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ABSTRACT
Experimental studies suggest that amide bond may signiﬁcantly deviate from planar arrangement even in linear peptides and proteins. In order to ﬁnd out
the extent to which such deviation may inﬂuence principal amide spectroscopic properties, we conducted a computational study of nonplanar N-methylacetamide (NMA) conformers. Vibrational absorption, Raman, and electronic spectra including optical activity
were simulated with ab initio and density functional theory (DFT) methods. According
to the results, small nonplanarity deviations may be detectable by nonpolarized spectroscopic techniques, albeit as subtle spectral changes. The optical activity methods, such
as the vibrational circular dichroism (VCD), Raman optical activity (ROA), and electronic circular dichroism (CD, ECD), provide enhanced information about the amide
nonplanarity, because planar amide is not optically active (chiral). For VCD, however,
the inherently chiral contribution in most peptides and proteins most probably provides
very weak signal in comparison with other contributions, such as the dipolar coupling.
For the electronic CD, the nonplanarity contribution is relatively big and causes a
strong CD couplet in the n–p* absorption region accompanied by a red frequency shift.
The p–p* CD region is relatively unaffected. The ROA spectroscopy appears most promising for the nonplanarity detection and the inherent chiral signal may dominate entire
spectral parts. The amide I and III vibrational ROA bands are most challenging experimentally because of their relatively weak coupling to other peptide vibrations. Chirality
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INTRODUCTION

As the methods of structural biology develop, new properties and structural details of proteins become accessible
to systematic investigations. Geometry of the amide group
represents a typical example of such gradual reﬁnement.
The amide group is an important building block of peptides and proteins and it is embedded in many molecules of
fundamental importance for living matter, industry and
general chemistry. The amide chromophore is rather
small, but its complex electronic structure involves a carbon–oxygen double bond, a carbon–nitrogen partial double bond, three center p-system, and three lone electrons
pairs. Historically, the amide linkage was considered planar and fairly rigid, based on the original ideas of Pauling
N bond character which is disabout a partial double C0 
turbed by the nonplanarity:1
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This approximation allowed explaining principal features
of protein structure, especially for conformations such as
a-helices or b-sheets. However, at the seventies, semiempirical calculations and X-ray studies indicated slightly
nonplanar amide groups for small cyclic peptides2 or medium ring lactams3 exhibiting ring constrains. These
results were conﬁrmed by resolving crystal structures of
many small peptides3 and set upper bounds of 658 deviation of the backbone angle x from either cis (x 5 08) or
trans (x 5 1808) planarity in linear peptides. Later, more
profound distortions were observed in NMR and X-ray
studies.4,5 Finally, as structural databases became more
complete and reliable, statistical works revealed signiﬁcant
and systematic deviations from planarity of the trans-like
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peptide bond (with x close to 1808) in most peptide and
protein structures.6–8 For example, MacArthur et al.6
observed average nonplanarity deviations of about 68 for
cyclic and linear peptides. Consequent analysis of a data
set of 187 proteins provided an average deviation of 4.78.
On average, the amide groups thus were chiral. The angle
x depends on protein secondary structure, especially the
a/b conformer ratio, and on peptide side chains. Later, Xray protein data of atomic resolution provided even bigger
deviations, up to 208.8–11 Except for the importance for
peptide folding and secondary structure, the amide nonplanarity also inﬂuences reactivity of hydrolytic reactions12 or
susceptibility to nucleophilic attacks.13
The distortion from the planarity is most often characterized by the main chain torsion angle x. However such a
simple rotation does not describe amide nonplanarity in
full, because it involves also pyramidal out-of-plane deviations on carbonyl carbon and especially nitrogen atoms as
has been described already by Ramachandran and coworkers.14,15 The relevant pyramidicity descriptors vN and
vC (Fig. 1) were introduced by Warshel16 and elaborated
further by Winkler and Dunitz.3 The bonds-to-nitrogen
out-of-plane deformation can be quite large and for translike amides it approximately correlates with the x parameter by vN  22Dx, where Dx 5 x 2 180.6,17,18 The pyramid on carbonyl carbon is smaller and the observed distortions rarely exceed 58.19,20 A correlation was observed of
the sense of nonplanar deformation with the handedness
of proteins main chain twist.6
Optical spectroscopies and theoretical calculations often
complement crystallographic investigations of the amide
nonplanarity.21,22–25 The spectroscopic techniques usually
yield lower resolution, but allow for studies of solutions.
Especially the dichroic methods are very convenient for nonplanarity studies as the loss of the amide symmetry plane

leads to the inherently chiral chromophore. Infrared absorption and electronic circular dichroism (ECD) of signiﬁcantly
nonplanar (x 5 10–158) cis-like amide groups in rigid polycyclic lactams were already analyzed empirically, and with
the aid of CNDO and HF calculations.26–28 CD signal originating in the nonplanarity was found quite large (De  10 l
mol21 cm21), the n–p* band red shifted, and the n–p*/p–p*
dichroic intensity ratio increased (typically from 1/3 to 1/1
for the planar and nonplanar chromophores).26,28–30 IR spectra indicated a correlation of the nonplanarity magnitude
with amide I and amide II frequencies,26,27 which was also
supported by theoretical studies.31,32
Newer vibrational optical activity techniques appear convenient for the amide nonplanarity studies, similarly as
ECD. Particularly, the vibrational circular dichroism
(VCD)33–35 and the Raman optical activity (ROA)36,37 provided priceless data about peptide and protein geometry.
Conveniently, the vibrational molecular properties depend
on the electronic ground state and can be normally calculated with better precision than with ECD. The relatively
local vibrational normal modes are also more attentive to
structural details. Nevertheless, vibrational studies of the
nonplanarity are rather rare. The amide twist was related
to the CD bands for polycyclic lactams.29,30,32 A signiﬁcant
nonplanarity contribution to the VCD of an a-helical peptide segment was predicted.38
In this study, we compare various spectroscopic properties of the nonplanar amide chromophore represented by
a distorted N-methylacetamide (NMA) to mimic the behavior of amide groups in peptides on the basis of experimental spectroscopy and theoretical calculations.38,39 The emphasis is put on possible effects in protein and peptide
spectra, where the nonplanarity is much smaller than in
strained lactams and similar rigid compounds. Such theoretical studies based on accurate computations of small
peptide bond models proved to be beneﬁcial in the
past.14,15,31,40,41 Vacuum equilibrium NMA conformers are
nonplanar themselves and their energies and VCD and
ROA spectra are discussed in Ref. 39. In our model, the
methyl rotation and all the other geometrical parameters
are allowed to relax fully, while the angle x is chosen as
the varied coordinate. We scanned the x angle over the
full range 0–1808 and discuss the potential energy surface
(PES) and spectroscopic molecular properties. We looked
more closely on the dependence of spectral properties on
smaller deviations from the trans (x 5 1808) planar
arrangement in order to estimate effect of nonplanarity on
real spectra of peptides or proteins. The coupling and the
spectral effects of the x-distorsion to the vN and vC parameters3 are discussed on the basis of two-dimensional PESs.

METHODS
Fig. 1. The usual amide group nonplanarity parameters. The dihedral
angles vC and vN are deﬁned as vC 5 x1 2 x3 1 p (mod 2p) 5 2x2 1 x4
1 p (mod 2p) and vN 5 x2 2 x3 1 p (mod 2p) 5 2x1 1 x4 1 p (mod
2p), where xi are the torsion angles x1 5 x 5 \(1C C0 N 2C), x2 5 \(O
C0 N H), x3 5 \(O C0 N 2C), x4 5 \(1C C0 N H); Dx 5 x 2 1808. The
angles x1, x2, x3, and x4 are additionally coupled by (x1 1 x2) – (x31
x4) 5 0 (mod 2p).14,15
Chirality DOI 10.1002/chir

The Gaussian program42 was used for the scans of PES
and spectral simulations of the NMA molecule. By default,
the DFT B3LYP functional43 and 6-31111G** basis set
was applied. Other functionals (BPW91, B3PW9144) and
alternative quantum chemical methods (HF, MP245) with
the 6-311G** and 6-31111G** basis sets were tried for
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Fig. 2. Calculated dependence of the NMA relative energy on the torsion angle x as calculated by the ﬁve approximation levels in vacuum (top) and
with the implicit solvent model (bottom, CPCM). At the right hand side, corresponding Boltzmann probabilities at 300 K for the B3LYP/6-31111G**
method are plotted. [Color ﬁgure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

control computations. In order to approach usual experimental conditions the aqueous environment was simulated
with the CPCM Gaussian variant of the COSMO continuum solvent model. Within all potential energy scans (x,
vN, vC) the remaining coordinates were allowed to relax
fully. In the x-scans, we neglected a hysteresis in the PES
which occurs around x  908. This region is not relevant
for most peptides and this hysteresis is caused by a simultaneous methyl group rotation and inversion at the nitrogen atom. For selected geometries infrared absorption,
VCD, Raman, ROA, and ECD spectra were simulated with
our complementary programs.46–48 An arbitrary bandwidth
of 5 cm21 and 5 nm was used for the vibrational and electronic spectra simulation, respectively. The back-scattered
ICP Raman and ROA experiment was modeled. The harmonic approximation and gauge-independent atomic orbitals (GIAO) were used for the VCD49 and ROA simulations.50 ECD spectra were calculated with the time-dependent density functional theory (TDDFT).51

RESULTS AND DISCUSSION
Amide Geometry and Flexibility

Using NMA as a model implies that the dependency of
NMA energy on the x angle can be approximately extrapolated to amide bonds in peptides and proteins. As can be
seen in Figure 2 various approximation levels provide consistent energy proﬁles. Almost identical dependence of the
relative energy on the angle x was obtained with the
BPW91 and B3LYP functionals, with minor differences for
the 6-31G** and 6-31111G** bases. Only in vacuum both

the cis and trans minima at MP2 level are slightly broader
than in the case of DFT methods. However, in water, the
MP2 and DFT results almost coincide for x  1808. Solution
cis/trans transition barriers (not visible in the plots) differ
more for various levels than in vacuum, but were obtained
in a very narrow range by all the methods, within 17.6–18.6
and 19.2–20.6 kcal/mol in vacuum and water, respectively.
Similar values were found previously.52 The trans conformer is clearly energetically favored, although residual
population of the cis states is apparent in the probability
graphs at the right-hand side of the ﬁgure, more for the
aqueous environment. Around the trans isomer minimum
the angle x can vary relatively freely at 300 K, according to
the probability distribution half width within 1668–1948 for
vacuum and slightly less (1688–1928) in water. Also this
behavior corresponds, for example, to the results of Rick
and Cachau,40 who estimated distribution of the x-angles
for protein structures from molecular dynamic simulations.
An analysis of the protein structure PDB database provided
similar values.6 This comparison suggests, in accord with
the work of others,14,15,31,41 that minor nonplanarity in peptide units is quite frequent. It is moderated by peptide side
chains, secondary structure, and molecular environment. In
NMA, a recent computational analysis by Polavarapu et al.39
revealed that slightly nonplanar conformers (Dx  5–88)
represent the only true minima on the PES.
The variation of x is accompanied by changes of the vN
and vC angles. As follows from Figure 3, the pyramidicity
on the amide nitrogen is quite strongly coupled to the x
angle, while the vC angle deviates only slightly from zero.
A more detailed coupling pattern can be seen in the twodimensional potential energy plots (Fig. 4). From the plots
Chirality DOI 10.1002/chir
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Fig. 3. Computed (B3LYP/CMCP/6-31111G**) changes of selected NMA bond lengths (d) as functions of the angle x, related to x 5 1808. The
reference equilibrium values (planar amide) for the three bonds were 1.348 Å (C
N), 1.020 Å (N
H), and 1.238 Å (C¼
¼O) (left). Simultaneous changes
of the dihedral angles vC and vN (Fig. 1) are plotted on the right-hand side.

showing the vicinity of the potential well, we can also see
that the vN coordinate is strongly correlated to x in contrast to the vC angle. The equilibrium is located at the planar arrangement, but the amide hydrogen and oxygen
atoms can easily move out of the plane. The nitrogen pyramidicity vN occurs more easily. We can estimate that at
room temperature (Boltzmann quantum kT  0.6 kcal/
mol) the angles oscillate from the planar arrangement up
to about 88 and 208 for vC and vN, respectively. In addition
to the modiﬁcation of bond arrangement on amide C0 and
N atoms the x-deformation causes changes of the C
N,
N
H, and C¼
¼O bond lengths (Fig. 3). The equilibrium
values for the three bonds are approximately in agreement
with previous HF calculation,31 and ab initio simulations
with an alternative IEF solvent model,53 as well as with
N bond
MD studies.54 As can be seen in Figure 3, the C
is prolonged most and the C¼
¼O bond is shortened during
the x rotation. The changes can be explained on the basis
of the amide p-electron system. The system is weakened
for nonplanar conformations and the electrons move to the
C¼
¼O bond that becomes stronger. As pointed out previously, the weakening of the C
N bonds is directly related
to magnitude of nonplanarity.41 The weakening of the
N
H bond with the x-twist seems to be minor, but it has
an effect on N
H stretching frequencies (see below).
Vibrational Absorption and Vibrational Optical Activity

The dependence of amide A, I, II, and III vibrational frequencies on the x-rotation is shown in Figure 5. The calculated frequencies for the planar trans arrangement (x 5
1808) are compared with experimental values in Table 1.
The frequencies are rather sensitive to nonplanar distortion. The amide A frequency shifts the most, which

indicates that the N
H bond is very weakened. The maximum frequency change of 2175 cm21 for x  1008 is
somewhat moderated by the aqueous environment. Calculated N
H stretching frequencies are lower for the cis
form (3617 cm21 in vacuum (v), 3321 cm21 in water (w))
than for the trans conformer (3643 cm21 (v), 3363 cm21
(w)). On the contrary, the amide I (C¼
¼O stretching) frequency rises when the amide group becomes nonplanar
and in the vicinity of x  908 it approaches values characteristic for ketones. It is interesting, that sensitivity of this
vibrational mode to a small x-change appears bigger for
the trans than for the cis conformer. Unlike for amide A,
the solvent makes the amide I frequency more susceptible
to the x-changes; however, vacuum amide I frequencies of
planar trans and cis forms differ from one another more
than in water (cf. Table 1). The amide II and III frequencies of the cis and trans forms signiﬁcantly differ, too, and
the difference is emphasized by the aqueous environment.
This indicates, that not only the change of x, but also the
cis/trans isomerization leads to a signiﬁcant modiﬁcation
of amide electronic structure. Therefore, in vibrational
spectroscopy, there is an important difference between cisand trans-like amides, and consequently rigid polycyclic
lactams which serve as nonplanar amide models in electronic spectroscopy27–30 should be used for IR modeling
only with great caution. Around x 5 1808, the amide II frequency appears more sensitive to small x-changes than
that of amide III mode. Band intensities are even more
sensitive to nonplanarity than vibrational frequencies (see
Fig. 6, where the amide intensities are plotted relative to
planar trans arrangement). Clearly, intensity variations can
exceed 100% for both absorption and Raman scattering. As
an extreme case, the Raman amide II intensity is four

TABLE 1. Comparison of calculated (B3LYP/6-31111G**) NMA harmonic frequencies (cm21) of the
amide A, I, II, and III normal modes with experimental values for aqueous solutions
Amide A (m(NH))

Amide I (m(C¼
¼O))

Amide II (m(C
N), NH bend)

Amide III (m(C
N), NH bend)

3617
3643
3321
3363

1749
1744
1649
1651
1617
1620
1625

1522
1559
1513
1584
1577
1580
1582

1343
1265
1357
1302
1314
1315

Vacuum-cis
Vacuum-trans
Water-cis
Water-trans
Exp63–67

Chirality DOI 10.1002/chir
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Fig. 4. NMA PESs (B3LYP/6-31111G**/CPCM, with isolines each 0.5 kcal/mol) showing the coupling of the x-twist with the vC and vN Winkler3
angles (Fig. 1). The crosses denote geometries chosen for the spectra calculations (vC 5 08, 658, 6108 and vN5 08, 6108, 6208). [Color ﬁgure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]

Fig. 5. Dependencies of the harmonic frequencies of the amide group vibrational normal modes on the x-angle calculated by the B3LYP/CMCP/631111G** method (changes with respect to the trans (x 5 1808) conformation are plotted). [Color ﬁgure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Fig. 6. Relative IR and Raman intensity changes with respect to the trans conformation (B3LYP/CPCM/6-31111G** calculation). [Color ﬁgure can
be viewed in the online issue, which is available at www.interscience.wiley.com.]
Chirality DOI 10.1002/chir
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Fig. 7. Calculated (B3LYP/PCM/6-31111G**) VCD intensities for
selected NMA conformers. Spectra for twists around 1808 are plotted on
the bottom separate panel.

times bigger for the cis form than for the trans conformer;
for x-values around 908 even a difference of more than
500% is predicted. This can be explained by coupling of
the amide II and amide III vibrations to other vibrational
modes, particularly to those associated with polarizable
methyl groups.
Chiral spectroscopies provide a more direct way to
investigate the amide nonplanarity than the IR absorption
or Raman scattering as the nonplanar amide bond is chiral.
Investigation of a model compound like NMA should provide sign assignments of amide VOA bands to particular
amide chirality. In Figure 7 VCD and in Figure 8 backscattered ROA spectra are simulated for nonplanar NMA
structures. In VCD the amide I band (1649–1715 cm21) is
uniformly negative for 08 < x < 1808, while amide II
(1506–1584 cm21) is uniformly positive and amide III band
(1267–1367 cm21) again negative. The predicted VCD signals are quite intense for all three vibration types (either
stronger or similar in intensity as the VCD connected with
CH3 deformation modes, 1400–1490 cm21). These bands
would be opposite for negative values of x (08 > x >
21808). The circularly polarized IR light probes amide
chirality as directly related to the sense of x, while the
VCD bands related to C
H deformations (1400–1490
cm21) depend on the x angle in a more complicated way.
A similar trend is observed in ROA spectra, however the
corresponding ROA signals are less intense, and the trend
is less convincing: amide I vibration exhibits positive ROA
for 08 < x < 1808 however there is a temporary sign ﬂip
Chirality DOI 10.1002/chir

around x  1008. The amide II and III ROA signals in the
vicinity of the more intense CH3 rocking modes are quite
weak. The amide I, II, III VCD and ROA bands exhibit signiﬁcant position and magnitude changes for x in the range
0–1808. At x  1008 the amide I VCD band is shifted to
1720 cm21 (ketone-like value, indicating complete decoupling from the rest of amide grouping) and accompanied
by the sign ﬂip in the ROA spectrum. The maximum of IR
absorption occurs earlier, at x 5 608 (Fig. 5). We have
also simulated VCD spectral changes caused by different
pyramidal arrangements with vC 5 08, 258, 2108 and
vN5 08, 2108, 2208 for x 5 1808, marked by the crosses
at the PES maps in Figure 4. The intensity changes in the
spectra caused by these deformations can be seen in Figure 9. They are comparable in magnitudes to those given
in Figures 7 and 8. Note, that vN  2Dx. As the relative
intensity ratios are different for different transitions the
effects caused by vN and vC can thus intensify or cancel
the x-twist effects. In ROA, the vN change leads to different signs of the amide I and II contributions. Thus the
effect of the pyramids should be taken into account in
interpreting spectra of complex peptides.
If we put particular emphasis on most relevant geometries for real peptides and proteins (trans-like amide and
slight deviations like, e.g. x  1708, i.e. Dx  2108), we
can deduce that for the given chirality the amide I signal
is predicted to be slightly blue shifted and negative in
VCD, while in ROA it would be positive. Amide II fre-

Fig. 8. Calculated (B3LYP/PCM/6-31111G**) ROA intensities for
selected NMA conformers. Spectra for twists around 1808 are plotted at
the bottom.
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tion, this is convenient because the amide IV (around 880
and 640 cm21) and amide V (620 and 460 cm21) vibrations
directly probe the respective amide C¼
¼O and N
H out-ofplane bending motions. Figures 7 and 8 show the results of
our calculations in this spectral region and the most important case of small trans-like nonplanarity. The VCD signal
predicted at this region is also signiﬁcant, but very difﬁcult
to measure. However, the ROA signals are quite characteristic and might help in the nonplanarity detection and its
sense assignment. For Dx  25 to 2108, the 880 cm21 ROA
is negative, while the signals at 620 and 640 cm21 form a
positive–negative couplet. The calculated amide V signal at
470 cm21 is negative. Our calculations are in agreement
with the results of Polavarapu et al.39 where the spectra
were simulated for the opposite chirality. Therefore ROA
signs therein have to be ﬂipped for comparison with our calculations. Similarly, the VCD signs also agree with the
exception of the band 470 cm21.
Electronic Absorption and ECD

Fig. 9. Calculated VCD, ROA, and ECD spectra for NMA conformers
with selected pyramidal deformations for geometries deﬁned in Figure 4.
[Color ﬁgure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

quency shifts slightly to the red, and the signal is positive
in both techniques (though it is weaker in ROA). According to previous studies, vN  22Dx,14,15 such enhanced
pyramidal arrangement leads to a further increase in the
magnitude of VCD and ROA signals of amide I and II. The
changes in the amide III region are more complex, partially because of the coupling with the methyl hydrogen
bending motion. Additionally, in real peptides, the chirality
on the alpha-carbon causes an additional contribution,
since the C
H bending motion is strongly coupled with
the amide III vibration.
The spectral region below 1000 cm21 is experimentally
difﬁcult for VCD, but should be easier to reach by the
Raman and ROA techniques. For the nonplanarity detec-

Changes in the electronic absorption and CD spectra
caused by nonplanarity can be seen in Figures 9 and 10.
They are more distinct than the vibrational alterations as
the electronic bands more directly probe the sp2 ? sp3
hybridization change. Historically, electronic spectra of
the amide group were considered as a composition of
n–p* (210–250 nm) and p–p* (180–200 nm) absorption
bands, both originating from the amide p-electron system
and amide lone electron pairs. The n–p* transition, which
is detectable in absorption only as a small shoulder on the
p–p* dominant band, is clearly visible in ECD. The p–p*
transition dominates both the absorption and CD. However, we calculated additional absorption and associated
CD bands in addition to these two transitions. Such additional bands have been calculated before in the spectra of
small amides55,56 or observed experimentally in the spectra of polycyclic rigid optically active lactams.28,29 These
bands have been ascribed either to Rydberg type transitions55–57 or to a vibronic ﬁne structure within the n–p*
band. In our spectra these bands originates from the
methyl groups. They are of p–r* or n–r* type and they
occur exclusively within the valence electron shell (our basis set does not include Rydberg type orbitals).
In our calculations (Fig. 10), we can distinguish three
regions of x angle: in the vicinity of either cis or trans planar arrangement, characterized by minor deformations
where the nonplanarity induced electronic changes remain
minor and quantitative (they may be observed mainly by
induced band shifts and CD), and the area around x 5
908 which is characterized by more qualitative electronic
changes. For the latter arrangement we observe an
extreme red shift of the n–p* band (up to 280 nm) and a
second n–p* band (from the nitrogen lone pair) appears at
210 nm. For x  908, CD n–p* intensity is lower than for
smaller deformations, because at such geometry amide
chromophore (CON) has again a plane of symmetry and is
therefore not inherently chiral and the observed CD
comes from neighboring atoms. These results although
extreme for peptides and proteins are quite real and have
been experimentally realized in lactams having quinucliChirality DOI 10.1002/chir
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tially escapes from the oxygen lone pair lobes for x 5
1708. These changes are probably responsible for the bigger sensitivity of the n–p* signal to geometry changes.
But also p and p* (LUMO) orbitals seem to be affected;
p* is even loosing the amide nodal plane around the
methyl group on the right-hand side in Figure 11. This
could be formally described using the Snatzke formalism.59 The absolute CD signs relate to relative orientations
of the carbonyl group and the nitrogen lone pair. Since
this is independent of cis/trans amide isomerism then at
this level of approximation ECD should be independent of
cis/trans conﬁguration as well and, consequently, model
experiments based on cis-like polycyclic lactams should
be transferable to trans-amide groups in peptides and proteins. However our more detailed calculations do not fully
support such an interpretation as they cast some doubts
on the p–p* nature of the short wavelength dominant
band. In fact, for trans-like amides it seems that the dominant band is mostly formed by p–r* and n–r* components and that the p–p* band has hardly any CD intensity.
The transitions contributing to n–p* bands split and
provide a double-signed pattern within 195–225 nm for x
5 180–1608. The values of x closer to 1808 are the most
important for practical ECD spectroscopy and simulations
thus suggest that especially signal of a-helical peptides
(with the biggest propensity to systematic nonplanar
amides) may be moderated by this internal chirality contribution. The oscillatory p–p* CD signal at lower wavelengths would be difﬁcult to separate from other contributions in real peptides. The changes in ECD spectra
caused by vN and vC can be seen in Figure 9 and they
are also complex. Signiﬁcantly bigger signal can be
caused in the p–p* region (180 nm) by vC than by vN
or x deformations.
Experimental Aspects
Fig. 10. Calculated (TD DFT B3LYP/CMCP/6-31111G**) absorption (top) and ECD (bottom) spectra for twisted NMA conformers. [Color
ﬁgure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]

done skeleton which behave like amino ketones.58 Minor
amide deformations that do not mean a qualitative chromophoric change are still quite discernible on the basis of
ECD spectroscopy. The global maximum of the p–p* band
is also shifted to higher wavelengths for nonplanar structures. Its CD signs correlate with the sense of amide deformations and together with spectral shifts they are in a
good coincidence with previous studies of amide bond
nonplanarity based on cis-like rigid cyclic lactams.29–31
These phenomena have useful diagnostic value for the
ECD detection of nonplanar amides.
The electronic redistribution caused by slight nonplanarity causes rather complex changes in the ECD spectra.
A simple interpretation using mixing of the n–p* and p–p*
conﬁgurations leads to a couplet, where the n–p* state
looses its pure n–p* character and vice versa. This complexity of can be qualitatively estimated also from the orbital changes as shown in Figure 9. The n (HOMO) orbital
looses some nodal planes perpendicular to the amide
plane in twisted amide. The n electronic density also parChirality DOI 10.1002/chir

In principle, the spectral changes caused by nonplanar
deviations observed for proteins are rather signiﬁcant and
should be taken into account when interpreting experimental data. It is even possible that some features of chiroptical spectra of well-recognized standard peptide/protein structures are contributed by nonplanarity issues. To
evaluate usefulness of particular chiroptical methods for
the detection of amide nonplanarity, one has to consider
several aspects: ECD is easy to measure and very sensitive
to small variations of molecular three-dimensional structure. Nonplanarity would most unequivocally show up
within the n–p* ECD band, which is calculated to be very
well sign-correlated to the amide chirality and bathochromically (red) shifted for nonplanar situation. The respective ECD intensity changes caused by realistic nitrogen (vN) or carbon (vC) deformations make up to about
10% and 50% of usual peptide and protein CD intensities.60
Thus standard x deviations reported in the literature6
(about 68, in some cases11,61 to 15–208) are not negligible
for the spectra and should be considered in the modeling.
ECD is however strongly inﬂuenced by long distance
interchromophoric coupling, which can obscure the nonplanarity signal for small deviations. The detailed ECD
study is currently difﬁcult as the available ab initio simula-
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Fig. 11. Calculated molecular orbitals for planar and nonplanar (1708) NMA and their schematic explanation by the Snatzke formalism.59 [Color ﬁgure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

tion techniques, including TDDFT, have limited precision
and they are restricted by size of the systems. Also the
role of the molecular ﬂexibility and solvent62 is poorly
understood and can interfere with the nonplanarity signal.
Obviously, the nonplanarity contributions can be further
averaged by temperature motion and protein dynamics.
Nevertheless, ECD can be certainly used as a quick and
simple experiment for nonplanarity indication.

The vibrational spectra provide more local geometry information and are more convenient for the nonplanarity
detection. The VCD and especially the ROA technique
also appear to be able to distinguish the carbon (vC) and
nitrogen (vN) pyramidicity. However, the amide I band is
broadened by interactions with the aqueous environment
and strongly inﬂuenced by dipole–dipole interactions in
real proteins. The same argument is valid for amide I

TABLE 2. Calculated VCD and ROA G-factors (ratios of the difference and total signal) for amide I and III bands
for selected NMA conformers

Amide I
VCD
ROA
Amide III
VCD
ROA

vC 5 58

vC 5 108

vN 5 108

vN 5 208

x 5 1758

x 5 1708

Exp

1.9 3 1026
23.5 3 1024

8.0 3 1027
29.0 3 1024

2.2 3 1026
21.0 3 1023

4.0 3 1026
21.2 3 1023

26.4 3 1027
1.0 3 1023

21.3 3 1026
1.9 3 1023

5.0 3 1024
21.4 3 1024

21.6 3 1027
2.8 3 1024

27.6 3 1027
4.3 3 1024

21.9 3 1026
27.2 3 1024

22.2 3 1026
21.1 3 1024

21.6 3 1026
6.4 3 1025

23.1 3 1026
2.1 3 1024

25.0 3 1025
1.2 3 1024

Typical experimental values were estimated from Refs. 68–76.
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Fig. 12. Calculated (B3LYP/PCM/6-31G**) VCD intensities of the
helical acetyl-L-alanylmethylamide segment simulated with planar and nonplanar amide groups.

VCD. We tried to detect the amide I VCD in nonplanar cislike polycyclic lactams, but without success (Malon and
Keiderling, unpublished). The most important contribution
from amide I bands would probably come from the frequency shift, which is quite signiﬁcant. Amide I vibration
also provides a very small ROA signal. The amide II and
III vibrations are coupled with backbone protein and peptide vibrations, and interpretation of the spectra will likely
be difﬁcult. Still, the amide II and the amide III may be
more hopeful regions where amide nonplanarity could be
followed. In order to estimate probable nonplanarity contribution to peptide and protein VOA spectra, we compare
the anisotropy ratios (‘‘G-factors’’),
GROA ¼

IR  IL
IR þ IL

and GVCD ¼

eL  eR
;
eL þ eR

calculated for selected NMA conformers to usual experimental values in Table 2. While the nonplanarity VCD contribution is at best only a small fraction of the usual values
observed experimentally in peptides, the relative ROA contribution is much bigger. For example, for a relatively
modest deformation of x 5 1758, the amide III internal
nonplanarity ROA signal is comparable, and the amide I
signal even seven times higher than the average values
observed experimentally for proteins. This is rather surprising because until now this technique was not considered sensitive enough for distinguishing such local geometry features. The low wave number amide IV and amide
V bands do not promise much hope in VCD, mainly for
experimental reasons). However, they seem to have a
large potential for nonplanar amide detection in Raman
and ROA spectroscopy as recognized already by Polavarapu et al.39 Clearly nonplanar amides should be visible in
this region and measurements of standard protein structures using ROA below 1000 cm21 should be a logical
next step.
Until now the nonplanarity was discussed only for a
very simple model, NMA. However, the topic has been already discussed for a bigger helical peptide segment previously acetylglycylmethylamide.38 In this study, we perChirality DOI 10.1002/chir

formed an analogous computation of acetyl-L-alanylmethylamide. The molecule was kept in the a-helical
conformation (u5 2578, w5 2478) with the amide groups
in planar (x 5 1808) and nonplanar (x 5 1708, 1908) conformations. These calculations agree with the previous
results38 and conﬁrm the complexity of the interpretation
of the amide III band and the coupling to the methyl
hydrogen bending motion coupling. Moreover, the nonplanarity clearly modiﬁes the VCD shape of the amide II
band (Fig. 12) in favor to comparison with a-helical peptides.
Provided that the ﬁnding of MacArthur et al.6 is valid, i.e.
the sense of the nonplanarity follows the main chain twist
then for the a-helical (dextrorotatory) chains (trans-like
amide—Dx positive), our calculations predict ECD with
negative n–p* band, amide I positive in VCD and negative
in ROA, amide II negative in both VCD and ROA. The
laevorotatory polyproline II type helix should analogously
display all these signals with the reversed signs.

CONCLUSIONS

Our calculations explored various possibilities of optical
spectroscopy techniques to detect and estimate the peptide bond nonplanarity. The nonplanarity causes signiﬁcant changes namely in the ECD and the Raman optical
activity spectra. With respect to eventual selective detection of the amide nonplanarity in peptides and proteins the
Raman optical activity seems to be the most promising
technique. ROA spectra combine a higher resolution of
the vibrational spectroscopy with an enhanced sensitivity
to local structure. The internal nonplanarity VCD and ECD
signal may be less easy to detect due to the overlap with
other factors and mechanisms moderating the spectral
shapes. Most probably, simultaneous use of all the three
chiroptical techniques (ECD, VCD and ROA) should provide enough markers for detection of the nonplanar
amides even in complicated situations.
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