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An extensive computational study of the conformational preferenciisaaktylphenylalaninylamide (NAPA)

is reported, including conformational and anharmonic frequency analyses, as well as calculations of excitation
energies of the four NAPA conformers lowest in energy. Particular attention is paid to the influence of hydrogen-
bonding interactions on the relative stability of the conformers, which was found to be very sensitive to both
the level of quantum chemical computations and the anharmonic treatment of molecular vibrations. The
assignments of the UV spectral peaks are well supported by the multireference CASSCF/MS-CASPT2
calculations. Upon consideration of the second-ordéfiétePlesset (MP2) and density functional theory
(DFT) structures, overall energetics, and harmonic and anharmonic corrections, we found no conclusive
theoretical evidence for the assumed conformational propensity of small model peptides toward extended
p-strand structures.

Introduction S-membered ring
H Oy o @
In the last couple of years, double resonance IR/UV spec- | | [
i - c N C
troscopy has emerged as a powerful tool for studying confor H7N O
mational preferences of small peptides containing UV chromo- H c (o N
phorest—® UV spectroscopy, being sensitive to the chromophore |c|> H\é/H H

environment, helps identify conformational isomers present in
a given sample, while the combination of IR spectroscopy and
density functional theory (DFT) calculations allows determi-
nation of their geometries. The folding processes in peptides
are thought to be governed mainly by hydrogen bonding, whose
signature in the fingerprint region of the vibrational spectrum
enables identification of a specific conformer. Conformer- Figure 1. Hydrogen-bonding scheme in NAPA.
specific IR data, available for model systems such as N-Ac-
Phe-NH (N-acetylphenylalaninylamide or NAPAY,N-Ac-Trp- and the harmonic approximatidfijn NAPA one might expect
NH. (N-acetyltryptophanylamide or NATA)and N-Ac-X-Phe- to encounter both these issues to a considerable extent. Thus
NH; [X = Gly (glycine), Ala (alanine), Val (valine), or Pro  the size of the system allows for calculations with modest basis
(proline)] >8° are valuable starting points for size-controlled sets only, while its floppiness points toward significant anhar-
investigations of intrinsic conformational preferences in peptides. monic effects. The latter are expected to arise mainly from

In this work we plan to investigate the IR/UV double H-bonding interactions, characterized by broadening and red-
resonance experiments from a theoretical point of view, choosing shifting of the proton donor (NH) stretching vibratioHs.
NAPA (Figure 1) as our model dipeptide system. By employing Hydrogen bonding is also expected to trigger couplings between
high-level quantum chemical treatments, we provide an assesslocalized high-frequency modes and delocalized low-frequency
ment of the anharmonic effects on the relative stability and modes of the peptide backbote!* which may in turn affect
vibrational frequencies of the NAPA conformers, as well as an the character of the fingerprint amide |, I, and A normal modes,
insight into the $— S, spectral region of the Phe chromophore that is, their composition in terms of internal coordinate
embedded in a biological context. By combining these two displacements.
facets, we hope to shed new light on the intramolecular In spite of the potentially high impact of anharmonic effects
interactions crucial for shaping the peptide backbone. in the case of flexible biomolecules, very few calculations of

Focusing on the IR counterpart of the IR/UV double Vibrational spectra beyond the harmonic approximation were
resonance experiments, previous attempts at assigning the NAPAerformed. Clary and co-workéfsused the quantum diffusion
conformers from the spectra were assisted exclusively by densityMonte Carlo method to compute the exact zero-point energy
functional theory (DFT) calculations, viz., the scaled DFT Of extremely floppy water complexes with nucleobases. Whereas
harmonic vibrational frequenciéswhile scaling of harmonic ~ fairly small anharmonic corrections to the zero-point energy
frequencies is typ|ca||y effective in simu|taneous|y Compensating were fOUnd, the intermolecular distances were affected Slgnlfl-
for the deficiencies of the employed quantum chemical level cantly. The correlation-consistent vibrational self-consistent field

(cc-VSCF) methotf with analytical force fields was used in

* Authors to whom correspondence should be addressed: e-mail Studies of peptidé$ and proteins? while ab initio computed

nadja.doslic@irb.hr (N.D.) or iljubic@irb.hr (I.L.). potentials were employed fd-methylacetamide, glycine, and

7-membered ring
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Figure 2. Four low-energy conformations of NAPA according to the Ramachandran classification.

the glycine-water systend? It was shown that while anharmonic  spectral systems were distinguished and assigned to the different
effects amount to merely 5% in high-frequency hydrogen NAPA conformers on basis of spectral shifts and Franck
stretches, they are extremely large in the soft (collective) modes Condon intensitie$,however, without corroboration via high-
of the molecular framework, where the anharmonic contribution level quantum chemistry. Here we plan to obtain the UV
becomes comparable to the harmonic one. However, consideringexcitation properties of various NAPA conformers by means
that NAPA has 81 vibrational degrees of freedom and several of two state-of-the-art treatments: complete active space self-
energetically accessible conformers, cc-VSCF computations atconsistent field methdd followed by the second-order multi-
ab initio/DFT evaluated potential grid points are virtually reference perturbation thedh(CASSCF/CASPT2) as well as
impossible. A viable alternative is provided by the second-order the time-dependent DFT (TD-DFT) approaéhThroughout
perturbative treatment (PT2) of molecular vibratidhdlwhich the past decade the CASSCF/CASPT2 method has in particular
in the case of NAPA is at the very edge of what is presently evolved as a powerful tool for rationalizing UV/vis spectra of
feasible computationally. Here anharmonic corrections are a large variety of molecule®, while testing TD-DFT against
computed from cubic, diagonal, and semidiagonal quartic force CASSCF/CASPT2 should be of inter@&gspecially in systems
constants by numerical differentiation of the Hessian matrix as large as NAPA, where TD-DFT presents a comparatively
along normal coordinates. This procedure was tested on a varietyinexpensive alternative allowing for more extensive basis sets.
of molecules of chemical interest including pyridine, pyrimi-
dine?® and prototype H-bonded systems such as acetylacétone. \jodel System
It has proven to be computationally effective, yielding anhar-
monic frequencies comparable to the cc-VSCF GReand The present theoretical contribution focuses on the UV and
anharmonic corrections not particularly sensitive to the basis IR spectroscopic signature of the four NAPA conformers shown
set size’221 In this work we take advantage of these findings in Figure 2 and is motivated by the availability of high-quality
and combine DFT harmonic frequencies from several levels with experimental results. Chin et @l.showed that, among several
anharmonic corrections computed at a single level of theory. conformational families, only two are present in the supersonic
The UV spectra in the S— S absorption region of the Phe  expansion. According to the Ramachandran terminof8gjyey
chromophore were extracted from the IR/UV double resonance are classified as (1) the extendgéetrand forms supporting a
experiments by applying the one-color resonant two-photon five-membered ring (C5, Figure 1) (NHC,—CO) interaction
ionization (R2PI) technique in scanning the UV la&diree on the same residue and (2) inverséurns () exhibiting a

-g‘“
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seven-membered ring (C7, Figure 1) backbone conformation.
Three structures differing in the orientation of the phenyl ring
(Figure 2) were identified in the experiméntin the standard
terminology these are labeled according to the@y—Cs—C,
dihedral angley) as gauch¢ (g+) for y close to+60°, and

anti (a) fory close to 180.

It is worth noticing that, compared thi-methylacetamide
(NMA) as a textbook molecule in the study of vibrational
coupling between the amide | and amide Il moéfeshe
presence of the two peptide groups in NAPA allows study of
interaction between the two amide | modes.

Computational Methods

The conformational landscape of NAPA was investigated with
the basin-hopping method by use of the AMBER 96 force-field
parameter seéft The method is implemented in the SCAN
program of the TINKER program package, version #.The
initial structure of NAPA was subjected to the AMBER 96
force-field geometry optimization before the conformational

Dodi¢ et al.

31G(d,p) and B3LYP/6-31tG(2d,p) harmonic values with the
B3LYP/6-31+G(d) anharmonic corrections. The MghePlesset
second-order perturbation optimizations at the MP2(FC)/6-
311+G(2d,p) level provided a benchmark energy ordering of
the conformers. The Gaussiaf®Brogram package was used
for all DFT and MP2 calculations. The GAMESS program
packag@ was used to perform internal coordinate analysis
(ICA), whereby the normal mode vibrations are decomposed
into linear combinations of internal coordinates deformations
(bond stretchings, angle and torsion angle bendiffgBpr a
total consistency, ICA was performed after having recalculated
the conformers’ geometry and frequencies in GAMESS.

In calculating excitation energies, we reoptimized the four
conformers at the CASSCF/cc-pVDZ level, using the active
spaces of eight electrons distributed among the eight active
orbitals, which spanned a feasible configuration space of
dimension 1764. The (8,8) active space effectively encompassed
all of the chromophores of interest for describing a few lowest
excited states in the NAPA conformers. Four of the active

search was applied. The basin-hopping procedure found 340rbitals (bonding and the matching antibonding interactions)

distinctive conformers, whose geometries were further optimized
by DFT with the Becke-styled three-parameter hybrid functional

B3LYP32 and the inexpensive 3-21G basis set. The geometries

were localized chiefly in the region of the carbonyl part of the
amide and acetyl functional groups, whereas the remaining four
originate from the benzene degeneratg @d e, highest

of eight of the conformers lowest in energy were then refined °ccupied (HOMO) and lowest unoccupied (LUMO) molecular

at the B3LYP/6-3%G(d) level, whereupon the four most stable
conformers, denote@(a), y.(9—), y.(g+), and y.(a), were
singled out. They coincide with those found by Chin et al.
The B3LYP/6-3%+G(d) zero-point vibrational energies (ZPESs)
and anharmonic frequencies, were computed by use of the

second-order perturbative treatment as implemented in Gauss

ian03. In accordance with the original work of Bardfdhe
ZPE is given by

ZPE=5(ZPE, + ZPE) + & %Z & 0O

where

_1
ZPE, = 2.2 o, 2)
is the harmonic contribution to the zero-point energy &re
the harmonic frequencies), and

_1
ZPE=33 3)
is the anharmonic contribution. Ti§gandé&; terms are functions
in cubic and quartic force constants. With the anharmonic
correction defined aA = ZPE, — ZPE, the following applies
to the system under consideration:

So— %Z §i <A 4)

In a number of test studies on small molecules it was shown
that the anharmonic corrections are not particularly sensitive

orbitals. In the CASSCF(8,8) optimized geometries, we next
performed the state-averaged CASSCF (SA-CASSCF) calcula-
tions over the four lowest equally weighted CASSCF roots.
Additionally, SA-CASSCF optimizations of the second root
geometries were performed to enable approximation of the

adiabatic $— S excitation energies. The electronic energies

of the CASSCF roots were corrected for the dynamic electron
correlation via the multistate (MS-CASPT2) methdayith the

core 1s orbitals on the C, N, and O atoms kept frozen. The
imaginary level shift (ILS¥® parameter of 0.10 au efficiently
solved the problems due to intruders, emerging mostly in the
first and the third excited state. Upon application of ILS, the
reference weights in the excited states approached to within 7%
of that in the ground state (around 0.60). To mitigate the
problems of overestimating the stability of open shells in
CASPT2, the IPEA level shif? of 0.10 au was used. The
reasons for adopting the reduced value of the IPEA shift
parameter (the recommended one is 0.25 au) are discussed
elsewhere? The oscillator strengthlswere calculated from the
CASSCEF transition dipole moments (TDMs) in the length
representation and the MS-CASPT2 energy differences accord-
ing to

f= %(TDM)ZAE 5)

The MOLCAS program package, version 6.4, was used for the
multireference calculatiorfs.

The 15 lowest TD-DFT excitation energies were computed
at the B3LYP/6-3%G(d) optimized geometries of the four
conformers. A number of generalized gradient (GGA) and
hybrid exchangecorrelation functionals were tested preliminar-
ily by their performance on the B and By, excited states of

to the size of the basis set; that is, they converge faster than thethe sole benzene. The present results are based upon the OLYP

corresponding harmonic frequencf@2! We therefore assume
that the 6-3%G(d) basis set provides acceptably converged

functional, which combines Handy’s recent OPTX modifica-
tion*? of the Becke 1988 exchange functional with the tee

anharmonic corrections, and we combine these corrections withYang—Parr (LYP) gradient-corrected correlatite used an

harmonic frequencies obtained at various levels of theory. For

extensive Slater-type orbital basis set of TZ2P quality on the

the four selected conformers, the geometries and harmonicO, C, and N atoms and DZP quality on hydrogens, which

frequencies were recalculated at the B3LYP/6-31G(d,p) and
B3LYP/6-311H-G(2d,p) levels. The ultimate ZPEs and anhar-
monic frequencies were obtained by combining the B3LYP/6-

resulted in 460 symmetrized fragment orbitals. The ADF
2006.01 program packatfavas used for the TD-DFT calcula-
tions#°
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TABLE 1: Geometric Parameters from Figure 2 at Various Levels

conf levef Ico (A) I'ent (A) I'ene (A) I'cc1 (A) I'cez (A) lces (A) I4b (A) Xb (deg)
B(a) A 1.233 1.363 1.450 1.519 1.537 1.562 —165.5
B 1.230 1.361 1.446 1.519 1.538 1.563 —155.5
C 1.225 1.359 1.447 1.515 1.534 1.558 —165.6
D 1.231 1.359 1.441 1.511 1.523 1.546 —-172.1
yi(gt) A 1.238 1.359 1.464 1.517 1.555 1.548 2.001 43.3
B 1.235 1.357 1.462 1.518 1.555 1.546 1.967 43.0
C 1.230 1.355 1.461 1.513 1.552 1.543 1.998 43.0
D 1.236 1.355 1.454 1.510 1.541 1.535 1.986 43.8
n(g-) A 1.237 1.361 1.467 1516 1.553 1.538 2033  —56.0
B 1.234 1.359 1.466 1.517 1.553 1.537 1.988 —54.0
C 1.229 1.357 1.464 1.513 1.550 1.533 2.032 —56.3
D 1.234 1.358 1.457 1.509 1.537 1.526 2.016 —52.8
yu(a) A 1.235 1.364 1.468 1.517 1.550 1.539 2.156 —164.7
B 1.233 1.362 1.467 1.518 1.551 1.537 2.069 —163.7
C 1.227 1.360 1.465 1.513 1.547 1.534 2.157 —164.8
D 1.233 1.362 1.457 1.510 1.535 1.523 2151 -—170.1

a A, B3LYP/6-31+G(d); B, B3LYP/6-31G(d,p); C, B3LYP/6-31G(2d,p); D, MP2/6-313G(2d,p)." Torsion angley, N—C,—Cs—C,.

TABLE 2: Electronic Energies and Harmonic and Total (Anharmonic) Zero-Point Energies of the Four NAPA Conformers at
Various Levelst

A B C D E
conf E Ezph Ezpr E Ezpn Ezpr E Ezpn Ezpr E
p(a) 0.00 0.00 0.00 0.78 0.37 0.67 0.00 0.00 0.00 0.06 0.56
yu(gt) 0.17 0.71 0.41 0.00 0.00 0.00 0.28 0.71 0.41 0.00 0.00
yi(g-) 0.35 0.56 0.34 1.09 0.74 0.82 0.41 0.60 0.38 1.00 0.57
yL(a) 0.49 0.76 0.60 0.94 0.80 0.94 0.52 0.79 0.63 1.26 0.64

aE, electronic energyEzpn, harmonic zero-point energ¥zer, total (anharmonic) zero-point energy. In each column the energies are given in
kilocalories per mole, relative to the minimum energy conformer. A, B3LYP/63({); B, B3LYP/6-31G(d,p); C, B3LYP/6-311G(2d,p); D,
MP2/6-31HG(2d,p); E, CASSCF(8,8)/MS-CASPT2/cc-pVDZ.

Results and Discussion andy.(a) 1.26 kcal mot! abovey,(g+). When we turn to the
harmonic ZPE corrections (ZRE B3LYP predicts larger ZRE

geometric parameters of the four dominant NAPA conformers for y1(g+) than forj(a), effectively destabilizing the former

calculated at the DFT B3LYP/6-31G(d), B3LYP/6-31G(d,p), Y 0-54 0.41, and 0.43 kcal mdlat the 6-3%G(d), 6-31G-
and B3LYP/6-31#G(2d,p) levels, as well as the Mp2/6- (&P) and 6-313G(2d,p) levels, respectively. Because of the
311+G(2d,p) level, are collected in Table 1. Table 2 confronts S12€ Of the system and the large computational effort needed

several theoretical models as to their predictions on the relativefor thet galc?lat'gr? tr?f GaQEgrrgotr)\lc. cor:ecné)ns, Lhess Wtﬁre
stabilities of the conformers, at first only with respect to the tcr:)mhpu € o_n?/W| € 'f ( )” tI?SIS Ise a}n (;:om ine ENIt
electronic energies and then upon inclusion of the harmonic € harmonic frequencies from all three levels. Dur computations

and anharmonic vibrational corrections reveal corrections of-2.01, —1.92, —1.86, and—1.70 kcal
For the most part, B3LYP with different basis sets and MP2 mol*for y(g+), 7.(2), 7.(9-), andj5(), respectively. Hence

exhibit relatively small differences in the bond lengths of the the anharmonic cgrrectlon stabilizeg(g+). )
peptide backbone, with the majority of them remaining within _ The B3LYPry distances change by 0.034 Ain(g+), 0.045
0.01 A. A peculiar noteworthy disagreement is found between A in y.(g—), and 0.087 A iy, (a) upon moving from 6-3¢G-
B3LYP/6-31+G(d) and B3LYP/6-31G(d,p) in the position of ~ (d) to 6-31G(d,p). With the MP2/6-3#1G(2d,p) results taken
the side chain of thé(a) conformer, where the twg{N—C,— as a reference, it transpires that hydrogen bonding is most likely
Cs—C,) torsion angles differ by-10° (Table 1). Increasing the ~ underestimated by the former and overestimated by the latter
flexibility of the valence shell and extending the basis set with basis set. The introduction of diffuse functions on the second-
additional sets of polarization functions [6-32G(2d,p)] gener-  row atoms fixes thery, distances abav 2 A in all cases,
ally leads to a slight contraction of the bonds. regardless of the presence of additional sets of polarization
Whereas the pept|de backbone remains essentia”y unaﬁectedfunctions. It is known, however, that diffuse functions become
the treatment of the hydrogen-bonding interactions is critically important primarily in the case of very strong hydrogen bonds,
dependent upon both the method and the basis set. These subt@hen the donor atom bears a highly anionic chara€ter,in
effects are capable of changing the energy ordering of the Studying proton transfef, when geometries far from equilibria
conformers. Thus, if only electronic energies are considered, are involved. Extending the basis set with the p-type functions
the extended3(a) structure is the most stable structure via On the H atoms appears more relevant for the present case and
B3LYP/6-31+G(d) and B3LYP/6-313G(2d,p), while B3LYP/ leads to a better description of the-Ml and C-H stretches,
6-31G(d,p) and CASSCF(8,8)/MS-CASPT2/cc-pVDZ predict and hence more reliable ZPEs.
the y.(g+) conformer to be the most stable (Table 2). Atthe  The intramolecular basis-set superposition error (BSSE) is
MP2/6-311G(2d,p) level,y (g+) and j(a) are predicted as  yet another issue worth checking when delicate energy differ-
effectively isoenergetic with an energy difference of only 0.06 ences govern the relative stability of the conformers. This effect
kcal mol in favor of y (g+). The remaining conformers, was probed for the B3LYP/6-31G(d) and B3LYP/6-31G(d,p)
however, lie much higher in energy (g—) 1.00 kcal mot? levels for the most competitivg(a) andy.(g+) conformers

A. Geometries and Relative Stability. The most relevant
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TABLE 3: Vibrational Analysis of the Amide A Band at the
30 B @D | 30 B3LYP/6-31+G(d) Levelr

15 15 NH(Phe) NHsym NHZ2sym
0 conf w v oW vooower v wexP

p(a) 3575 3391 3434 3569 3408 3426 3694 3512 3543
yu(g+) 3587 3411 3438 3482 3324 3342 3663 3476 3516

Am o,
:.n =

yi(g—) 3615 3436 3487 3335 3348 3658 3481 3517
3 Lz L e y(@) 3610 3440 3513 3358 3659 3476
E L3 aHarmonic (v), anharmonici), and experimentab(®®) frequencie%

Am, o,

__.L,'__..“_....- B (given in reciprocal centimeters) of NH(Phe) and symmetric and
antisymmetric NH stretches are compared.
h undergoes red-shifting by 156 cf strongly promotes the
< " df'L - e 2 M\d-Tt;l " = NH---7 interaction. Likewise, in y_(g+), the in-plane
. e o NH(Phe) bending mode at 1114 ciand the NH in-plane
Figure 3. B3LYP/6-31+G(d) anharmonic contributions to the normal bending at 1303 crt undergo red-shifting by 61 and 74 ci

mode vibrations in the four NAPA conformers. ) ;
respectively. On the contrary, the C5 structurg() requires

according to the counterpoise procedure proposed by J&hsen. & rigid _bac_kbone _involving only a limited interacti(_)n with the
9 P P brop y aromatic side chain. In fact, the out-of-plane N¥¢nding mode

The basis set g8(a) was supplemented with the ghost functions ) - ; . .
located at the atoms of_ (g+) (excluding only the atoms of IS Suppressing the_N’-*'}'” interaction and its anharmon_lc
the largely unchanged Phe side chain), and conversely,for frequency is blue-shifted by 15 crhcompared to the harmonic
(gt). With the 6-3H-G(d) basis set, the BSSE correction value. . . .
reduces the difference in electronic energieg3@f) andy,- . The presence of the two amldg groups |r! the system gives
(g+) to only 0.11 kcal mol?. The intramolecular BSSE is larger rise to three components of the amide A band: the p_henylalanme
with the 6-31G(d,p) basis set, s@(g+) drops further below NH stretph [denoted NH(Phe)], _and the symmetric and anti-
B(a) by 0.18 kcal mol! at that level, resulting in a total 0.96 symmetric stretlches of thg terminal I}IIgro_up. The strength
kcal mol* energy difference in favor of (g+). On the basis of 'the interactions that |nvolvg the amldg groups can .be
of these calculations, we also estimate that with our largest estimated from the frequency _Sh'ft of the am|d<_a m.OdeS relative
[6-311+G(2d,p)] basis set the effect of the intramolecular BSSE to the frequency of the free amide group occurring in the 3420

1 . -
is reduced to below 0.05 kcal mdlwith the B3LYP functional. 3550 cm-region, as yvell as frpm the spllgtlng between the
As pointed out by van Mourik et at8the MP2 intramolecular symmetric and the gnt|symmetr|c M}F.hOdeé In Table 3 we .
BSSE may be somewhat larger confront the harmonic and anharmonic frequencies of the amide

Judging from the trends in the bond lengths of the four A band of the four NAPA conformers at the B3LYP/6-8G-

. (d) level and the available experimental frequenéiespection
;?gfggmggz (;Z:Le slt)atlmtllfzaen dbSiacoggél;?;fijtit:satgfh?kt\reuﬁ;(;?ggen of Table 3 immediately reveals a notable discrepancy between
bonding in the C7 ring and the NH.z interaction (vide infra) the anharmonically corrected and experimental frequencies. The

- ; . __former are systematically red-shifted by-380 cnT! compared
and on the other han_d destab|_I|zed by increased steric StrainSy, the expected values, which indicates deficiencies of the
The rcc2 and renz distances in they, conformers, being

. L B3LYP/6-31+G(d) harmonic spectrum.
elongated !Dy alm.OSt.o'OZA relatllve/f()a)., are most indicative It should be (nz)ted that th(—? amide A frequencies are not
T g, pocommotates e suffient o dsinguih unambiuosybetween - anc
twc?o osing effects determines the myost stable conformation VL(E}) conformers, >0 that the gxperimental assignment was
it d'?fp it tg d definit usi th ¢ tional 'assisted by the amide | frequencies. A much better agreement
i |sf ifficult to frlilVXP,i wge conc ﬁSlonstog Etcon oana 1onal \yith experimental amide A vibrations is found for the anhar-
preterences o - OUr TesUls cas Gou 'S On N€ Energy ., nic B3LYP/6-31G(d,p) frequencies, as indicated in Table 4.
sequence from the B3LYP/6-315(d) level® which indicates These have been obtained by adding the B3LYP/6G(d)
pr(_)pens_ny_tow_ard the _extendg@ia)-hke structures._An _ad- anharmonic corrections for the amide A modes to the corre-
ditional insight into the interactions that lead to stabilization of sponding harmonic B3LYP/6-31G(d,p) frequencies. The only
a specific conformer is needed and will be sought in the analysis ' :

. . > exception is found for the NH(Phe) stretch of fi{e)) conformer
of the IR signature of different backbone foldings. and will be explained shortly. Table 4 also compiles the

B. Vibrational Analysis. Figure 3 displays the B3LYP/6-  harmonic and anharmonic B3LYP/6-3tG(2d,p) frequencies,
31+G(d) anharmonic contributions to the normal mode vibra- p; a5 expected from the corresponding geometries, these do
tions, expressed as the ratio of the difference between thepqt provide an improvement over the B3LYP/643E(d) ones.
harmonic and anharmonic frequencdi (= @i — ) to the Focusing on the B3LYP/6-31G(d,p) results, one notices that
harmonic frequency; of a given mode. in (a) both NH stretches are shifted toward higher frequencies

The low-frequency modes (below 100 ch are omitted  than in the remaining conformers. The high frequency of these
because of the expected errors in the numerical treatment ofstretches indicates that the terminal Ngtoup is not involved
very shallow potentials. in H-bonding interactions. This is apparent also from theHN

From Figure 3 it is apparent that the stabilization of the bond lengths, which are negligibly changed. The difference of
conformers arises from a general red shift in all vibrational 118 cntin frequencies of the two stretches is very close to
modes. For stabilizing interactions, apart from the hydrogen the 116 cnm! splitting typical of the free NH group and is in
bonding in the C5 and C7 rings, one can also expect the NH excellent agreement with the experimental value of 117cm
.-t interaction (N of the peptide bond) in. and NH=z (N of The almost “free” NH splitting is a direct indication of the
the amide residue) in th&(a) conformer. In particular, the NH-  very weak coupling between the amide hydrogen and the phenyl
(Phe) out-of-plane bending modesf(g—) at 450 cnt?, which m-electronic system. This contrasts the situation in the
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TABLE 4: Vibrational Analysis of the Amide A Band 2
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B3LYP/6-31G(d,p)

B3LYP/6-311G(2d,p)

NH(Phe) NHsym NH2sym NH(Phe) NHsym NH2sym
conf w v w v w v w v w v w v
p@) 3587 3403 3582 3421 3721 3539 3584 3400 3569 3408 3695 3513
yu(gt) 3610 3434 3479 3321 3655 3504 3596 3420 3476 3318 3667 3480
yu(g-) 3639 3460 3485 3333 3643 3506 3626 3447 3482 3330 3659 3482
yu(@) 3638 3468 3507 3352 3644 3509 3622 3452 3511 3356 3660 3477

aHarmonic ) and anharmonicif frequencies (given in reciprocal centimeters) of NH(Phe) and symmetric and antisymmefritristdhes

are compared.

TABLE 5: Harmonic and Anharmonic Frequencies and Potential Energy Distribution? of the Amide | Band

Harmonic (v) and Anharmonici) Frequencies (crt)

amide amide @
conf leveb w int® v PED w intt v PED
B@a A 1729 355 1698 CO's (0.76), CC¥s (0.05), CCHd (0.04), 1760 269 1732 @G (0.7), CN?'s (0.08), NH@ ib (0.07),
B 1755 265 724 CNHib (0.04), CNs (0.03) 1790 238 1762  EOGN0.04), CCAP s (0.04)
C 1711 349 1680 1741 258 1713
y(gh) A 1719 211 1688 C®s (0.72), CNs (0.07), 1761 408 1721 @G (0.77), CNP's (0.09),
B 1742 179 1711  Nbiib (0.07), CCNd (0.05) 1788 348 1748  CNH ib (0.06), C&N (0.04)
C 1700 204 1669 1741 401 1701
y(g—) A 1721 188 1691 COs (0.74), CN's (0.07), Ngib (0.06), 1769 418 1733 C®s (0.76), CNY' s (0.09), NH®@ ib (0.06),
B 1746 166 1716 CNHd (0.06), NCC d (0.04) 1803 328 1767  CNH ib (0.06), @€KD.04)
C 1702 185 1672 1752 409 1716
y(@ A 1723 183 1720 COs (0.74), CNH ib (0.06), 1770 379 1699 € (0.76), CNP's (0.09), NH@ ib (0.06),
B 1748 150 1725 CCNd (0.04), CN's (0.03) 1797 322 1747  CNHib (0.06), €KD.04)
C 1705 180 1702 1752 367 1681

as = stretching, ib= in-plane bending, d= deformation.” A, B3LYP/6-314-G(d); B, B3LYP/6-31G(d,p); C, B3LYP/6-3HG(2d,p).c The
given IR intensities (kilometers per mole) are for the harmonic transitions.

conformers, where the terminal NHgroup participates in an
H-bonded C7 ring, and both Ntstretches are found at lower

frequencies. The asymmetric stretch is regularly found between

3504- and 3509 cm! and the symmetric stretch between
3321~ and 3352 cm'. Accordingly, the splitting between the
two components is larger than fifa), equalling 182, 173, and
147 cnt! in the vy (g+), yL(@—), and y.(a) conformers,
respectively. The first two values are very close to the
experimental splittings of 174 and 169 chwassigned toy, -
(g+) andy.(g—), respectively.

In the y. conformers, the NH(Phe) stretch is intercalated
between the two Nhistretches. The strength of the interaction
between the NH bond and the phenyl ring can be monitored
by the softening of the NH(Phe) bond. The most red-shifted
NH(Phe) frequency at 3411 crhis found fory (g+), sug-

mental amide | frequencies of NAPA are not available for
comparison.

Inspection of the amidé! modes reveals separation into two
subgroups. The(g+) andy,(g—) conformers form a medium-
strong H-bonded C7 ring withy, distances of 1.986 and 2.016
A computed at the MP2/6-3#1G(2d,p) level. For these
conformers the amide® anharmonic B3LYP/6-31G(d,p)
frequencies are found at 1711 and 1716 &mespectively. The
yL(a) structure experiences a much weaker H-bond wijth=
2.151 A, while in the3(a) structure the C® group is H-bond-
free. Consequently, the amid® Imodes of these conformers
are less anharmonic, equalling 1725 and 1724 ¢mespec-
tively.

By analogy to the amide A vibrations, the splitting of the
two amide | components provides information on the differences

gesting the strongest interaction with the side chain. Becausebetween the environments of the two CO groups. The highest
of the close contact with the CO group of the same residue, theamide 2 frequency of 1762 crrt corresponds to the unhindered

NH(Phe) stretch off(a) is found at 3403 cmi, which is
approximately 30 cm'* lower than the experimental frequency

CO® group of they (g—) structure, which also exhibits the
largest amide | splitting. To test the sensitivity of the splitting

of 3434 cn1l. The reason is that the NH(Phe) and the symmetric between the two amide | modes on the CO environment, we
NH, stretch participate in a Fermi type | resonance interaction substituted the N-terminal acetyl by a formyl group (i.e., H atom
that was not recognized by the perturbative anharmonic analysis.instead of CH). This led to an upshift of the harmonic amide

In other words, the NHC,—CO interaction appears overesti-

I frequencies in all conformers. Specifically, the amiéfe |

mated by the anharmonic treatment, and once the Fermifrequencies computed at the B3LYP/643&(d) level are now
resonance is taken into account it is expected to further found at 1752, 1747, 1748, and 1750 ©nin S(a), y.(g+),

destabilize thes(a) structure.
Let us now investigate some features of the NAPA conform-

ers that are not directly related to UV/IR experiments. The amide

yi(g—), andy(a), respectively, while the corresponding split-
tings are reduced to only 15, 28, 27, and 27 ém
The internal coordinate analysis of the amide | modes reveals

I band, as the most intense, has been used extensively inthe character and degree of couplings between the two amide |

the identification of secondary structuf@dt arises mainly from
the CO stretching vibrations. The two carbonyl groups of
NAPA give rise to two amide | modes, denoted as amide |
and amide ®, as shown in Figure 1. The amide | fre-

quencies are summarized in Table 5. Unfortunately, experi-

modes (Table 5). The G®bond of thef(a) structure and the
COD of they, structures are engaged in C5 and C7 interactions,
respectively. In such cases the CO stretching contribution to
the amide | vibration is between 76%and 74% depending on
the strength of the ring-forming interaction. Meanwhile, the
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TABLE 6: Vertical ( Ty) and Adiabatic (To) Excitation as in NAPA (0.10 au), and a (6,&}active space. This resulted
Energies (eV) and Oscillator Strengths (Length in 4.97, 6.47, and 7.06 eV vertical excitation energies, respec-
ggﬁ][gfrﬁgtgt'gtntﬁ elng.\)lnciegggtgfgs,gf/)moé.tgigg%/'gé%\a}oz tively, which is reasonable in view of the known mismatches
and (B) TD-OLYP/TZ2P(DZP) Levels between the vertical excitation energies and observed band
5@ D) maxima in benzen#
In the NAPA conformers all three excitation energies are red-
A B A B shifted relative to benzene, most notably the second excited state,
state T, To T e T, To T exp which is lowered by~0.5 eV compared to the paret;;— X
1 4.827 4.707 5.133 4.650 4.882 4.769 5.113 4.663 transition (Table 6). Such differences are indicative of the Phe
(0.25) (0.64) (0.34) (0.12) chromophore interactions with the peptide backbone. For
2 5946 6.012 instance, the calculated higher S- S vertical excitation
3 %530003 g;% energies, such as in (g+) andy(g—), presumably reflect the
(88.5) (86.8) stabilization of the Phe chromophore “HOMO" via the Nk
interaction (vide ante).
C) (@) Three band systems were distinguished in the R2PI spectrum
A A B of NAPA.® On the basis of vibrational progressions, the lowest-
state T, To T T, T T,  exp lying system was assigned to thf#a) conformef This is
1 4913 4778 5125 4854 4777 5113 4654 supported by the CASSCF/MS-CASPTZ. calg:ulatlons, althoggh
(0.40) (0.18) (0.38) (0.23) a.m!smatch 0f~0.18 eV is present, which is, however, .st|II
2  6.040 5.986 within the error bounds of the method (0.20 €¥)o a certain
(9.02) (7.00) extent the absolute accuracy of the present multireference
3 6972 6.967 approach suffers from the relatively small basis set but also from
(86.2) (83.3)

the fact that a more detailed analysis of the spectrum, for
example, inclusion of the vibronic coupling, is practically
impossible. It was stressed that calculated vertical excitation
energies of the symmetry-forbidden transitions (or transitions
originating from these, as is the case with NAPA) are not
straightforwardly compared to the observed band maxfiiae
calculated adiabatic excitation energies approach the experi-
mental band maxima more closely (within 0.12 eV, Table 6),
albeit the ordering of the conformers’ adiabatic transitions differs
from the vertical ones, which suggests complex overlapping of
the band systems. Another issue is predicted larger differences
in the § — S excitation energies between different conformers
than what is observed in the R2PI spectrum (Table 6). Thus
the second lowest conformer is calculated as blue-shifted by
0.028 eV relative tg3(a), while it is observed only 0.004 eV
higher, at 4.654 eV. This peak was tentatively associated with
eithery (g—) or y(a)?¢ but the calculations unambiguously point
towardy(a), whose vertical transition should be well resolved
from y(g—). The y.(g+) conformer correctly appears as the
third peak but again as too blue-shifted (0.055 eV) frf(a)
compared to the experimental value of 0.013 eV. According to

While the multistate CASPT2 energies are used in calculating CASSCF/MS-CASPT2, there might be present a fourth spectral

the excitation energies, the differences between the single- andystem belonging tg, (g—), which is further blue-shifted from

multi-state CASPT2 values are very small, in all cases less than?-(9T) by ~0.03 eV. _ )

0.02 eV. This is a consequence of the reference CASPT2 states By far the most intense peaks in the R2PI spectrum

nicely dominating the resulting MS-CASPT2 states, typically correspond tg(a), followed byy. (g+).° Here the theoretical

by more than 99%. approach deviates most notably, because the vertical oscillator
On the basis of the analysis of active occupancies in the SA- strength off(a) is even predicted to be the smallest of the four

CASSCF reference wave functions, the three lowest transitions conformers (Table 6). While this may partly be the issue with

in NAPA correspond predominantly to local excitations in the the uncorrelated CASSCF transition dipole moments, the

Phe chromophore. These can be considered as closely analogougPectral intensity also depends upon the relative population of

to the much-studiedB,, — X, 1By, — X, and 1Ey, — X the conformers in the (Sstate. Energetically this should favor
transitions in benzer® which derive from a single LUMG— B(a) andy(g+), although only mildly, and it remains difficult
HOMO (ex, — e1g) excitation and whose experimental band 0 account for the observed large differences in intensities.
maxima are located at 4.90, 6.20, and 6.94 eV, respecfivéty.  Consequently, entropic and kinetic factors might play a promi-
Owing to the fact thatB,;— X and!B;;— X are symmetry- nent role in the final relative distribution of the conformers under
forbidden in benzene, wheredg;— X is allowed, the first ~ €xperimental conditions.

two transitions in NAPA have much weaker intensities than ~ Numerous low-lying transitions in the4.2—6.0 eV region
the third one, as is expected (Table 6). To get a better idea ofresult via the TD-OLYP approach. The vast majority of them
the accuracy of the present CASSCF-CASPT2/cc-pVDZ ap- correspond to the intramolecular charge transfers {Cffgm
proach, calculations on tH8,,, B;,, and!E;, states of benzene  the distant carbonyl bonds to the antibonding orbitals of the
were performed with the same IPEA and imaginary level shifts Phe chromophore. It is well-known that such CT states tend to

H-bond-free CO groups contribute more to the amide | vibration,
around 76-77%. These values can be compared to those
obtained by DeFlores et &.for N-methylacetamide (one
peptide unit), where a larger CO stretching contribution of 81%
was found. Obviously, H-bonding promotes delocalization of
the amide | vibration within the C7 ring, reducing the contribu-
tion of the CO atomic displacements within the vibration. This
can be deduced from the significant contribution of NH-
plane bending and CCN deformation in the amidkvibration
of both they (g+) andy.(g—) conformers. Also, an important
message of Table 5 is the lower IR intensities of amide |
vibrations belonging to CO groups that are engaged in H-
bonding compared to the “free” CO groups, which is in
accordance with the perturbational treatment of Miyazéiwva.
Finally, direct evidence of couplings between the two amide |
bands is found only in the extend@da) structure, where the
contribution of the neighboring CO stretch amounts t€6%6.

C. Excited StatesExcitation energies and oscillator strengths
in the length representation corresponding to a few lowest
transitions in the four NAPA conformers are shown in Table 6.
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be grossly underestimated by TD-DEfappearing roughly as  calculations were performed on the Isabella cluster at the

differences in the KohnSham eigenvalues of the orbitals University of Zagreb Computing Center (SRCE).
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