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Amide Il Mode ¢, ¥ Dependence in Peptides: A Vibrational Frequency Map
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A vibrational frequency map of the amide Ill mode of the alanine dipeptide has been obtained at the B3LYP/
6-31+G* level. It shows that, contrary to an earlier speculation by Lord, the frequency of this mode is a
function of @ andy rather thany alone. We note that an analysis of the bénd mode, which independently
depends orp andy, together with amide 11l may permit determination of these two torsion angles. Preliminary
results on the alanine tripeptide indicate that such studies will be needed to establish the exact relationships
in polypeptide chains.

Introduction “this objective is at present far from quantitative realization”,
It is now half a century since vibrational spectroscopy was in particular because “among the most serious problems to be
. . . solved [is] the role of the angle¢” (the NC* torsion angle). A
recognized as a potentially powerful tool for studying confor- normal-mode analysis of the “dipeptidiacetyl+ -alanineN-
mational structure in peptides and proteindlthough its methylamidé? (CHs—CO—NH—CH(CH;)—CO—NH—CH) had
implementation has gained through insights from structure- already indicated that the amide Il frequency depended on both

spectra correl_atlon st_ud|es, a deeper understgndmg of the(p andy, but the results of this calculation could be considered
spectroscopic information requires that interpretations be basedIimited because a common force field was used for all

otn g_ccurate r)qrnﬁl-moollc(_a ﬁjnalyi%e%lg thel earlé/ fta?ﬁs of SUIChl conformations. A low level ab initio calculatiéhdid not shed
ffu Ies, znlﬁ'r'ci orce |e_ds éljvere_ evelope | or these ga cufa— additional light, primarily because only four non-hydrogen
lons, an €y have provided an Increasingly Secureé base 1on, 4o conformers were examined. It is desirable to resolve

spectroscopic analysis of polypeptlde confqrmaﬁdmwas In this question more definitively, and we have approached this
this context, for example, that it was recognized that, while not through ab initio calculations designed to producepa

signif_icant for npnpolar systerﬁst.ransit!on dipole qoupling was frequency map for the above dipeptitteEven though such a
very important in gnderstandmg the different amlqle I ?nd gmlde dipeptide map may not fully represent the relationship in a
Il band splittings ina-helix andf-sheet polypeptides! This polypeptide chain, it is a useful starting point for examining

significant interaction, whose empirically determined véfue the underlying relationship between the amide 11l normal-mode

s consi_stent with ab init.io dipole derivati.vég,has_. provided frequency and the local backbone conformation. A tripeptide
Fhe basis for understanding band shapeslln protéinterpret- would provide a better model, and we also present preliminary
ing the results of femtosecond nonlinear-infrared spéétaad results of such calculations

explaining anomalous intensity distributions in isotope edited
spectral?

Empirical force fields for polypeptides can be improved by
making them more complete and basing them on ab initio  Density functional theory (DFT) calculations were done with
results!® but they still suffer from being optimized to individual GAUSSIAN 982 using the B3LYP functional and the 6-3G*
chain conformationd.What is needed in order to adequately basis set, which we have shown leads to maximally planar
analyze small spectral changes arising from conformational peptide groups inN-methylacetamide (NMAJ® We imple-
differences is a conformation-dependent force field. This mented the unscaled DFT calculation after ascertaining that its
dependence can be achieved through a spectroscopically accuratemide Il frequencies were relatively close to those of an MP2/
potential function, and although such a so-called spectroscopi-6-31+G* calculation with force constant scale factors transferred
cally determined force field (SDFF)has been developed for  from NMA:2*for example, for the dipeptide with, p = —113,
hydrocarbon chaid& 17 (with rms deviations of the order of  13°, the DFT frequencies are 1275 and 1267 énwhereas
5—-10 cnTl), an SDFF for the polypeptide chain is still in  the scaled MP2 frequencies are 1263 and 1243'¢omscaled
progress. It is therefore necessary at this stage to tackle someMP2 frequencies are 1312 and 1296¢jn
conformational questions by appropriate level ab initio calcula-  For the dipeptide, we chose 48 conformations that span the
tions on model systems. mostly low energyg, i region of the isolated molecule map

One such conformation-spectrum correlation was suggested(see for example ref 25), including four minimum structures:
by Lord'® who proposed (on the basis of thehelix, ~1275 P2(—113, 13),0 (73, 17),0'(—165,—44), andor(—60, —40).
cm™?, and-sheet,~1230 cnt?, frequencies) that the amide  The energy of each was minimized, without further constraints,
Il frequency, which is observed as a moderately strong band for the chosen values @f andy, and frequencies and normal
in the Raman spectrum, is directly related to thengle (the modes (with their potential energy distribution, PED) were
C*C torsion angle) in the polypeptide chain. He recognized that calculated. Although all but three of these structure8@,90
and —90,60, essentially G4 and 61;-30, an essential Gy)

T Part of the special issue “Mitsuo Tasumi Festschrift”. do not have traditional hydrogen-bonded peptide groups, such
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TABLE 1: Structures and Relative Energies of Alanine 180 +——+——+——+——+——+——+——+——+——+——+——+——+7180
Dipeptide Conformers 118 09 18 6.9 109
L L[] L[] L] L]
@2 YA AEP @2 P2 AEP ol 12 55 L2
—180 145 1.77 -30 145 6.86 5o 23 o1 o8 118
120 3.11 120 5.45 T* * * b M
90 5.17 920 6.82 wl3® 30 9 73 106 w7 Leo
60 5.77 60 7.27
0 760 30 7.14 I T T
—90 7.42 —30 7.72 > 7.6 30 ® %6 1
—145 3.81 -90 12.71 o 0
—180 1.92 —145 20.91 L w6 W 31
—134 145 0.93 0 60 10.62 . &G %
120 1.41 20 9.10 607 60
90 2.34 -50 9.51 AT I 127 38
60 3.04 30 30 8.70 50
30 2.54 61 145 10.85 -1207 . 1-120
0 3.03 90 11.75 38 4063 29
—90 6.64 60 7.66
—145 4.04 30 5.43 .180--1,'9 ) ) ) ) ) ) ) ) ) ) ) ) +-180
—90 145 1.80 —-30 3.05 80 120 60 0 e | 130 180
120 1.18 —90 3.82
90  0.08 ~120 5.04 ¢
60 000  -113 13 2.29 Figure 1. Conformational B3LYP/6-3+G* energy map for the alanine
30 197 73 17 5.19 dipeptide. Energies are in kcal/mol relative to that of the lowest energy
58 (23?)2 _128 _ig 461;;'1;‘51 in the group (at-90, 60).
_—13(5) 24212 o ——————
. . 11286 1280 1283 1286* 1273 |
aTorsion angles:p = NC%, ¢ = C*C. ? Energy relative to lowest . . 12'80 e .
in group 90, 60), in kcal/mol. 10l $85 1277 1% 1231 Liso
. i . . 1 1.282 12.77 12.82 1320* 12.84
as are present in native or in denatured states of proteins, we 7o 1 1w 1811r 1303 1278
believe that the underlying dependence of the amide Il 601 . D o o . 160
frequency on thep andy torsion angles is revealed by these ! 13611";‘ 71%90‘ 1305" | 5gpel208" 1282 -
calculations on the isolated peptides. To more closely ap- s us ue & 1270 * ® 5748 1,
proximate a pe_ptlde group in a pqupepude _chaln, we alsc_) did Lo8a# 1296#
similar calculations on some alanine tripeptide conformations, T 1275° 1261 1356 % g .
choosing ¢, 1y values for the central peptide group that 601 ¢ * 1e0
corresponded to examined dipeptide structures. L2 1269 1266 o 1299+ 1201%
T 1263#
. . 1288# L
Results and Discussion AT e s taere 1245 . 120
H H . . le L] L] L]
1. Dipeptide. The structures that were studied and their 1283
energies, relative to the lowest in the group (which-80, 60 sore L 10
is close to the Cg global minimum), are given in Table 1. A -180 -120 -60 0 60 120 180
@, ¥ map of these energies is shown in Figure 1. In Figures 2 ¢
and 3, we present vibrational frequengyy maps of the amide  Figure 2. Conformational B3LYP/6-3+G* amide III vibrational
I modes in amide groups 1 (GHCONH-) and 2 - CONH— frequency map for peptide group 1 of the alanine dipeptide. Frequencies
CHy) of the dipeptide, respectively. incm™L. *: contribution to PED of M bend greater than or comparable
On the basis of early normal-mode studies of NRF&? it to CN stretch;t+: significant contribution of €C stretch; #: significant

has been widely assumed that the amide Il mode in peptidesContrIbUtIon from amide Il of peptide group 2.

is a localized vibration in the amide group, consisting essentially

of CN stretch (s) and NH in-plane bend (ib) internal coordinates. - . . o
However, as has been pointed &dtmodes in the amide Ill amide Ill frequencies are a function of baghandy. This is

region are complex, involving significant contributions from Particularly apparent from Figure 3, since peptide group 2, on
other coordinates such asHend (b), CO ib, €C s, and NC '.[he b§S|s of the Lord hypothesis, should qnly be influenced by
s, the mixing being dependent on main-chain conformation and ItS adjacenty angle. Aithough the-45 cnt* difference between
side-chain compositiof? This is illustrated in Table 2, which o-helical and extended cham conformatlons is evident, itis not
shows the eigenvectors (in terms of the PED) of some of the true thz?lt these frequencies are uniquely correlated with the
conformations. Furthermore, if, as has been assumed becausEespectivep, y: the 1292 ¢ 4) cn* —60, —40 (og) frequency

of the NH ib contribution, sensitivity to N-deuteration is taken €an be found as far afield as165, —44 and—30, 60 and 73,

as a criterion of amide Ill character, modes in the 130800 17, whereag-type frequencies (e.g., at134, 145) are found
cm! region (which are primarily M b) would have to be at —180, 0 and—30, 120 and 61, 60. In fact, the map shows
included in this categor§?! (In fact, some of these modes can that they dependence is a function of the value @f the
also contain a CN s contributiddwhich, in addition to a €C trends of which are graphically illustrated by Figure 4: the
s contribution, could account for their resonance Raman amide Il frequency can vary by15—70 cm! depending on
enhancemerif) Such extensive delocalization in the vibrational the value ofp. Thus, regions in proteins that are not helical or
character of amide Il thus makes it highly likely that its extended chain can still contribute to amide Ill bands in these
frequency will depend orp as well asy. characteristic frequency regions. The situation becomes even

Examination of Figures 2 and 3 confirms the expectation that
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TABLE 2: Amide Ill Modes of Some Alanine Dipeptide Conformers

@? P2 vP potential energy distributicn
—134 145 1280 NH ib(27) CN s(22) CO ib(11) MC s(9) CN[2] s(6)
1249 H-b2(25) CN s(21) NH ib(13) NM s(12) NH[1] ib(8) CO ib(6)
—134 30 1261 NH ib(18) CN s(17)+h2(13) CN[2] s(12) NH[2] ib(18) CO ib(7) MC s(7)
1271 CN s(16) NH ib(16) CN[1] s(14) NH[1] ib(8) CO ib(7)*C s(7) CO[1] ib(6)
—30 145 1286 CN s(29) Hb1(14) NH ib(13) CO ib(12) N€s(11) MC s(9)
1244 CN s(31) NM s(16) NH ib(14) Hb2(12) CO ib(11)
—30 30 1305 CN s(25) Hb1(13) CN[2] s(10) CO ib(10) NH ib(10) Hb2(9) NC* s(8) MC s(7)
1318 H:b1(39) CN s(23) NH ib(10) NM s(5) O (5)
—60 —40 1266 CN s(20) NH ib(20) CN[2] s(10) CO ib(8) MC s(8¥Cs(6) NH[2] ib(5)
1292 CC s(18) CN s(16) NH ib(16) CN[1] s(11) CO ib(7) NG(7)
73 17 1288 CN s(19) NH[2] ib(12) CN[2] s(11) NH ib(10) CO ib(7¥Cs(7) NC* s(6) MC s(6) H b1(5)
1274 CN s(19) CN[1] s(15) NH ib(13) NH[1] ib(11) CO ib(8) CO[1] ib(7}C s(7) MC s(6) NM s (5)

aTorsion angles:p = NC, y = C“C. ® Frequency in cm'. First line: amide group 1; second line: amide group 2. Contributions from other
peptide group indicated by [ }.Contributions>5. s= stretch, ib= in-plane bend, b bend in HC*C# plane, b2= bend perpendicular to the
HC*CF plane, M= end methyl group carbom,= side chain methyl group rock.

1800 + t + + + + + + + + + 1180

11248 1249* 1251* 1244 1236 1 13301
L ) [ ] L] L ) L]
1245* 1247* 1251 1248
1201 [) [ . +120
+ 1249% 1257 1266
|1244 124 S 20 1237 _ 13101
1245* 1258* 1274 1292 1273 1246 s
60+ ® Y ° [ . [y +60 3]
1271% 1279 1318° 1282 1266 :
® 1275.° R g g o7
S |1251% 1274+® 1282+ 12744 Z
ore [ L] T0 %
12924 1310 1332+ o
+ [ ) L
1250+ 1286+ ® 1331%+ g 12701
0t * ® 12834 1o
1303+ 1285+ 1283+ 12994 + 1314+
1263# 12501
1304+
-1201 . 1120
1283 1277%  1277# 12764 +
le [ [ [y
1258* 1230 + + + + + + + + + + + i
oy L T80 180 120 60 0 -60 -120 -180
-180 -120 60 0 60 120 180
[ ¥
Figure 3. Conformational B3LYP/6-31G* amide Il vibrational Figure 4. Dependence of amide 111(2) frequency of alanine dipeptide

frequency map for peptide group 2 of the alanine dipeptide. Frequencieson y for various values of. ®: —180°, a: =134, O: —90°, x: =30,

in cmL. *: contribution to PED of t bend greater than or comparable ~ <: 61°. (Curves are drawn to show frequency trends).

to CN stretch:+: significant contribution of @C stretch; #: significant

contribution from amide |1l of peptide group 1. Most tripeptide structures were chosen such that v
coincided withg, ¥ values previously examined in dipeptides.
Several other structures were chosen to coincide with minima
previously located for this molecufé.

more complex in analyzing spectra of unfolded regions in native
and denatured proteins.

Because the amide Il frequency depends on kodndy, . . .
it follows that these torsion ar?gles rri/ightpbe determl?fed b;//) amide  1he results for the central peptide group show first that amide
Il and another mode whose frequency independently depends'!! fOr @ given ¢,  in the tripeptide does not correspond to
on ¢ andy. A likely candidate is the Mb mode because this ~ values for the same, 3 in the dipeptide. For example, far,
coordinate usually mixes with amide3knd the mode is found %'+ = 134, 30, the tripeptide frequency is 1239 cinwhereas
to be enhanced in the resonance Raman specfithough the dipeptide frequencies are 1271 and 126IJch|th_ both .
details remain to be worked out, we have preliminary evidence P€ing mixed modes. Second, in some cases the amide mode is
that such dependence is present in the dipeptidiéws, these ~ Not even well-defined: fopy, y1 = —30, 134 in the tripeptide,
two frequencies (in some cases together with the amide 11 CN2 s contributes at the level of PED 10 to modes at 1278,
frequency) could, at least in principle, specify the two unknown 1256, 1238, and 1168 crh whereas in a comparable dipeptide
torsion angled! Practical problems in such an analysis (resolu- (—30, 145) there are localized modes at 1286 and 1244'cm
tion, band overlap, etc.) will have to be addressed, but the Finally, they dependence of amide Ill in the tripeptide is quite
principle is sound and may be a useful basis for determining different from that in the dipeptide. For example, fof, y1 =
conformational structure in peptides from the vibrational —90, 120 and-90, 60 the amide Il frequencies of the central
spectrum. peptide group in the tripeptide are 1239 and 1239%m

2. Tripeptide. It might be thought that a dipeptide cannot respectively, whereas the dipeptide frequencies are 1251 and
adequately represent the situation in a polypeptide chain, sincel274 cnt?, respectively. It is interesting to note that even the
each peptide group in the dipeptide has only one of the peptideend peptide groups in the tripeptide do not always follow their
torsion angles adjacent to it, whereas in the chain each peptidecounterparts in the dipeptide. For example, the frequency of
group is bordered by both torsion angles. We have, therefore,group 1 in the—60, —40, —60, —40 tripeptide conformer is
done comparable vibrational calculations on the alanine tri- 1288 cn1?, whereas that in the-60, —40 dipeptide is 1266
peptide?! of which we present here some preliminary results. cm™. All of these phenomena are to be expected from the
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differing interactions between delocalized modes in different
peptide conformations.

Conclusions

An ab initio amide Il vibrational frequency map of the
alanine dipeptide shows that the frequency of this mode is
distinctly a function ofg and rather than justy alone, as
had been speculatéd.Although the detailed form of this 3851‘539%| K Mirkin. NL G Pietila. L-O.: Krimm. Su el
dependence may change if the. peptide groups are hydrogerhgg(93 )26' %Q‘ﬁ;é@&f M, 1 S Fietia, .20, Krimm, Siacromolecuies
bonded (rather than free, as in almost all of the present (16) Palmo, K.; Mirkin, N. G.: Krimm, SJ. Phys. Chem. A998 102,
conformers), the substance of such a relationship is not expectedi44(1&)6456. . und | | o s

17) Mannfors, B.; Sundius, T.; Palmo, K.; Pietila, L.-O.; Krimm JS.

tcl) cha&nge. gecause odur ar_lal_yses shglw t.hat F_hbgﬂ:d n;]ode Mol. Struct 2000 521 49-75.
also depends o and y, it is possible in principle that a (18) Lord, R. C.Appl. Spectroscl977 31, 187-194.
measurement of both of these bands could determine these two (19) Hsu, S. L.; Moore, W. H.; Krimm, BiopolymersL976 15, 1513
torsion angles. Preliminary studies of the alanine tripepeptide, 1528. )
which gives results different from that of the dipeptide, indicate _(20) Cheam, T. C..Krimm, SI. Mol. Struct. (THEOCHEM).99Q 206

; . . -~ 173-203.
that care is needed before transferring results from a dipeptide

- - (21) Mirkin, N. G.; Krimm, S. to be published.
map to a polypeptide chain. (22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
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