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Abstract: CD spectroscopy is often used to elucidate the secondary structure of peptides built from non-
natural amino acids such as p-amino acids. The interpretation of such CD spectra is not always
unambiguous. Here, we present a case where two f-hexapeptides, a dimethyl-3-hexapeptide indicated as
DM-BHP (A) and its nonmethylated analogue indicated as BHP (B), exhibit similar CD spectra, whereas
they are expected to differ in secondary structure. The structural properties of both peptides were studied
by molecular dynamics simulation, and from the resulting trajectories, the corresponding CD spectra were
calculated. Starting from a fully extended conformation, BHP is observed to form a 314-helix, while DM-
BHP remains unfolded. However, even though these two peptides hardly share any conformations, their
calculated CD spectra are alike and show the same features as the experimentally measured ones. Our
results imply that a particular CD pattern can be induced by spatially different structures, which makes it
difficult to derive the conformational preference of a peptide from its CD spectrum alone. To gain more
insight into the relationship between the preferred conformation of a peptide and its CD spectrum, more
accurate methods to calculate the CD spectrum for a given conformation are required.

1. Introduction ers? (non-natural) oligomeric compounds with a strong tendency

ircular dichroi . hi ical hod that i q to adopt specific, three-dimensional conformations. Prominent
Circular dichroism (CD) is a chiroptical method that is use examples are oligomers @, y-, or evend-amino acidg: 7

to study the conformational properties of a wide range of 1o oo ns of Seebach and Gellmann have been synthesizing

corr;pounds, from Smf‘" chlraIIE molgc:Jlleg tg n;_a%orpolecqles and investigating numerous short-chdpeptides (from ho-
such as proteins or polymers. Especially in the Tield of proteins, mologues ofa-amino acids and from cyclig-amino acids,

CD spectroscopy has become, .in combinat?on with NMR respectively) which are found by NMR, CD spectroscopy, and
spectroscopy, a widely used experimental technique for structure, Jiacular dynamics (MD) simulations to adopt helicals3

determinatior}. As the CD is very sensitive to protein conforma- 8-112 5, 12 and 12/10-helicéd!9 or hairpir>1Sconformations
tion, it is used for monitoring folding/unfolding processes in i,n solutio’n. On the basis of NMR and CD spectroscopic

globular proteins and for detlectlon and charagterlzatlon .of investigations of sever#-hexa- angi-hepta-peptides, Seebach
structural changes upon site-directed mutagenesis. The basis of

understanding the CD spectra of proteins, in particular in the ©) %Ci%&/ﬁnzoldsy K. D.; Gervay-Hague, Tetrahedron: Asymmet300Q 11,

far-UV region (below 250 nm), is provided by CD measure- (4) Seebach, D.; Matthews, J. Chem. Commurl997, 79, 2015-2022.

i i iti (5) Gellman, S. HAcc. Chem. Red.998 31, 173-180.
men_ts of model p_olypeptldes under varlous_ conditions and a (&) Cheng. R P Geliman. S. H1: DeGrado. W.Ehem. Re. 2001, 101,
detailed characterization thereof. The analysis of the secondary * * 3219-3232. _
structure of a protein by CD spectroscopy is commonly based () Elelzll 5081; 1\"0'2'3'\49;-?432'1‘06' R. B.; Hughes, T. J.; Moore, JChem.
on the fitting of the spectrum to that of a combination of isolated (8) Seebach, D.; Overhand, M.; Kale, F. N. M.; Martinoni, B.; Oberer, L.;

P H Hommel, U.; Widmer, HHelv. Chim. Actal996 79, 913-941.

secondary structure elements or of a set of proteins with known (9) Seebach, D: Ciceri. P. E.. Overhand, M.. Jaun, B.: Rigo, D.: Oberer, L.:
X-ray or NMR structured. Hommel, U.; Widmer, HHelv. Chim. Actal996 79, 2043-2066.

. . 10) Daura, X.; van Gunsteren, W. F.; Rigo, D.; Jaun, B.; SeebacBhBm—
Recently, CD spectroscopy in the far-UV region has been (10) Eur. J.1997 3, 1410-1417. 9 n

i - -(11) Appella, D. H.; Christianson, L. A.; Karle, I. L.; Powell, D. R.; Gellman,
used to elucidate the secondary structures of so-called foldam ST B Am. Chem. Sodoo8 118 1307% 13072

(12) Appella, D. H.; Christianson, L. A.; Klein, D. A.; Powell, D. R.; Huang,

* ; ; X.; Brachi, J. J., Jr.; Gellman, S. Hlature 1997, 387, 381—384.
+ E:ggiztp;ndé?%ﬁustg; (C\:Ag;?nqg’lgcsw}slz(I;r;ilgrglﬂl]rfs%rt]ate of Technol- (13) Seebach, D.; Abele, S.; Gademann, K.; Guichard, G.; Hintermar]n, T.; Jaun,
. y Y Y B.; Matthews, J. L.; Schreiber, J. V.; Oberer, L.; Hommel, U.; Widmer, H.
ogy Ztrich. _ _ _ _ Helv. Chim. Actal998 81, 932-982.
2 _er?boratory of Organic Chemistry, Swiss Federal Institute of Technology (14) Daura, X.; Gademann, K.; Jaun, B.; Seebach, D.; van Gunsteren, W. F.;
uricn. Mark, A. E. Angew. Chem., Int. EA.999 38, 236—240.
(1) Berova, N., Nakanishi, K., Woody, R. W., Ed<Cjrcular Dichroism: (15) Seebach, D.; Abele, S.; Gademann, K.; JaunAiigew. Chem., Int. Ed.
Principles and AppIicationWiIey—VCH: New York, 2000. 1999 38, 1595-1597. .
(2) Johnson, W. C., JAnnu. Re. Biophys. Biophys. Chent988 17, 145— (16) Daura, X.; Gademann, K.; Sdke H.; Jaun, B.; Seebach, D.; van
166. Gunsteren, W. FJ. Am. Chem. So@001, 123 2393-2404.
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[-Peptide Conformation Derivability from CD Spectra

and co-workers could assign a distinct CD pattern tavih@, 4-
helical conformation (peak near 200 nm, zero crossing between
205 and 210 nm, trough between 215 and 220 Hrihjowever,

this pattern does not seem to be unigyepeptides that should
not, on the basis of steric considerations, be able to adopt a
3is-helix show CD spectra similar to those bf-3;4-helical
peptides® Furthermore, the CD spectrum exhibited by a
p-hexapeptide built oftrans-2-aminocyclohexane-carboxylic
acid differs from the previous ones, even though the crystal
structure was reported to beM&314-helix.1° For oligomers for
which structural information from NMR or X-ray is lacking,
the CD spectrum can only be taken adiat that a chiral
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Figure 1. Molecular formulas of the twg@-hexapeptides studied. Peptide

secondary structure is prese_n_t, since an unambiguou_s assignmen{ denoted as DM-BHP, differs from peptide B, denoted as BHP, by having
of a CD spectrum to a specific secondary structure is currently two methyl groups attached to the, @toms. Note that in the simulations

impossible. Although there are examples of stable peptide
conformations in solution for which the CD spectrum can be
assigned to a single conformation, in many cases, the solution

both endgroups were protonated in line with experimental data.

amide chromophore. Although this method suffers from a

ST ¢ e
state of a peptide is characterized by an ensemble of conformerdUmber of deficiencie¥;**itis the current state of the art and

with different contents of secondary structures. In these cases,

has been applied to calculate CD spectra of polypeptid®s

the observed CD spectra obviously represent an average of thénd of several globular proteins from a single structure, typically

contributions from different conformers.

obtained from X-ray diffractiod®-3! Recently, the CD spectra

There is clearly a need for a better understanding of the for @-hexapeptide and @-heptapeptide have been calculated

relationship between the protein or peptide conformation and from molecular dynamic trajectories using the matrix method,
its CD spectrum. Theoretical methods to calculate the CD With the aim to investigate its sensitivity to molecular structure

spectrum of peptides and proteins could be helpful for gaining
insight into this relationship and may validate the interpretation
of CD experiments, especially for new classes of oligomers.
The quantity describing the circular dichroism is the rotational
strength which is proportional to the area of the CD bhitd.
can be calculated from the electric and magnetic transition dipole

and the effects of motional averagiffy.

Here, we present a case which illustrates both the difficulty
of a reliable interpretation of experimental CD spectra of
peptides and the need for an accurate theoretical method to
calculate the CD spectrum given the molecular structure. We
studied twag3-hexapeptides which only differ in the substitution

moments between the ground and the excited states. When giverdt the G atoms: DM-BHP (dimethyB-hexapeptide, peptide
the size of a protein or peptide, a direct quantum-mechanical A in Figure 1) is built from geminally dimethyl-substitutggi*+

calculation of the optical rotatory strengths is not feasible.
Therefore, most of the theoretical methods for CD spectrum
calculations make use of either the so-called matrix méthod
or the dipole interaction methdd-22 In the latter method, the
CD spectrum calculation is based on classical physics, consider-
ing individual atoms and the amide chromophore as point dipole
oscillators. The method has been applied to the CD spectrum
calculations of single model structures of a number of sys-
tems?324 in particular 3-peptides’> 27 The matrix method,

amino acids [sequence: KB-HVal(Mey)-5-HAla(Mey)-5-HLeu-
(Mey))2], whereas BHPA&-hexapeptide, peptidB in Figure 1)
consists off3-amino acid residues without substituents at the
C. atoms [sequence: H3{HVal-8-HAla-5-HLeu),]. The latter

is experimentally known to fold into a;2helix, as confirmed
by NMR measurements’ C,-Methyl groups would have to
occupy an axial position in a8helix of DM-BHP (A), which

is sterically impossibl&18 Despite that, DM-BHP exhibits a
CD spectrum that is very similar to that of BHP, showing the

however, is based on quantum-mechanical theory and assumegattern reported to be typical fBrpeptides forming as3-helix

that the charge distributions of the various chromophores of
the protein do not overlap, that is, that there is no charge transfer

(Figure 2). So far, there are no NMR data available for the
methylated peptide that could give more information about its

between them. The interaction between these monomers is thef$e€condary structure.

computed using a set of parameters describing the different

Certainly, these facts raise some questions: First, which

chromophores. The parameters are derived from either semiemconformations does the geminally dimethylated peptide (DM-

pirical?®29 or ab initic®®3! calculations of small model chro-

BHP) predominantly adopt? Second, which conformations other

mophores such abl-methyl-acetamide or acetamide for the

(17) Seebach, D.; Schreiber, J. V.; Abele, S.; Daura, X.; van Gunsteren, W. F.
Helv. Chim. Acta200Q 83, 34—57.

(18) Seebach, D.; Sifferlen, T.; Mathieu, P. A.i'tta A. M.; Krell, C. M.;
Bierbaum, D. J.; Abele, Sdelv. Chim. Acta200Q 83, 2849-2864.

(19) Appella, D. H.; Christianson, L. A.; Karle, I. L.; Powell, D. R.; Gellman,
S. H.J. Am. Chem. S0d.999 121, 6206-6212.

(20) Bayley, P. M.; Nielsen, E. B.; Schellmann, J.JAPhys. Cheml969 73,
228-243.

(21) Applequist, JJ. Chem. Physl973 58, 4251-4259.

(22) Applequist, J.; Sundberg, K. R.; Olson, M. L.; Wiess, LJCChem. Phys.
1979 70, 1240-1246.

(23) Bode, K. A.; Applequist, JJ. Phys. Chem1996 100, 17825-17834.

(24) Bode, K. A.; Applequist, JJ. Am. Chem. S0d.998 120, 10938-10946.

(25) Bode, K. A.; Applequist, Macromolecules1997, 30, 2144-2150.

(26) Applequist, J.; Bode, K. A.; Appella, D. H.; Christianson, L. A.; Gellman,
S. H.J. Am. Chem. S0d.998 120 4891-4892.

(27) Applequist, J.; Bode, K. AJ. Phys. Chem. R00Q 104, 7129-7132.

(28) Kurapkat, G.; Krger, P.; Wollmer, A.; Fleischhauer, J.; Kramer, B.; Zobel,
E.; Koslowski, A.; Botterweck, H.; Woody, R. WBiopolymersl997, 41,
267—-287.

(29) Woody, R. W.; Sreerama, N. Chem. Phys1999 111, 2844-2845.

(30) Hirst, J. D.J. Chem. Phys1998 109, 782-788.

(31) Besley, N. A,; Hirst, J. DJ. Am. Chem. S0d.999 121, 9636-9644.

(32) Koslowski, A.; Sreerama, N.; Woody, R. W. Wircular Dichroism:
Principles and ApplicationBerova, N., Nakanishi, K., Woody, R. W., Eds.;
Wiley-VCH: New York, 2000; pp 5595.

(33) Hirst, J. D.Enantiomer1998 3, 215-220.

(34) Kriger, P.; Bakowies, D.; Fleischhauer, J.; van Gunsteren, W. F.; Seebach,
D.; Daura, X.Eur. Biophys. J.to be submitted.

(35) Chen, A. K.; Woody, R. WJ. Am. Chem. Sod.971, 93, 29-37.

(36) Manning, M. L.; Woody, R. WBiopolymers1991, 31, 569-586.

)
(37) Sisido, M.; Ishikawa, Y.; Harada, M.; Itoh, Klacromolecule€991, 24,
3999-4003.
(38) Ito, Y.; Ihara, E.; Murakami, M.; Sisido, MMacromoleculesl992 25,
6810-6813.
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Figure 2. Experimental and calculated CD spectra of the Broexapep- %
tides in methanol. Solid line: experimental CD spectrum of DM-BARE =
Dashed-dotted: experimental CD spectrum of BHB) ({8 Dotted: average 2 50
CD spectrum of DM-BHP from the MD simulation (100 ns trajectory). @
Dashed: average CD spectrum of BHP from the MD simulation (100 ns
trajectory). Both the experimental and the calculated CD spectra are at room ‘1001 50 175 200 205 250
temperature (298 K). 3 [nm]

than a 34-helix give rise to a similar CD spectrum? And third,
can the CD spectra gi-peptides be really assigned to a single,
specific secondary structure or do they rather represent an
average over different conformers, may they be folded or
unfolded? In an attempt to answer these questions, the two
peptides, DM-BHPA) and BHP B), were investigated by MD
simulations using the GROMOS packéyand the GROMOS
43A1 force field3%4%in a way analogous to former MD studies
on 3-peptidest!-1416The initial conformation was in both cases
chosen to be fully extended. From the resulting MD trajectories,

Figure 3. CD spectra averaged over the members of the clusters for which
the central structures are shown in Figure 4. Panel A: CD spectra of DM-
BHP (A); (black) averaged over the 7458 members of cluster 1, (red)
averaged over the 1294 members of cluster 2. Panel B: CD spectra of BHP
(B); (black) averaged over the 2045 members of cluster 1, (red) averaged
over the 1807 members of cluster 2, (green) averaged over the 1446
members of cluster 3, (blue) averaged over the 676 members of cluster 4,
(violet) averaged over the 460 members of cluster 5, (cyan) averaged over
the 445 members of cluster 6, (magenta) averaged over the 255 members
of cluster 7, (orange) averaged over the 194 members of cluster 8, (turquoise)
averaged over the 171 members of cluster 9, (olive) averaged over the 157
members of cluster 10.

the CD spectra of both peptides were then calculated using theat 197 nm, which corresponds to that of the experimentally

above-mentioned matrix method.

2. Results and Discussion
We performed for each peptide in a box with 1462 or 1463

observed peaks. DM-BHP exhibits a weak negative Cotton effect
at about 223 nm, whereas BHP shows a slightly stronger one
at 221 nm. However, both minima as well as the zero crossing
are slightly red-shifted compared to the case of the experimental

methanol molecules a 100-ns simulation at constant temperaturespectra, where for DM-BHP a negative Cotton effect is observed
(298 K) and at constant pressure (1 atm). The resulting at 213 nm and for BHP at 215 nm. Experimentally, a zero
trajectories were analyzed using the cluster algorithm describedcrossing is observed for both peptides around 207 nm, whereas
by Daura et af? (see also Computational Methods section). The the theoretical spectra show a zero crossing at around 213 nm
CD spectra of peptide structures taken every 10 ps werefor DM-BHP and at 210 nm for BHP. As stated before, the
calculated with the matrix method implemented by Fleischhauer intensities of the calculated spectra are much weaker but

and co-workers in MATMAC* In this section, the results of

reproduce qualitatively the experimental difference in the CD

the clustering analysis and the CD spectrum calculations arespectra between the twbpeptides: DM-BHP shows a weaker

presented and discussed.
Figure 2 shows the mean CD spectrum for each peptide,

negative Cotton effect and a less intensive peak than BHP. The
reduced intensity might be an effect of averaging over a large

averaged over 10 000 spectra of single structures extracted frompumber of structures. Even though the mean CD spectrum

the MD trajectory, together with the experimentally measured

calculated from a long MD trajectory reproduces qualitatively

ones. Although the intensities of the calculated spectra are muchwell the experimentally observed CD pattern for both DM-BHP
lower, they show the same characteristics as the experimentaland BHP, the individual trajectory structures show a wide
ones: The calculated spectra of both peptides show a maximumvariation in their spectra as already observed for othpep-

(39) van Gunsteren, W. F.; Billeter, S. R.; Eising, A. A.jémberger, P. H,;
Kriger, P.; Mark, A. E.; Scott, W. R. P.; Tironi, . Giomolecular
Simulation: The GROMOS96 Manual and User Guideéf Hochschul-
verlag, ETH: Zuich, Switzerland, 1996.

(40) van Gunsteren, W. F.; Daura, X.; Mark, A. E. Encyclopaedia of
Computational Chemistryol. 2; von RagueSchleyer, P., Ed.; Wiley-
VCH: Chichester, U.K., 1998; pp 12311216.

(41) Daura, X.; Jaun, B.; Seebach, D.; van Gunsteren, W. F.; Mark, A. E.
Mol. Biol. 1998 280, 925-932.

(42) Daura, X.; van Gunsteren, W. F.; Mark, A. Broteins: Struct., Funct.,
Genet.1999 34, 269-280.

(43) Fleischhauer, J.; Kramer, B.; Zobel, E.; Koslowski, MATMAC V2.0:
Matrix and Tinoco Method Program for the Calculation of Rotational
Strength of Biopolymers
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tides34

Figure 3 serves as an indication of how much the spectra of
distinct conformers can differ. Here, for each cluster or
conformation, the mean CD spectrum averaged over all
structures belonging to the same cluster is displayed. The
corresponding central member structures of each cluster con-
sidered, representing the dominant conformations, are shown
in Figure 4. For DM-BHP, the first two clusters already represent
more than 87% of the total population, and for BHP, more
conformational variation is observed: the first 10 clusters
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74.6 % 20.5 % 18.1% 14.5 % 6.8 % 4.6 %

12.9% 4.5 % 2.6 % 1.9 % 1.7% 1.6 %

Figure 4. Panel A: Central structures of clusters 1 and 2 of DM-BHAP &t 298 K. Cluster 1 and 2 represent more than 87% of the total population. The
first three most populated clusters of a total of 16 clusters represent over 90% of the total population, the first 6 clusters over 98%. PanelrBenQmtral
structures of cluster-210 of BHP @) at 298 K. Clusters £10 represent more than 76%, cluster2d more than 90%, and cluster-55 more than 98%

of the total population.

Table 1. Occurrence of Intramolecular Hydrogen Bonds? N- and C-terminal residues were excluded in view of their high
hydrogen bond occurrence (%) mobility. Interestingly, as shown in Figure 3B (red line), the
donor® accepto®  025nm/A35°  0.3nm/135 mean CD spectrum of the helical conformation (cluster 2) does
DM-BHP (A)  NH() 0@ 78 97 not show the experimentally observed CD_ pattern of a trough
NH(4) o(4) 2.9 2.9 at 215 nm and a peak at about 200 nm (Figure 2) but shows a
BHP (B) NH(1) (o])) 7.7 8.4 peak at 180 nm and a trough at 201 nm, whereas the clusters
H:EB 8%‘5"; ;; 1%-2 corresponding to unfolded conformations exhibit CD spectra
NH(2) 0(4) 17.7 18.0 with a pattern similar to the experimental one. These findings,
NH(3) o(5) 135 13.8 along with the fact that DM-BHP exhibits a similar CD
Hﬂgg 8% gé g-g spectrum, even though it does not adopt a defined secondary
OH(6) 03 20 31 structure, would imply that the unfolded rather than the folded

conformers determine the shape of the CD spectra.

a0Only hydrogen bonds occurring in more than 2% of the analyzed Seebach et df. concluded from their CD spectroscopic
conformations have been considere@he residue sequence numbers of

the atoms are indicated in parenthesds.the first case, a hydrogen bond investigations on varioq@-pep.ti.des that each type of intrgmo-
is considered to exist when the donor-hydrogen-acceptor angle is largerlecular hydrogen bond, classified as hydrogen-bonded rings of

than 133 and the hydrogen-acceptor distance is smaller than 0.29 fitre 8, 10, 12, and 14 members, contributes to the CD spectrum in
second criterion enlarges the maximally allowed distance to 0.3 nm. TN . ’ .

a specific way. In particular, 14-membered rings, the structural
represent more than 76% of the total population. This indicates €lements of the 13-helix, make a contribution to negative and
that the double methylation of the,@toms severely restricts ~ positive Cotton effects at about 215 and 200 nm, respectively.
the conformational space of the peptide. The clustering as well Therefore, we monitored the occurrence of intramolecular
as the hydrogen bond analysis (Table 1) reveals that during thehydrogen bonds. For every intramolecular hydrogen bond that
whole simulation DM-BHP does not adopt any defined second- is present in more than 2% of the sampled trajectory structures,
ary structure, although its CD spectrum would suggest a helical the occurrence is indicated in Table 1. Two hydrogen bond
conformation to be the dominant one. BHP, on the other hand, definitions were used: (i) the standard GROMOS definition,
folds into the expectet¥-3;14-helix within the first half of the where a hydrogen bond is considered to exist when the donor
simulation and, thereafter, repeatedly unfolds and folds to this hydroger-acceptor angle is larger than £3&nd the hydrogen
helical secondary structure. The helical conformation representsacceptor distance is smaller than 0.25 nm, and (ii) a slightly
18% of the total population, being the second most populated more generous definition with the maximum hydrogeceptor
cluster. The central member structure of this cluster only distance lengthened to 0.3 nm. DM-BHR)(does only show
reproduces the two central hydrogen bonds of the four presenttwo hydrogen bonds, one forming an eight-membered ring
in a complete 3-helix, because in the clustering algorithm the between the residues four and two and another one forming an

J. AM. CHEM. SOC. = VOL. 124, NO. 44, 2002 12975
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Figure 5. CD spectra for individual structures that show either a very
pronounced negative Cotton effect or a Cotton effect near the experimentally
observed wavelength (around 215 nm). Panel A: spectra of structures of
DM-BHP (A); (black) structure a in Figure 6A at 750 ps, (green) structure
b in Figure 6A at 45150 ps, (blue) structure c in Figure 6A at 57 700 ps,
(cyan) structure d in Figure 6A 83 200 ps, (magenta) structure e in Figure
6A at 85 920 ps, (maroon) structure f in Figure 6A at 95 020 ps. Panel B:
spectra of structures of BHBY; (black) structure a in Figure 6B at 32 200
ps, (red) structure b in Figure 6B at 45 460 ps, (green) structure c in Figure
6B at 59 120 ps, (cyan) structure d in Figure 6B at 38 150 ps, (magenta)
structure e in Figure 6B at 38 900 ps, (maroon) structure f in Figure 6B at
72 050 ps.

intraresidue six-membered ring. BHM)( forms four 14-
membered hydrogen-bonded rings (NH{D(3), NH(2)-0(4),
NH(3)—0(5), NH(4)-0(6)), where the two central ones occur Figure 6. Structures of the two peptides corresponding to the CD spectra

more often than the terminal ones, reflecting the mobility of N Figure 5. Panel A: structures from the trajectory of DM-BHR).(
9 y Structure a at 750 ps; structure b at 45 150 ps; structure ¢ at 57 700 ps;

the peptide tails. In addition, single (terminal) hydrogen bonds structure d at 83 200 ps; structure e at 85 920 ps; structure f at 95 020 ps.
forming 16- (OH(6)-0(3)), 18- (NH(1)-0O(4)), and 22- Panel B: structures from the trajectory of BHB)( Structure a at 32 200
membered (NH(B O(5)) rings are observed, and a single eight- ps; structure b at 44 560 ps; structure ¢ at 59 120 ps; structure d at 31 850
membered hydrogen-bonded ring (NHE)(3)) with low ps; structure e at 39 800 ps; structure f at 72 050 ps.

occurrence was detected. From this hydrogen-bond analysis, ongjive rise to a Cotton effect might also occur in unfolded
would predict, on the basis of the conclusions drawn from conformers.

experiment’ that BHP would exhibit a CD spectrum with the So, what are the structural characteristics that give rise to a
characteristic pattern of that of au-3;4-helix, whereas the  strong negative Cotton effect? In an attempt to find an answer
introduction of two geminal methyl groups in theposition of to this question, CD spectra of individual trajectory structures
the residues would lead to a breakdown of the observed Cottonexhibiting either a particularly strong Cotton effect or a
effect. However, this is not the case as both experiment andreasonable Cotton effect in the range of the experimentally
simulation demonstrate. Therefore, it seems gquestionable whethemeasured and theoretically calculated wavelengths (between 210
the presence of intramolecular hydrogen bonds is a sufficient and 225 nm) have been selected, and their structures compared
criterion for af-peptide to exhibit Cotton effects of either sign. with each other. Figure 5 shows the CD spectra of six con-
After all, it is mainly the relative orientation of the amide formers of each peptide, the corresponding structures being
chromophores in the peptide and not the presence of hydrogendisplayed in Figure 6. First of all, it is remarkable that the
bonds that determines the chiroptical properties of a peptide in strongest negative Cotton effects{0 000 deg crhdmol for

the far-UV region. Certainly, a specific pattern of intramolecular DM-BHP (A) and & 20 000 deg crhdmol~t for BHP (B)) are
hydrogen bonds gives rise to a specific relative orientation of observed around 200 nm and not around 215 nm. Structures a
the chromophores and consequently to a characteristic CDto ¢ shown in panel A of Figure 6 (DM-BHP), which give rise
spectrum. However, in small and rather flexible peptides, as to CD spectra with a peak at about 176 nm and a trough around
those investigated here, certain chromophore orientations that200 nm, are all characterized by a kink at the fourth residue
would but do not show any hydrogen bonding. On the other hand,

12976 J. AM. CHEM. SOC. = VOL. 124, NO. 44, 2002
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40 performed using the same similarity criterion as in the case of
B DM-BHP the individual trajectories. A total of 138 clusters were found,
i B BHP T and the first 7 most populated clusters represent more than 75%
30 - of the total population. The percentage population of the first

20 clusters ¥ 90% of the total population) and the portion of

B . structures originating from one (DM-BHP) or the other (BHP)
trajectory of structures are shown in Figure 7. Strikingly, almost
none of the clusters comprehend structures from both trajecto-
- - ries; they either hold exclusively structures of DM-BHP or of
BHP. Only cluster 14 (2% populated) and 17 (1% populated)

population [%]
N
o
|

10 K R 7 contain structures from both trajectories. This means that the

L EE §f §: . two peptides do not populate at all the same conformational

SR space. Yet, they exhibit a similar CD spectrum, as shown by
O 10 BT — experiment and simulation (Figure 2).

cluster sequence number

) . . ) ' 3. Conclusion
Figure 7. Clustering of the merged or combined trajectories of DM-BHP

(A) and BHP_ B). The plot shows the population in percentage per cluster The CD spectra of tw@-hexapeptides, called DM-BHRA]
and the portion of structures per cluster that belongs to the trajectory of .
DM-BHP (black) and to the trajectory of BHP (squared). and BHP B), have been calculated from molecular dynamics
trajectories at room temperature and ambient pressure. As in
structures d to f in panel A of Figure 6, which give rise to a €experiment, both show the CD pattern previously assigned to
weak negative Cotton effect around 222 nm and a peak at aboutM-314 helices, even though DM-BHP remains unfolded and BHP
198 nm, all have a more or less distorted hydrogen bond betweerreversibly folds into a 3rhelical conformation, as illustrated
residues four and two, forming an eight-membered ring by the cluster analysis and the occurrence of intramolecular
(structure d, hydrogenracceptor distance= 0.17 nm, donor hydrogen bonds. We also observed that for BHP the CD spectra
hydroger-acceptor angle= 152°; structure e, H-A distance of the unfolded conformers exhibit the experimental pattern
= 0.19 nm, D-H—A angle= 13%; structure f, H-A distance commonly assigned to a helical conformation, whereas the
= 0.20 nm, D-H—A angle = 136°). In the case of BHP helical conformer exhibits a CD spectrum different from the
(Figures 5 and 6, panel B), three very different structures exhibit €xperimental one. This would imply that also the unfolded
a similar CD spectrum with a trough around 200 nm and a peak conformations contribute to the CD spectrum, and it questions
at about 176 nm. Structure a forms an 18-membered hydrogen-whether the presence of intramolecular hydrogen bonds forming
bonded ring involving the N-terminus (NH@PD(4), H-A 8-, 10-, 12-, or 14-membered (hydrogen-bonded) rings is a
distance= 0.2 nm, D-H—A angle= 150°), whereas structure  hecessary condition to induce Cotton effects. Particular constel-
b represents a partly unwoundsdelix with two hydrogen lations of relative chromophore orientations that do not result
bonds forming 14-membered rings (NH{IQ(3) and NH(2)- from intramolecular hydrogen bonding could also give rise to
0O(4)). Structure ¢, however, does not show any intramolecular Cotton effects. This would explain to some extent the contribu-
hydrogen bonding at all. Of the three conformers that exhibit a tion of the unfolded conformers to the CD spectrum of a peptide.
negative Cotton effect around 222 nm and a peak in the region However, this assumption should be validated by further
of 200 nm, structures e and f show a hydrogen bond forming a investigations using improved theoretical methods. Furthermore,
14-membered ring at the N-terminus (NHEQ(4)), whereas inspection of CD spectra of individual structures that either show
structure d does not show any hydrogen bonding. Thesestrong Cotton effects or Cotton effects in the range of the
examples basically show that similar CD spectra do not experimentally measured wavelengths reveals that spatially
necessarily imply similar structures. A given CD pattern can different structures can exhibit very similar CD spectra (see
be generated by different structures. However, the calculatedFigures 5 and 6).
CD spectra should be interpreted cautiously, since the method These findings, together with the fact that the two peptides
to calculate the CD spectrum from a given structure makes usepractically do not populate a common conformational space
of a series of approximations and suffers from some deficien- (Figure 7), suggest that for small peptides the same CD spectrum

cies3234which will not be commented here. can be exhibited by different ensembles of conformers. Cer-
The results presented show that both peptides exhibit a similartainly, this complicates the interpretation of CD spectra and may
CD spectrum, even though one (BHP) adoptsVa3;4-helix easily lead to false conclusions. Furthermore, it implies that the

and the other (DM-BHP) remains practically unfolded hardly conformational preference of a peptide cannot be unambiguously
forming any hydrogen bonds. The conclusion that it is the derived from CD measurements. However, the method applied
unfolded state that mainly contributes to the observed CD spectrahere to calculate the CD spectra is an approximate, but
is very tempting but cannot presently be claimed with certainty. established, procedure with a number of shortcomings repeatedly
However, it is clear that although a single structure must lead addressed in the literatuf&:34 To gain a deeper understanding
to a unique CD spectrum, the inverse is not true. A given CD of the relationship between peptide conformation and its CD
spectrum can be produced by spatially very different structures. spectrum, a more accurate method to calculate the latter is
In that context, it is of interest to analyze the similarity of the required. On the other hand, continued experimental studies of
conformational space visited by both peptides, which produce the chiroptical behavior of various (non-natural) peptides in
very similar CD spectra. To that end, an additional cluster combination with other spectroscopic techniques are also
analysis of the combined trajectories of DM-BHP and BHP was necessary to eventually develop, in a joint effort of theory and
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experiment, a standardized method for the conformational methanol solvent molecules. Longer-range van der Waals and electro-
analysis of non-natural oligomers such/peptides. static interactions, between pairs at a distance longer than 0.8 nm and
Finally, a second finding of general interest is the observation shorter than a long-range cutoff of 1.4 nm, were evaluated every fifth
that two5-peptides that only differ in the methylation of their time step, at which point the pair list was also updated and y\{ere kept
C, atoms adopt completely different ensembles of conformers unchanged between th_ese updates. The systems were eqqlllbratgd for
in solution. This demonstrates the sensitivity of solution 2 NS: and the following 100 ns were used for analysis saving

structures of peptides to details of their composition. Conf'gurat'onsf every 0.5 ps. ) )
4.3. Analysis.A cluster analysis was performed using the structures

4. Computational Methods every 0.01 ns as described by Daura et?dlo that end, the atom-
4.1. Molecular Model. The f-peptides were modeled using the positional root-mean-square deviation (RMSD) using the backbone
GROMOS96 biomolecular force field, parameter set 43%%, as atoms of residues two to five was calculated for every pair of structures.

described by Daura et & Methanol was modeled using the standard FOr ach trajectory structure, the number of structures (neighbors) with
GROMOS96 set of solver®&* as a rigid three-point model, whose ~ an RMSD= 0.09 nm was determined. The structure with the highest
properties agree well with the experimentally measured ¢hes. number of (structural) neighbors was then taken as the central member
4.2. Simulations.Two 100-ns MD simulations at 298 K and 1 atm  Of the cluster of similar structures forming a conformation. After
were performed for DM-BHP and BHP. Periodic boundary conditions removing the structures belonging to this first, most populated cluster
were applied. In both cases, the initial structure was extended (all from the pool of structures, the procedure was repeated to find the
backbone dihedral angles were set to )8®M-BHP was solvated ~ second cluster and so on. The CD spectra of fhgeptides were
with 1462 methanol molecules, and BHP, with 1463 methanol obtained via the calculation of the rotational strength using the matrix
molecules, both in a truncated octahedron. The initial minimum distance method® with parameters from CNDO/S calculations on acetamide as
between peptide atoms and the square walls of the truncated octahedrodescribed by Kurapkat et #land Kriger et af* This method considers
was chosen to be 1.4 nm. After relaxation of the systems using steepesthe peptide or protein to consist of a number of independent chro-
descent energy minimization, the MD simulations were started by taking mophore groups, that is, with nonoverlapping charge distributions. As
the initial velocities from a Maxwellian distribution at 298 K. Solvent  in the present cases, the side chains are all aliphatic and, therefore, do
and solute were independently weakly coupled to a temperature bathnot contribute to the CD signal. The only chromophores considered
with a relaxation time of 0.1 p&.The pressure was calculated with @  were the peptide groups. The terminal amide and carboxylate groups
molecular virial and held constant at 1 atm using the weak coupling were not included in the calculation, since their influence on the overall
method® with a relaxation time of 0.5 ps and an isothermal compress- CD spectrum is small because of their high flexibility. For each of
ibility of 4.575 107 (kJ mof™* nm~%)~*. Bond lengths were constrained  these backbone chromophores, three peptide transitions were consid-
using the SHAKE algorith#t with a geometric tolerance of 1@ The ered: nz* at 220 nm,zz* (NV) at 190 nm, ande* (NV,) at 140
equations of motion were integrated using the leapfrog algorithm and ym Al the calculations have been performed using the program
atime step of 2 fs. The interaction between atoms in so-called charge \jATMAC developed by Fleischhauer et@&Mean CD spectra were

groups® was calculated according to a spherical twin-range cutoff gpiained by averaging over the CD spectra of either the entire 100-ns
scheme: short-range van der Waals and electrostatic interactions Were\ip-trajectory or of all members of a particular cluster.

evaluated at every time step by using a charge-group pair list that was
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