Py) w(40), CYC%(P) s(17),
CH,(Ps) w(17), CH,(Py) b(11),
CPCY(P) s(6), CEN(P) s(5)
CH,(5,) sb(54), CH,(5,) sb(37)
CH,(5,) sb(52), CH,(5,) sb(22),
HY(L) b1 (8)

CH, (L) b(32), CH, (5,) sb(18),
CYC3(L2) s(13), CH,(L8) tw(9),
HY(L) b1(6)

CH,(PB) w(28), CH,(Ps) w(15),
CoCB(p) s(13), CH,(Py) w(13),
CPC(P) 5(12), CH,(PB) b(6)
CH,(Lg) b(28), CH,(Lp) w(23),
HY(L) b1(20), CPCY(L) s(12),
CYCi (L) s(9)

CH,(Lg) w(28), CH,(Lg) b(26),
CH, (L) tw(18), CYC5(L2) s(6),
HY(L) b2(6)

CH,(G) w(88)

H*(L) b2(32), HY(L) b1 (10),
H%(P) b1(9), CH,(Pp) w(6),
CH,(LB) w(6), CH,(Lg) tw(6),
NC*(L) 5(5)

15
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TABLE 3 (continued)

Observed?

Raman

ir.

Calc.

Potential energy distribution®

1310 W

1286 W
1263 MW
1252 M

1223 W

1179 M

1168 sh

1124 W

1100 W
1087 W

1083 w

1043 MW

1039 W

16

1305 W

1286 W

1261 W

1252 W

1222 W

1175 W

1164 W

1150w

1133 W

1124 W

1102 VW

1087 MW

1049 W

1038 W

1311

1293

1279

1246

1228

1224

1203

1172

1162

1158

1133

1130

1111

1097

1077

1051

1048

1031

HYP) b1 (21), H¥(L) b2(17),
CH, (Pg) w(11), H*(P) b2(7),
HY(L) b2(5)

CH,(L6) tw(23), H%(L) b1 (12),
HY(L) b2(9), H¥(P) b1 (7),
CBCY(L) s(6), CH,(LB) w(5)
HY(L) b2(29), CH,(Lg) w(26),
HY(L) b2(22), CYCO(L1) s(7),
HY(L) b1 (6)

CH,(G) tw(80), H%(L) b2(6)
H*(P) b2(19), CSN (P) 5(16),
cPCcr(Ly s(i1), CSND(®) d(D)
CACY(L) s(16), H*(P) b2(16),
CON(P) s(10), HY(L) b1 (8),
HY(L) bl (5)

HY(L) b2(27), H*(L) b1 (18),
HY(L) b1 (8), CYCP(L2) s(7),
CH, (Lg) tw(5)

CCP(L) s(28), CYC8(L1) s(10),
NC¥(G) s(7), H¥(L) b1 (7),

CH, (Lp) tw(6)

NC(L) s(17), CYC8 (L2} 5¢9),
NC*(G) s(8), C*CP(L) 5(6),
HY(L) bl (6), CH,(5,) r1(6),
HE(L) b1 (5)

CH,(Pv) tw(45), CH,(Pg) tw(11),
CH, (P5) tw(8), HY(P) b1 (6)
CcaCA(L) s(18), CTC8(L1) s(12),
CH,(5,) 11 (8), H%(L) b1 (5)
L) s(12), C*CP(P) s(10),
H*(P) b1(7), CH,(Pp) tw(7),
CH, (PB) w(5), CYC®(L1) s(5)
CH, (P5) tw(46), CH, (PB) tw(34),
CH,(Py) 1(6)

ND, b(81), CO(G) ib(10),
CeC(G) s(8)

NC2(G) s(29), HYL) b1 (17),
CH,(LB) tw(12), CH,(5,) r1(10),
CoC(L) s(5)

CYCO (P) s(16), CH, (PB) tw(13),
CH,(Py) tw(13), CH, (P8) tw(13),
CPCY(P) s(12), CH, (Py) w(7),
CEND(P) d(6)

CH,(G) 1(29), ND(G) ib(21),
NC*(G) s(13), CNC%(L) d(5)

CYC8(P) s(13), CH,(Py) tw(12),
CH,(PB) tw(9), C*ND(P) d(8),
CoC(P) s(T), C*CE(®) s(T),

CH, (P5) tw(T)



TABLE 3 (continued)

Normal modes of Pro-Leu-Gly-NH,

Observed®

Raman

ir.

Calc.

Potential energy distribution®?

1022 MW

994 W

957 MS

917VsS

886 Vw

861 MS

836 W

825 MW

766 W

1022 W

1005 VW

987 W

979 VW

968 VW

91w

935 sh

920 MW

914 MW

884 VW

859 W

820 Vw

764 MW

1019

1011

1002

985

976

971

956

947

932

917

903

885

854

851

841

823

7817

CH,(6,) 11(24), NC*(G) 5(9),
NCY(L) s(9), ND(G) ib(7)
CH,(5,) 12(39), CH,(5,) r2(10),
CH,(6,) 11(7), ND(L) ib(6)
ND(L) ib(28), CH,(5,) 12(11),
CH,(5,) 12(8), CBCY(L) 5(6),
CoC(P) s(6)

CH,(5,) 11(36), CH;(5,) r2(24),
CH,(5,) r1(8), CYC8 (L 1) s(8)
CYC(L2) s(D)

CH,(5,) 11(20), CH,(5,) r2(14),
CBCY(L) s(12), CYCB(L1) 5(9)
CH, (Pg) r(20), CH,(Py) r(19),
CH,(P5) 1(18), CH,(P5) tw(8),
PCY(P) s(5)

ND(L) ib(18), CON(P) s(12),
CACY(P) s(10), NCX(P) s(9),
CH,(P5) tw(6)

ND, 1(31), CO(G) s(17),
CN(T) s(11), ND(G) ib(7),
CH,(G) 1(5)

ND(G) ib(35), CH,(G) r(14),
CN(LG) 5(9), CO(L) s(7),

ND, 1(6)

CPCY(P) s(27), CN(PL) 5(8),
CAC(P) s(8), CYC8 (P) s(8),
CEND(P) d(8), CO(P) s(5),
ND(L) ib(5)

CYC8(L2) $(20), CAC(L) s(14),
CH,(G) r(13), NCOC(L) d(7),
C¥OPCY(L) d(6)

CH, (Lg) r(20), NC*(L) s(13),
cBCY(L) s(12), CH,(5,) r1(7),
CH,(5,) 12(7), CYC3(L1) s¢6),
HY(L) b1(5)

CYC8 (P) 5(22), COND (P) d(20),
CEN(P) s(9), CEND(P) d(7)
CH, (P5) 1(14), C*CP(P) 5(9),
CBCY(P) 5(9), CEC(P) s(9),
NCAC(P) d(7), CH,(PB) tw(6),
CACN(P) d(5)

CH,(LB) 1(23), CYC8(L2) s 1),
C*C(L) s(10), CH,(G) r(7),
CN(LG) s(6)

COND(P) d(18), CH, (P5) r(13),
CH,(PB) 1(12), CO(P) ib(8),
C*CA(P) 5(6), CN(PL) 5(6)

ND, (27), CN(T) s(24),
CoC(G) 5(22), CO(G) s(5)

17
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TABLE 3 (continued)

Observed?® Calc. Potential energy distribution?
Raman ir.
740 W 744 CO(P) ob(33), CO(L) ib(7)
733 W 718 CO(L)ib(14), CH,(P5) r(10)
706 CEND(P) d(17), CSND(P) d(12),
cChP) s(8), CB@) b1(7)
690 W,b 685 CH, (PB) 1(22), CYCONP) d(17),

CBCYCP (P) d(11), CONC? (P) d (1),
CH,(G) 1(6), CO(P) ib(6)

669 CO(G) ib(18), C*C(G) s(15),
CO(L) 0b{(13), ND, 1(7),
NCAC(G) d(5), ND, w(5),
CN(LG) t(5)

655 CCPCY(P) d(18), CB(P) b2(14),
CENCE (P) d(10), C2CBCY(P) d(T),
646 W CO(L) ob(6), C*CN(P) d(5)
650 CH,(Py) r(18), CO(L) ob(11),

CO(P) ob(9), CEND(P) d(9),
COC(P) s(7), CO(P) ib(6),
CH,(P5) 1(6)
624 MW 637 CN(T) t(29), ND, w(17),
CO(L) ob(14)
626 CO(L) ob(38), CN(T) t(16),
C™C(G) 5(7), CO(G) ib(7)
577 VW 570 CYCN(L) d(14), C°CN(G) d(10),
NC®C(L) d(9), CO(G) ib(9),
ND, w(6)
554 VW 552 CH,(P+) 1(22), CH,(P5) 1 (14),
CH,(P) 1(11), CPCYC8(P) d(11),
CYCEN(P) d(10), CEC(P) s(5),

CEND(P) d(5)
548 VW 548 VW 547 ND, w(42), CN(T) t(29),
ND ... O(TX) d(26), CO(G) ob(11)
520 VW S20w 516 CN(PL) t(55), ND(L) ob(39),
ND...O(L)d(20)
488 W 480 C*CN(G) d(21), CN(PL) t(13),

CO(G) ib(9), C2CPCY(L) d(8),
ND(L) ob(6), NC*C(G) d(6),
CH, (L) b2(5)

450 VW 456 CN(LG) t(62), ND(G) 0b(22),
ND ...O(G) d(18), CN(PL) t(7),
CY(L) sd(7)

432 CO(G) ob(60), CY(L) sd(9),

ND . ..O(TX) d(7), ND(G) ob(6),
CN(LG) t(5)

421 W 421 CO(G) ob(25), CN(LG) t(24),
CY(L) sd(23), ND(G) ob(21),
ND...O(G) d(11), CH,(G) w(7),
NC®C(G) d(6)

0w 391 CY(L) sd(27), CY(P) b2(16),
CY(P) b1 (7), CXCACY(L) d(7),
CO(L) ib(7)
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TABLE 3 (continued)

Normal modes of Pro-Leu-Gly-NH,

Observed® Calc. Potential energy distribution®
Raman ir.
379 CY(P) b2(37), CY(P) b1 (1 7).
CA(L) b1(8), ND(G) ob(6)
346 VW 349 O ...D(L)s(40), CY(P) b1 (11),
CECN(L) d(6)
330 O...D(L) s(50), CP(P) b2(7),
CNC*(L) d(6)
319 O...D(PX)s(71)
313 W 307 NC%C (P) d(14), CO(P) ib(14),
O...D(PX)s(12), CP®) b1 (7),
CA(P) b2(5), CNCH(L) d(5)
301 CPP) b1(19), O . . . D(G) s(10),
cB(L) b2(8), NCC(G) d(T),
CNCX(L) d(6)
291 0 ... D(G)s(75), CXCN(G) d(6)
289 MS 279 CY(P) b1(23), CYCO(L2) t(11),
CYC3(L1) t(8), NC®C(G) d(6),
cBwL) b1(6)
277 VW 266 NCXC(G) d(15), CY(P) b2(11),
NC%C(L) d(10), CO(L) ib(9),
ND(G) ob(9), CO(P) ob(6)
254 CECN(P) d(18), CP(L) b1 (18),
CNC®(L) d(10), ND(G) ob(8),
O...DPX)s(6)
245 crci@wn t(61), L) t(37)
235 CYC5(L2) t(44), CYCO(L1) t(26)
219 CYCN (L) d(24), CNC*(L) d(11),
CY(P) b1 (8), CACN(P) d(7)
208 N ...D(P) s(50), NC*C(G) d(8)
203 N...D(P)s(35), NC*C(G) d (10),
ND(G) ob(5)
191 Yt p) t(10), CBP) b1(9),
NC*C(L) d(8), CYCO®N(P) d(7),
CPCY(P) t(7), CACN(L) d(7),
cPCrYCd (P) d(6), CNCX(L) d(5)
146 CN...D(P)d(30), CON ... D(P) d(12),
CNC*(P) d(9), D . .. O(L) s(8),
cA(wL) b1(5)
143 CN...D®)d(@29),CON ... D(P)d(15),
D...OM)s(7),D...0()s(6)
130 D...0® s, D...OMs(N,
CN...D®) A
128 D...0(G)s(65)
123 D...0(G)s(18),D...O(T)s(16),
D...O(P)s(14),CEN ... D(P) d(6),
ND(L) ob(5)
116 D...0(L)s(29),D...0(T)s(19),
CON...D(P) d(10), CON ... D(P) d(9),
D...O(P)s(6), DN...D(P) d(6)
115 D...0®P)s(15),0...D(PDs(13),

CAN ... D(P) d(11), CA(L) b2¢10),
19
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TABLE 3 {continued)

Observed? Calc.

Raman ir.

Potential energy distribution®

112

105

97
89
82

73

70

68

60

51

45

43

41

36

34

30

28

25

24

24

20

CCACY(L) d(9), ND(L) ob(6),
D...O(T)s(5)
D...0(L)s(33),D...0(T)s(11),
CNCX(P) d(9), NCX(P) t(6)

CO(G) t(54), O . .. D(PI) s(9),
D...O(T)s(8)

CO(L) t(56), O . .. D(PI) s(5)
CO(G) t(23), CO(L) t(20),
O...D(PDs(15)

cechP) t(8), CBCY(L) t(7),

CO(L) t(6), NC*C(P) d(5),
ND...O(L) d(5)
CO...D(L)d(14),ND ... O(TX) d(10),
ND...O(G)d4(8),CO...D(G) d(8),
ND(L) ob(8), ND, w(7),

NC%C (L) d(6), CO(L) t(5),

CN(T) t(5)

CO ... D(G) d(27), ND(TX) t(17),
ND...O(L)d(7)

ND(G) ob(19), CO ... D(G) d(18),
CO...D(L)d(9),ND...O(G)d(7),
CHC(G) t(7), CO(G) t(5)

ND ... O(TX) d(27), ND, w(19),
CN(T) £(15), CO . . . D(L) d(7),
NCX(G) t(6)
CO...D(L)d(17),CO...D(G) d(14),
ND ... O(P) d(13), CPCY(L) t(10),
CC(P) t(6), ND(L) ob(6)
CO...D(L)d(36), CN(LG) t(17),
cPcY(L) t(17), ND . .. O(G) d(16),
ND(G) ob(8)

CPCY(L) t(20), CO ... D(L) d(6),
CO ... D(G) d(6), ND(G) ob(6),
CNC*(P) d(6)
ND...O(P)d(15),CO...D(PI)d(15),
CC(P) t(10), C*C(G) t(10),
ND(TX) t(9), C*CA(L) t(6)
CO...D(PX)d(94)

C*CA(L) t(42), CACY(L) t(21),

ND . ..O(G) d(5), ND(G) t(5)
ND...O(L)d(26), CN(PL) t(10),
ND...O(P)d(9),0...D(PDs(N,
NH(TX) t(6)

CEC(G) t(22), ND(TX) t(21),

ND(L) ob(14), ND(TI) t(7)

CO(P) t(21), ND(L) t(21),

ND(G) t(18), ND(L) ob(7),

Cc*CAL) t(6)

CO(P) t(54), ND(G) t(24)

ND(L) t(61), C*CA(L) t(16)



Normal modes of Pro-Leu-Gly-NH,

TABLE 3 (continued)

Observed® Calc.

Raman ir.

Potential energy distribution®

22

20

16

11

8

ND(G) t(24), CO(P) t(17),
ND(L) ob(15), C°C(P) t(8),
NCX(L) t(8), CB(L) b1 (6),
ND...O(L)d(5)

NC%(G) t(35), C*C(L) t(16),
ND...O(G) d(14), ND(G) ob(7)
CC(P) t(40), ND ... O(P) d(8),
O ... D(PD) d(8), NCHG) t(8)
ND(P) t(18), C*C(L) t(15),
NC%G) t(10), CO ... DD d(9),
ND(TI) t(8), ND . . . O(TI) d(7),
CC(P) t(7), NC(L) t(7),

ND(G) ob(7)

ND(P) t(68), C2C(P) t(13)

a8 = strong, M = medium, W = weak, V = very, sh = shoulder, b = broad.

b

s = stretch, as = antisymmetric stretch, ss =symmetric stretch, b = angle bend, ib = in-plane angle bend,

ob = out-of-plane angle bend, w = wag, r = rock, t = torsion, d = deformation, sd = symmetri