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Electronic CD Study of a Helical Peptide Incorporating Z-Dehydrophenylalanine Residues:
Conformation Dependence of the Simulated CD Spectra
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Electronic circular dichroism (CD) spectra as well as transitions from ground to excited states were predicted
for a helical nonapeptide based on alternative sequefizex,5-dehydrophenylalanine\¢Phe)-X}- through
semiempirical molecular orbital computation combined with time-dependent (TD) method. The simulation
was performed for its various conformers that differ in helix type, helix senseA@plde side-chain orientation.

These conformational variations have been shown to depend largely on its CD spectra. Comparison between
simulated and observed CD profiles reveals that peptide solution favors a right-handed,ghelix that

adopts phenyl4?Phe) planes basically in a vertical orientation with respect to the helix axis. These predictions
were essentially supported from CD simulation of a shorter helical analogue at ab inito or density functional
TD levels. The theoretical CBconformation relationship should provide us useful guideline for determination

of helix sense in the dehydropeptide, and for estimation of its conformations statistically averaged in solution.

Introduction CD simulations® This reason is that each torsion angle around
. . . . _ the pheny-CP=C*—amide linkages influences the coplanarity

Circular dichroism (CD) spectroscopy provides us a quick petween the side chain and backbone. As a result, excited states
overview about average COﬂfOFmatIOng of a biological asym- ot AZphe-containing peptides should depend on conformational
metric chain without fine procedurés? Thus CD study has  yariation located at or around th&?Phe residue, as seen in
prevailed as one of the most fundamental structure analyses ingiper conjugated molecular framewoR€sThe conformation-
bio-related science. In contrast to the experimentally convenientdependem nature will obstruct our approaches to the precise
methodology, interpretation of CD profiles for chiral structures 4nswer to how the main-chain and side-chain torsional variations
is not straightforward.It requires theoretically precise evaluation iy  helical AZPhe-containing peptide reflect the resulting CD
of chiroptical parameters combined with excited states for gpecra. This solution should require theoretical chiroptical
possible conformers of a target chiral molecifeAs for protein - harameters derived from molecular orbital (MO) computation
s_egm_ents or synthgnc polypeptides, their theoretical CD simula- ot 5 whole peptide molecule with reference to its various
tions in the UV region were demonstrated to offer a successful onformers.
guideline for the identification of a secondary structre. We here have attempted to simulate electronic CD spectra

Peptide sequence introducigja,S-dehydrophenylalanine  of a helical peptide incorporating?Phe residues by means of

(A?Phe) residues not only attracts biological interébtg also MO calculation. The purpose for this simulation is to provide
increasingly aims at the de novo designs of helix-based theoretical correlation between conformation and CD profile
molecular backbones? A peptide containing achirah“Phe in a given dehydropeptide, as well as to confirm absolute

residues often tends to permit both left-handed and right-handedgetermination of its helix sense. In the viewpoint of theoretical
helices, accompanied with increasing composition of the achiral Cp study, AZPhe-containing peptides are also regarded as a
residue in a given sequen#e'Absolute identification of the  challenging framework in that torsional variations in thé-

preferential helix sense has been usually achieved on the baS|$he side chain (pheny|) and main chain (am|de) should unique|y
of its electronic CD spectral profile around 280 nm (band 1) reflect electronic transition parameters.

assigned ta\?Phe residué?9m210The transition moment has Nonapeptidel, H-3-Ala-AZPhe-AibAZPhet -Phe-AZPhe-
been identified as charge transfer between phenyl and Carbony'Aib)z-OCI—b (B-Ala = B-alanine; Aib = a-aminoisobutyric
groups, being approximately estimated as location of a phenyl acid)? was mainly employed for the target dehydropeptide,
carbonyl linet®2b< The split CD profile has been simply \hich was shown to adopt a@helical conformatiof? es-
interpreted on the basis of a spatial twist of fi@Phe transition  genially. Eight types of helical conformations for the present
moments (band 1) along the backbone (e.g., the exciton chirality cp simulation were generated on the basis of helix sense (right-
method)gPon 911 handedness or left-handedness), helix typel{8lix or a-helix),

On the other hand, strict theoretical interpretation of the and side-chain orientation (vertical or parallel). The last term
chiroptical properties of unsaturated or unsaturated/saturatedmeans that most of th&ZPhe phenyl planes are arranged
peptides containing“Phe residues becomes more complicated essentially in verticali) or parallel p) orientations with respect
than the case of peptides coded with saturated backboneto the helix axis (see Figure 1).
sequences, which were employed for the pioneering electronic- Recent advances in time-dependent (TD) ab initio or TD
density functional theory (TD-HF or TD-DFT) successfully
* Corresponding author. E-mail: inai.yoshihito@nitech.ac.jp. predict CD spectra for relatively small molecufegg:>*! On
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Figure 1. Peptidel in helical conformations: energy-minimized right-
handed &r-helix with v-type (a) ando-type (b); right-handed.-helix
with v-type (c) andp-type (d); energy-minimized left-handegydelix
with v-type (e) andp-type (f); left-handedx-helix with v-type (g) and
p-type (h). Eacha-helix [(c), (d), (g), (h)] was made from the
corresponding i3-helix [(a), (b), (e), ()]: see the Experimental Section.
Each conformer is viewed from the N-terminus.
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set to (60, 30°) and the Aib(9) residue to«(60°, —30°).20:2¢
The energy-minimized left-handedghelices withu-type (e)
andp-type (f) are drawn in Figure 1e,f. In thesgrBelices, §,
¥, w, x*(A*Phe)] averaged for the seven residues-&“Phe-
Aib-A%Phe-PheA?Phe-AibA?Phe- is (a) (—40°, —40°, 179,
136), (b) (—43°, —45°, —179, 53°), (e) (40, 4C°, —179, 4T),
and (f) (43, 37, 180, 127). [In (b), the average is —36° if
Y(2) = —98 is excepted.]

The rotation of the backbones [(a) and (b)] to @helical
one [, v, o) = (—57°, —47°, 180°)],22>25with retention of
the side-chain orientations, yielded the corresponding right-
handed a-helices [(c) and (d), respectively] (Figure 1c,d),
whereas the backbones [(e) and (f)] changed tc, (37,
180r)22¢:25 to yield the left-handedu-helices [(g) and (h),
respectively] (Figure 1g,h). In (e)d) and (g)-(h), the Aib(9)
residue took the opposite-helix [(57°, 47°, 18C°) or (—57°,
—47°, 18], whereas th@-Ala residue was set to a trans form
(18C°, 180, 18C). A similar manner was applied to the
modeling of other helical conformations shown later, whereas

the other hand, such advanced calculation will exact a high cost&ach main chain of the Aib(9) takes the same sense as that of

for the present molecular size with an adequate number o

transition states. Thus, combination of semiempirical ZINDO/
S-MO and TD methot#—"13-15 has been employed here to
predict low-energy transition states involving oscillator strength
(f) and rotatory strengthR]) for each helical conformation: for
simulation of transition states or chiroptical properties by
semiemprical MO method, see refs-4idand 13-15. TD-HF

or TD-DFT computation's have been also applied to a shorter
analogue, CKCO-(Aib-A?Phe}-NHCH; (2). Consequently,
conformational variations, especially iA“Phe side-chain

¢the preceding segment. The molecular graphics in this paper

were basically drawn with thArgusLabsoftware!®

The electronic-transition and chiroptical parameters for each
helical conformer were computed by combination of the time-
dependent SCF-MO method with the ZINDO/S metifoid3-1°
in Gaussian 03, revision C.02,with keywords “zinde=
(nstates=160) td"® to yield low-energy 160 transition states
involving oscillator strengthf) and rotatory strengthR). (For
prediction of excited states or chiroptical properties by semiem-
pirical MO method, see also refs 4| 14, and 15).

orientations, depend largely on the transition states and CD R andf values are given in length-based and velocity-based

profiles. The predicted CBconformation correlation will offer

forms on Gaussian 08. We here have usually chosen CD

us valuable information about the average population of such aprofiles based on the velocity form that has an origin-

dehydropeptide structure.

Experimental Section

Calculation Procedure.To simulate CD spectra of peptide
1, several helical conformers were generated fromgh8lix
through its energy minimization by the AM1-method in
MOPAC9716 or subsequent modeling with torsion angles. Our

independent nature in contrast to the origin-dependent length
form.34 Meanwhile, spectra in the length form are given for
selected spectra in the velocity form.

TD-HF and TD-DFT-based simulations were also performed
on Gaussian 03 for peptide2 that was energy-minimized upon
the AM1/MOPAC97 from a right-handed i3-helix with »-type
or p-type side chain. “HF/6-31G**” and “B3LYP/6-31G**”

present study does not intend to seek a global minimal levels®?°were chosen together with estimations of low-energy

conformation only through theoretical baig®not dealing with
other elegant method§.

Although energy minimization of peptidé was already
done?2 a similar calculation was again performed for several
initial conformers as follows. Torsion angles adopted in ref 9b
are basically used. That is, the segment-dfZPhe(2)-Aib(3)-
A?Phe(4)-Phe(5)n%Phe(6)-Aib(7)AZPhe(8)- took a right-
handed 2r-helix [(¢, ¥, ®) = (—60°, —30°, 180)].2° Here @,
¥, o) of the C-terminal Aib(9)-OCHhladopted (60, 3C°, 18C)

20 transition states. A similar computation of “B3LYP/6-31G**”
was performed fow-helical backbone«{57°, —47°, 18(°)%2¢:25
obtained through modeling of the energy-minimizegHt3elix.

In all cases, a Gaussian-type funcibbased on wavelength
was assumed to shape the CD spectra fRwalues and their
positions, where a half Gaussian (1/e)-bandwidii2j was
assumed to be 14 nAIn simulated and observed CD spectra,
the Ae value was expressed in terms of théPhe residue in
the peptide sequence. Some simulated spectra gave the corre-

as such helix inversion is often observed in similar sequencesspondingR [cgs (104 (erg esu cm)/Gaussf]and f values,

or Aib-containing sequenc@sThe3-Ala(1) residue took a trans
form characterized byé( v, o) = (18C°, 18C°, 180).22 All
four y2(AZPhe) angles uniformly adopted 4(p-type) or 140

both of which were expressed in terms of the peptide molecule.

Spectroscopic MeasurementCD and UV absorption data
were obtained at ambient temperature on JASCO J-820 and

(v-type) whereas the side-chain orientations of Phe residue V-550 spectrometers, respectively. CD spectra were mathemati-

(%, x® were based on ref 24. The energy minimization was

cally smoothed to reduce noise. Molar extinction coefficients

carried out as the variables of all bond lengths, bond angles, (¢) of peptidel as well as its Leu-analogue, BtAla-AZPhe-

and torsion angles, together with a MOPAC97 keyword of
MMOK for correction of amide-bond barriéf>cAmong these
conformers energy-minimized, a stable right-handegh@lix
was picked up for each af-type (a) andp-type (b) (Figure
la,b, respectively).

A similar optimization was performed for left-handegy3
helices where the seven residueg\éPhe(2) taAZPhe(8) were

Aib-AZPhet-Leu-(AZPhe-Aib)-OCH; (3),°2 were also evalu-
ated.
Results and Discussion

Conformational Dependence of Theoretical CD Spectra
of Peptide 1.Figure 2 graphically summarizes velocity-based
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Figure 2. Excited-state parameters and CD spectra simulated for pepiideseveral helical backbones with“Phe side-chain orientations of
v-type (red) andgp-type (blue): right-handed;ghelix [(a), (b)]; right-handedyx-helix [(c), (d)]; left-handed @-helix [(e), (f)]; left-handedu-helix
[(9), (h)]. These conformations (&)(h) correspond to those in Figure 1. ThendR values are predicted at the TD-ZINDO/S level in velocity form.
Each arrow indicates thémax position at the band | for each structure. For the details, see the text.

15F ™ Although smallf signals appear above ca. 320 nm, these can
be discriminated from signals that should be assigned to band
10 ] [, on the basis of intensity and position fnOur discussion
5 1 hereafter focuses mainly dR values and CD profiles for the
4 band |. TheAmax value for band | was also defined as the

maximal position in the UV pattern at band®’l.The CD
spectrum at band |, based on its shape &ggy position, is

3 visually judged as split, nonsplit, or other patterns. (For the
relationship in UV absorption maxima and CD profiles, see ref
11b.)

The Amax Of the v-type appears at wavelengths somewhat
longer (by ca. 10 nm) than that of tpeype. The corresponding
0 four R values, in their signs and intensities, show remarkable
250 300 350 differences between the two orientations. That is, digpe
Wavelength (nm) possesses a large negatiRevalue at longer wavelengths of
Figure 3. Experimental CD (top) and UV absorption spectra of peptide band I, and middle or small positive values at shorter wave-
1 at ambient temperature:1][([AZ?Phe]/4)= (a) ca. 5.4 mM and (b) lengths, whereas thg-type has alternate signs—}/(+)/(=)/
14uM in chloroform; (c) 0.13 mM in tetrahydrofuran; (d) 0.13mMin  (+) for longer to shorter wavelengths]. Correspondingly, CD
methanoI.Ae_ is expressed per concentration MPhe residue, and profiles shaped with Gaussian functions for eaRhvalue
absorbance is expressed by normalization to unity at band lefzor L .
value in these solvents, see ref 33. produce dramatic difference. Thetype outputs a split pattern

of negative to positive peaks{/(+)], as often observed for

R andf values for the eight helical conformers shown in Figure the alternative sequencegA“Phe-X)- in a right-handed g-

1. (For the corresponding length-based spectra, see SFigure 30elix>¢"91%yhereas a nonsplit negative band is substantially
Comparison in velocity- and length-based simulations will be Seen for thep-type. Surprisingly, thé\?Phe side-chain orienta-
discussed later.) Interestingly, these conformational differencestion merely can invert CD signs around 280 nm, although both
in helix sense, helix type, andZPhe side chain produce a backbones retain right-handeg-Belices offering a similaAZ-
variety of excited states. For instance, right-handgeh8lices Phe-A?Phe twist, which might promise the same split CD sign
with the v-type (a) andp-type (b) show cleaf values around  according to the exciton chirality methé8The phenomenon
280—-300 nm, of which the transition states should be assigned that dissimilar orientations of aromatic side chains lead to
to an experimental absorption band around 280 nm (band 1), different chiroptical properties is experimentally or theoretically
commonly observed foAZPhe-containing peptidé&9:h.9.10 proposed for the unique helical polynférg.28

-

Absorbance
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Although the number of transition states above ca. 260 nm
is relatively limited, numerous transition states appear below
ca. 250 nm in a complicated manner. The diversity should
originate from coexistence of amidaZPhe, and Phe chromo-
phores?®10 |t has already been pointed out thafPhe-based
transition at this region disturbs general CD analysis in amide
regionst® Meanwhile, theoretical CD spectra around 2300
nm show relatively simple patterns. Conformer (a) seems to

yield a split with negative signals at longer wavelengths, whereas

two positive signals appear in the (b). In addition, dissimilar
CD patterns are produced when the foMfPhe residues in
conformer (a) of peptidé are replaced by Aib to give H-Aip
L-Phe-Aib-OCHs (4) and H-Aihs;-L-Ala-Aibs-OCHg (5).2%731
Thus the CD simulation at shorter wavelengths might offer us
additional clues to the identification of peptidleonformation.

To highlight the helix type, CD spectra simulated for a right-
handeda-helix?2¢25 are displayed in Figure 2c,d. Two side-
chain orientationsy-type (c) andp-type (d), were taken from
conformers (a) and (b), respectively. Conformer (c) yields three
distinct R values at band I, characterized by signs of )f(
(—)/(+)], to produce an incomplete split pattern at band I, in
which thedmax is close to the peak position in the negative CD
band. In contrast, conformer (d) shows considerably smBller
values mainly with negative signs at band | to lead to a negative
CD band. Consequently, the right-handedthelix, whatever the
v-type (c) orp-type (d), does not produce clear split-CD patterns
at band I. In addition, CD spectra dissimilar in tixype and
p-type imply that theAZPhe side-chain orientation critically
affects the CD spectra at band 1.

Concerning the helix sense, CD spectra calculated for the
left-handed gr-helices [(e), (f)] andx-helices [(g), (h)] are also
shown in Figure 2, where each helix adopts two typedA®f

Phe side-chain orientations noticed above. As expected, these
CD signs are opposite to those of the corresponding right-handed

helices [(a}-(d)]. The relations between CD spectral sign and
helix sense should support our previous assignfriemded on
the exciton chirality methoét A similar tendency is seen in
other 3¢ or a-helical backbones generated from the abonxe 3
helices (SFigures-813)32 These 3q-helices yield essentially
a split pattern fory-type orientation, or nonsplit fop-type
(SFigures 8-11). Meanwhile, thex-helices give an incomplete
split for v-type or nonsplit forp-type (SFigures 12 and 13).
Comparison with Experimental CD Spectra. CD spectra
of peptidel in three kinds of solvents indicate a split-CD pattern
around 286-285 nm (Figure 3¥2 In chloroform, the existence
of a 3-helix was proposed from qualitative NMR and IR
studies®@ Similarity in these CD spectral patterns suggests that
a similar helix is present in methanol and tetrahydrofuran.
Whereas the CD amplitude in chloroform is somewhat concen-
tration-dependent, the split pattern is retained in (a) and (b).
Comparison between Figures 2 (or SFiguresl8) and 3
demonstrates that experimental CD profiles around 280 nm
agree well with the theoretical one of a right-handeggelix
combined with thes-type side-chain orientations (e.g., Figure
1la). An apparent split-CD pattern below ca. 250 nm in the
simulated spectrum (Figure 2a) is also found in the experimental
spectra in methanol and in tetrahydrofuran. This split pattern
should originate from incorporation @ZPhe residue®’3!

Consequently, a right-handed;pdelix with the u-type

Komori and Inai

Figure 4. Right-handed @-helices of peptidd with y>(A?Phe) angles
ranging from 0 to 180 the four phenyl rings oA?Phe are illustrated
in green for clarification. Views from the N-terminus are shown.

—160° |

" 1 i M 1 L i [
250 300 350

Waelength (nm)

Figure 5. x? dependence of CD spectra simulated for pepfide
right-handed gr-helices displayed in Figure 4. Each arrow indicates

the correspondingmax position for each spectrum. The arrow at the

shortest wavelength correspondsyfo= 100°.

[ i
200

is also consistent with that expected for peptidsequence
incorporating the internal-residue that generally favors right-
handednes&:2434 Moreover, thev-type orientations in a3
helix are found in the crystal structure of an analogous
nonapeptidés

Influence of AZPhe Side-Chain Orientation on Theoretical
CD Spectra. In the preceding sectionsA?Phe side-chain
conformations largely influence theoretical CD profiles, beyond
our expectations. To clarify the comprehensive side-chain effect,
CD spectra of peptidé were simulated when the fog?(A?-
Phe) angles in the right-handeg-Belix with thev-type (Figure
1a) simultaneously adopf @o 180 with a step of 20 (Figures
4 and 5). At eachy?-point, all bond lengths and bond angles
were re-optimized by the AM1 methd&35Their CD patterns
at band | are categorized into two types: i.e., the split ef[(
(+)] sign, and the negative nonsplit. However, the opposite split
is not substantially produced at band I, because a large negative
Rvalue is commonly found at longer wavelengths thaniihex
position. Correspondingly, when peptideetains a g-helix,
the split CD spectra of ff)/(+)] can be assigned to right-handed
screw sense, being consistent with the previous assigritdent.

orientations should be the most probable conformation among definite split-type CD pattern at band I is seenyfn= 0°, 20,

the eight-types of species. The theoretical prediction ofpa 3
helical backbone is supported by our previous NMR study of
peptide 1 as well as by the preference for agdelix in
analogous sequencg& A right-handed screw sense predicted

12, 14, 160, and 180, which visually corresponds to the
v-type arrangement except fp? = 20°.

x? of 20° appears to be in thp-type orientation, which is
similar to > = 60°. Nevertheless, the twg? orientations
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Figure 6. Right-handedr-helices of peptidd with y*(A?Phe) angles 140°
ranging from O to 182 the four phenyl rings oAZPhe are illustrated — 160°
in green for clarification. Views from the N-terminus are shown. ‘ 180°
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produce remarkably different CD patterns. A similar situation 200 250 300 350
occurs iny?2 = 100° and 140. Thus the interpretation of CD Wawelength (nm)
spgctra} only from the phenyl Orien.tation With.respect to helix Figure 7. x? dependence of CD spectra simulated for pepfida
axis might be roughly treated. Strictly speaking, the excited- right-handedx-helices displayed in Figure 6. Each arrow indicates the

state and chiroptical properties should be dependent on bothcorrespondingma position for each spectrum. The arrow at the shortest
local torsionsand conformational asymmetryRegarding the wavelength corresponds 8 = 100°.

Afmax pOsition, the local coplanarity in the phenyl ané=€C#
double bond is predominant. Increasing the coplanaritglose

to 0° or 18C) enlarges ther-conjugation system to result in a
Asmax Shift to longer wavelength, whereas the reduced coplanarity
(2 close to 90) shifts Amax to a shorter wavelength. As for the
degree in coplanarityy® = 20° in question has higher copla-
narity than 60, whereag?2 = 100° has lower coplanarity than
14C°. These differences in the coplanarity should influence
chiroptical parameters associated with excited-state propertieq
as presented in Figure 5. On the other hasids 40° and 140,
though showing similarity in coplanarity antdmax position,
produce nonsplit- and split-CD patterns, respectively. Here
spatial asymmetry in the four phenyl orientations and the right-
handed helical backbone should generate the remarkable chang Sddition, the amide-region CD intensities (at ca, 2260 nm)

in CD pro_flles_,._AIthough the- _andp—based treatment used here for y2 = 100° and 120 are comparable to those at band | unlike
supports intuitive understanding of structu@D relation, more L - ; .
in Figure 2a,e. Therefore, anrhelical backbone in peptidé

detailed d_escrlp_tlon as d'S.CUSSEd above should be required forsequence will not tend to produce a split CD pattern at band 1.
fully consistent interpretation.

Because helical dehydropeptides in the crystal states often CD Signs of peptide are controllable by external chirality
permit various/((AZPhe) angledac-fhi18.21arotational motion through the noncovalent chiral domino effect (NCDERoc-
about the single &-C7 bond might not be strictly restricted ~ --@mino acid promotes the original split-CD amplitude at band
also in solution. In addition, the energy barrier around ghe ! With retention of the split sign. Conversely, the corresponding
angle of aAZPhe residue involved in ai@helical segment is D-isomer weakens the original amplitude or inverts the original
predicted not to be very high. Despite the theoretical side- ~ SIINS- In the latter case, a split-CD profile with positive (for

Figure 8. Views of peptide2 in energy-minimized right-handed 3
helix with AZ?Phe side-chain orientations of @}ype and (b)-type 37

e%atterns generated by statistigdl rotation noticed above. In

chain effects, most of the actual CD spectra of pepfides longer Wavelength) to_negative signs §hou|d_ be assigned to a
well as 3¢-helical sequences based a¥?Phe-X) units yield a  |eft-handed -helix with the v-type orientation. Thus, the
clearly-split pattern at band¥.21%Accordingly, theAZPhe side- inversion of split CD signs brings about the NCDE-mediated

chain orientation should be dealt with as a statistical problem helix-to-helix inversion as proposed in ref 9a. The theoretical
in CD spectra. The present CD simulation suggests that the CD analysis enables us to determine absolutely the helix sense

v-type orientations should be regarded as the probable populatiorS @ Major population of conformation.

averaged in solution. For additional information, thes2-rotation influences the
A similar y2 dependence was investigated for the right-handed POsition ofimax, as indicated by arrows in Figures 5 and 7. As

a-helical conformation (Figure 1c) ip2 = 0—180° (at each ~ mentioned before, thémax value is being shifted to longer

%?-point, all bond lengths and bond angles were re-optimized). wavelength as the side-chain coplanarity increagesl¢se to

These orientations and CD spectra are illustrated in Figures 60°). Thus high frequency gf*-rotational motion might expand

and 7, respectively. The side-chain rotation produces variousthe spectral bandwidth.

CD spectra at band |, which are substantially classified into  TD-HF and TD-DFT Computations of a Shorter Peptide.

three patterns: a multi-split pattern oft{/(—)/(+)], a split Simulation at the semiempirical level should depend on the
pattern of [(+)/(—)], and a nonsplit negative band. ZINDO/S-parametrizatioh®1*Meanwhile, as mentioned in the
Among two split patterng = 100° and 120), the Amax for Introduction, ab initio or density functional levels for the current

2 =100 is considerably shifted to a shorter wavelength. The molecular size are hardly performed in our machine speculations.
other §? = 120°) seems to have a considerably distorted split Instead, TD-HF (HF/6-31G**) and TD-DFT (B3LYP/6-31G**)
pattern, which, however, should be hidden by diverse CD computation®® with a limited number of low-energy transition



9104 J. Phys. Chem. A, Vol. 110, No. 29, 2006

Komori and Inai

A B)
40} ' ' ' ';_p_;‘[*}‘b;% ' 400 40} ' ' Il:‘l’i“_f[l,'[";f}:"‘l_i‘T & 400
. TD-HF TD-HF
-onentation =Of1entation
20F | i 200 20 DD 200
L I | T D-HF = TD-HF i
CNG § &g o k
! ‘ © ] «
20} 20 -200
2 4
4o} 40 s i 400
i i ?. i .? 1 s .:. 1 i
- : - B {os
' I‘ | il I‘ | s
1 i ’ i L1 ,
PR [ S TS S MY S WA WM SAN U S S SN W | A s s s o 0 s 3 2 a1 3 3 2 2 1
200 250 300 350 200 250 300 350
Wavelength (nm) Wawvelength (nm)

Figure 9. Excited-state parameters and CD spectra simulated for peptidehe right-handed i3-helices withu-type (Figure 8a) ang-type
(Figure 8b) orientations by the TD-HF (HF/6-31G**) and TD-DFT (B3LYP/6-31G**) methods: based on the (A) velocity form and (B) length

form.
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Figure 10. Excited-state parameters and CD spectra simulated for pepiidehe right-handed 3-helices withu-type (Figure 8a) ang-type
(Figure 8b) orientations by the TD-ZINDO/S method: based on the (A) velocity form and (B) length form. Red and blue lines correspype to

andp-type, respectively.

states (20) were performed for a shorter analoggéwhich
was energy-minimized from a right-handegy-Belix with the
v- or p-type through the AM1-methdél (Figure 8).

Other Factors for Theoretical CD Spectra. Besides con-
formations, factors to influence theoretical CD spectra should

be noted.

CD patterns at band | are shown in Figure 9, where the First, theoretical CD intensity depends largely on the (1/e)-
transition states in the TD-HF appear at considerably shorter bandwidth A) of Gaussian function (for instance, SFigure 2),
wavelengths8 The CD spectral difference between the velocity although the range oA value is less influential in the CD
and length forms becomes smaller at the TD-HF and TD-DFT pattern?” In addition, the validity of the theoretical intensity
levels, compared with the case of the TD-ZINDO/S with 160 should be referred to the experimental CD intensity, but we
low-energy transition states (Figure 10), implying that the former cannot estimate the experimental value precisely. Pefitide
two methods improve the reliability of the simulated CD results. should permit a left-handed helix, thus preventing us from
In addition, the transition states in the TD-DFT are located at obtaining the experimental intensity of only right-handed helix.
around 276-300 nm, close to the experimental positions. The coexistence of a left-handed helix is based on the fact that

A similar tendency is seen in the ZINDO/S- and DFT-based a larger CD intensity is observed for pepti@gSFigure 17)
simulations for peptid@ adopting aro-helix with - or p-type that substitutes-Leu for theL-Phe ofl, whereas boti and3
[(¢, ¥, w) = (—=57°, —47°, 180°)]?2¢25(SFigures 14-16). That adopt 3¢-helix and yield similar split CD pattern assigned to
is, consistency in the velocity and length forms is more right-handed heliR2 That is, the content of the right-handed
prominent in the TD-DFT-based CD spectra (SFigure 15), where helical conformer should be higher in peptiglé? Thus, a rea-

the v-type orientation produces a clearer split pattern ef)[(

(+)] at band 1.

However, CD patterns at the three or two MO levels in the

velocity form are similar to each other in that thtype yields
a split CD pattern of{) to (+), but thep-type gives a nonsplit,
negative band. This implies that the preceding ZINDO/S-based nm3° CD spectra of a right-handedghelix (Figure 1a) through
these (A/2) values are given in SFigure 2. Although the profile
retains a split pattern at band |, it becomes considerably dull.

results for peptidel play a satisfactory role for qualitative

discussion.

sonableA value and experimental CD spectra of only the right-

handed helix are required for the comparison of CD intensities.
Meanwhile, the effect of thA value has been briefly checked.

If the experimental absorption profile of band I is assumed to

be a Gaussian shape\/R) is estimated to be about 27 or 32
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To evaluate sharpness of the split shape, the differehge< Summary
A1 — Ap) in the negative-peak positiord,) and the positive-

peak position 4y) is used. Thel;, value is estimated to be 41
and 47 nm for A/2) = 27 and 32 nm, respectively, being

The central topics in this paper are to estimate theoretical
chiroptical parameters and their electronic CD spectrasf-a
. . . Phe-containing helical peptide through MO computation dealing
_con3|derably larger thaiy, (2934 nm) observed in peptide with its whole molecule. Simulated CD spectra of nonapeptide
in tetrahydrofuran and chloroform. 1 characterized by alternative sequene@AZPhe-X)- have

Conversely, when theA(2) value to reproduce the experi-  peen investigated in terms of its side-chain and main-chain
mentall; (29—34 nm) is used, the theoretical CD intensity at conformations. The TD-ZINDO/S-based simulation has dem-
band | seems to be roughly similar to the experimental one of onstrated that the CD profiles are sensitive to helix type- (3
peptide3 adopting predominantly a right-handed hefixihus, or a-helix), helix sense (right-handed or left-handed screw
an appropriate choice of\(2) will reproduce experimental CD  sense), and\?Phe side-chain orientatiom-or p-type). Com-
intensity. We here have usually used a smalle®2} value, as parison between theoretical and experimental CD profiles reveals
mentioned in ref 27. The prediction that tAéPhe side-chain  that peptidel alone in solution adopts a right-handegd-Belical
fluctuation generates diversgnax positions (Figures 5 and 7)  backbone with the-type side-chain orientations as the average
allows us to consider that the broad absorption of band | is a conformer. Our previous proposal of the NCDE-based helix-
consequence of integration of some individual conformers. In to-helix inversioff® has been also reconfirmed by the present
other words, the bandwidth for a single conformer might be Simulations.

nm has been tentatively chosen to highlight CD spectral pattern@t high MO levels, the present work signifies that conformation-
at band | for each conformer. dependent electronic CD profiles of the dehydropeptide have

been qualitatively understood upon the TD-SCF computation
of the whole molecule, without assumption of isolation of each
A?Phe chromophore. The theoretical correlation between de-

L . S‘nydropeptide conformations and the simulated CD profiles
the length form is origin-dependeht. Thus we have basically should be a promising indicator for experimental determination

used the velocity form. As demonstrated in the short pegide ¢ siatistically averaged conformerincluding absolute iden-
the two forms yield similar transition parameters at the HF/6- ification of helix sense, without intricate analyses. The reliability
31G** and B3LYP/6-31G** levels (Figure 9 and SFigure 15). of the theoretical predictions will improve if additional confor-
In contrast, there appear to be some differences in the two resultsmational information (e.g., helix type) is provided in advance.
at the ZINDO/S level (Figure 10 and SFigure 16).

Also the length-based spectra of peptidat the ZINDO/S- Acknowledgment. This work was partially supported by the
TD level are given for the corresponding velocity-based Project (No. 16550142) of the Ministry of Education, Culture,
spectra: SFigure 3 (for Figure 2), SFigure 18A (for Figure 5), Sports, Science, and Technology of Japan. We sincerely thank
and SFigure 18B (for Figure 7). They are somewhat different the Editor-in-Chief and reviewers for providing valuable com-
from the corresponding velocity type. For instance, (i) intensities ments for the present paper.
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helical structures of polypeptides based on standard restd&es.example
of DFT-based simulation in oligopeptide, see also ref 4h.

(33) In chloroform, the difference in CD amplitude between (a) and (b)
might be due to aggregation of peptitiecmax (per AZPhe residue around
280-285 nm) was estimated to be 1x810* (283—284 nm) in chloroform,
1.9 x 10* (282 nm) in tetrahydrofuran, and 1:910* (281 nm) in methanol.
For peptide3, emax = 1.8 x 10* (283—284 nm) in chloroform, 1.8 10*
(280—-281 nm) in tetrahydrofuran, and 1.8 10* (279-281 nm) in

is used to increase sensitivity of each transition state to CD spectra, becausenethanol. A similar value imax Of the AZPhe residue was report&t0

conformational variations (especially?-rotation) depend largely ob-posi-

For CD and UV absorption spectra of peptideand3 in chloroform, see

tions predicted as shown later. As pointed out in ref 5a, simulated CD spectraalso ref 9a.

are sensitive to theA(2) value. CD spectral profiles for qualitative
discussion, despite theA(2) dependence of CD intensities, should be
essentially retained in a\(2) range. For instance, see SFigure 2, which

(34) (a) Nanda, V.; DeGrado, W. B. Am. Chem. So004 126,
14459-14467. (b) Pengo, B.; Formaggio, F.; Crisma, M.; Toniolo, C.;
Bonora, G. M.; Broxterman, Q. B.; Kamphuis, J.; Saviano, M.; lacovino,

will be discussed later. In addition, the peak position at band | was estimated R.; Rossi, F.; Benedetti, E. Chem. Soc., Perkin Trans.1®98 1651—

from a similar treatment in the correspondirgt relationship: a Gaussian-
type function based on wavelength with/R) = 14 nm was used to produce
the UV absorption profile. In most cases, a strong band aroune- 250

1657.
(35) Phenyl orientations gf and §? + 180C°) produce the same chemical
structure due to thg? symmetry?>c Meanwhile, phenyl moieties in the

nm was assigned to the UV pattern at band I. For the experimental relation energy-minimized right-handedghelix (Figure 1a) do not retain the strict

between the Gaussian-type absorption shapefasee: (a) Rauch, C. J.;
Heer, C. V.Phys. Re. 1957 105 914-920.

(28) Tang, H.-Z.; Boyle, P. D.; Novak, B. M. Am. Chem. So2005
127, 2136-2142.

(29) To estimate the influence @&ZPhe or Phe chromophores on CD

hexagonal symmetry, thereby generating some energy differenéeaimd

(% + 18(C°). Thus the re-optimization for bond lengths and angles were
carried out at eacl? point. Within errors caused in the above procedures,
%% = 0° and 180 (or 360) yielded almost the same results in structures,
CD spectra and energies, as shown in Figure3 4nd SFigure 1.

spectra in the amide region, the two peptides were generated from peptide (36) The x2 energy diagram was calculated for &Phe residue

1in helical conformations (Figure 1a,c). Here the fadPhe residues were
replaced by Aib residues, and furthermore theéhe residue is replaced by
the L-Ala residue. After re-optimization of their bond lengths and bond
angles through the AM1, peptiddsand5 in the right-handed 3-helix or
a-helix were simulated to provide the CD spectra in the Supporting
Information (SFigures47).3° On the whole, the velocity-based and length-
based CD patterns show the difference. Especially, signals around 210
220 nm become positive in the velocity, but essentially negative in the
length. This implies that it is a difficult problem to predict the amide-based
CD spectré! through the present method, whereas it should be valid for

incorporated into the midpoint of right-handegyBelical CHCO-Aibs-
AZPhe-Aily-NHCHs. The 3¢-helix was energy-minimized from aghelix
(—60°, —30°)2° with x2 = 40° 23 (p-type) by the AM1 method® and then
they?-angle rotated from Oto 350 with a step of 10. (¢, ¥, w) averaged

for the backbone is{50°, —33°, 18C°). At eachy? point, all bond lengths
and bond angles were re-optimized by the AM1 metffo&or these
conformers, each single-point energy was obtained at the AM1 level in
MOPAC976 (SFigure 1A) and the B3LYP/6-31G** level in Gaussian®3
(SFigure 1B). In both diagrams, similarities between energig3 ahd (2

+ 180°) seem to reflect thg?-symmetry, ensuring essential validity in the

strong discrete transitions such as band I. An inadequate choice of theenergy diagrams. Both diagrams exhibit a barrier of ca. 3 kcaf Hial

bandwidth might be also related to the disagreerfemtowever, it is
obvious that CD spectra of peptidein the amide region are completely
different from those o# and5 lacking AZPhe (SFigures47). Therefore,
the incorporation of thé\?Phe residue indeed influences the CD profile in
the amide region, as pointed dg&.d

(30) In the velocity form, the positive CD sign at 22220 nm is not

full rotation of they? angle, but the profiles are somewhat different. The
AMZ1-prediction results in the most stable orientation arounti (petype
orientation), and second-stable around 140 contrast, the DFT method
predicts the most stable orientation around °1&Bssentially, v-type
orientation), and a second-stable slope aroun8®. Our CD simulation
suggesting a preference fertype orientations might reflect the DFT-

consistent with the experimental and theoretical standards of a right-handedprediciton.

310~ or a-helix.523%20n the other hand, similarity in the patterns in the
velocity and length forms (SFigures-Z) suggests that some difference in
relative intensity of+R or —R is considerably influential in the CD sign.
Further investigations will be needed for CD simulation of amide-based
peptides by the MO method. For experimental CD gft®lix, see: (a)
Toniolo, C.; Polese, A.; Formaggio, F.; Crisma, M.; Kamphuis].JAm.
Chem. Soc1996 118 2744-2745.

(31) Woody and co-workers successfully demonstrated CD spectra in
the far-UV region?@ ¢ Here transition parameters of the monomer unit are
individually evaluated for computation of rotatory strengths. Refinement
of the bandwidth for specific transition states also yields good results for
experimental CD spectfd. Our CD simulation is generated by MO
computations of the whole molecule, and the bandwidth of specific transition
states is not refined here.

(32) The Supporting Information provides velocity-based CD spectra
for the following helical backbones ofp( v): for a 3ic-helix, (—44°,
—33°)322 (SFigure 8A), (53°, —36°)320 (SFigure 9A), (60°, —30°)%°
(SFigure 10A), and-71°, —18°)123(SFigure 11A); for aru-helix, (—53°,
—52°)32¢ (SFigure 12A), and£63°, —42°)12b:32d(SFigure 13A). For the
references of these backbones, see: (a) Malcolm, B. R.; Walkinshaw, M.
D. Biopolymersl986 25, 607—625. (b) Hodgkin, E. E.; Clark, J. D.; Miller,

K. R.; Marshall, G. RBiopolymers199Q 30, 533-546. (c) Leach, S. J,;
Némethy, G.; Scheraga, H. Biopolymersl966 4, 887—904. (d) Blundell,

T.; Barlow, D.; Borkakoti, N.; Thornton, Nature 1983 306, 281—283.
The original ¢, v) value$?a¢ are rounded off to integer (for the rounded
values of refs 32a,c, see also ref 5a), and th83, —36°) is noted as
“3.610-helix” in ref 32b. CD spectra of the corresponding left-handed helices

(37) AM1-optimized 3¢-helical peptide2 with the »-type was also
displayed in ref 9h. For conformational analysis @ZPhe-Aib)-based
peptides, see ref 9. For theoretical conformational studies gOCHAib-
A?Phe)-NHCHj, see also: (a) Nandel, F. S.; Khare Bopolymers2005
77, 63-73.

(38) For comparison of excited states in several MO methods, see refs
3b and 4b,h.

(39) The bandwidth of band | is defined bA/R). = (AL — Amay OF
(A12)ay = (AL — A9)/2: Amaxis the peak position}. andis are positions at
(1/e) height for longer and shorter wavelengths, respectively. Because the
As value might be somewhat influenced by partial overlap with absorption
bands at higher energy levels, the?), is also used. The absorption profile
of 1 in chloroform yields £/2). = 27 nm and {/2),y = 32 nm. For a
similar estimation ofA from UV absorption profile, see 11b.

(40) In the theoretical CD spectra of Figure 1a, selected combinations
of (A/2: 112, amplitude) are as followsA/2 andAi» are in nanometers,
and amplitude is&emax — Aemin) in split CD spectrum]. For the velocity
form, (20: 30, 31), (21: 32, 28), (22: 33, 26), and (23: 35, 24); for the
length form, (21: 30, 34), (22, 32, 31), (23, 33, 29), and (24: 35, 27). In
experimental CD spectra (Figure 3 and SFigure 17}, (@mplitude) is
estimated: for peptidé, (34, 16) in chloroform (Figure 3b), and (29, 15)
in tetrahydrofuran; for peptid8, (34, 30) in chloroform (SFigure 17b),
and (33, 30) in tetrahydrofuran. For interpretation of split CD amplitude
and profile, see also ref 11b.

(41) Karelson, M. M.; Zerner, M. CJ. Phys. Chem1992 96, 6949
6957.

(42) Inai, Y.; Ousaka, N.; Miwa, YPolym. J.2006 38, 432-441.



