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Theoretical calculations of CD spectra have generally assumed a single conformation, or a small number of 
conformers with Boltzmann averaging. Solvent effects on both the conformation and the CD have been 
neglected. In this work, we have calculated the CD spectrum of cycl&-‘l)r-L-Qr) in aqueous solution, taking 
dynamics and salvation into account. Starting geometries with x1 - 300” or W for both Tyr side chains were 
derived from MNDO/MOPAC, followed hy energy minimization using GROMOS. After addition of 368 water 
molecules, the system was simulated for 1000 ps at 300 K using GROMOS In addition to the starting conformer, 
two other conformers were observed during each simulation. However, each trajectory gave a distinct set of 
conformers. Rotational strengths were calculated for the cyclic dipeptide at each ps along the trajectories, 
using the matrix method. The CD spectra calculated from these rotational strengths were averaged over the 
trajectories. Agreement is very good for the strong negative band near 200 nm, while for the lower energy 
bands (near 230 and 280 nm), the signs are correct, but the magnitudes are too low. The spectrum calculated 
from a Roltzmann-weighted average over the in uacuo MNDO / MOPAC conformers was in poor agreement with 
experiment. Although the solvent did not significantly affect the rotational strength calculated for a given 
conformer, it is essential to include the solvent in the MD simulations because it affects the relative energies 
of the conformers and promotes transitions among them. 
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1. Introduction 

Calculations of the circular dichroism spectra 
of molecules have generally considered only one 
(or a few) conformation(s) of an isolated molecule. 

* Corresponding author. 

In other words, the effects of dynamics and of 
solvation have been neglected. It is not clear to 
what extent the neglect of these factors may 
compromise the results of rotational strength cal- 
culations. It is now possible to carry out realistic 
simulations of molecules in aqueous solution us- 
ing the technique of molecular dynamics [l-3]. In 
this paper, we describe calculations of the CD 
spectrum of a cyclic dipeptide based upon a 

0301-4622/94/$07.00 Q 1994 - Elsetier Science B.V. All rights reserved 
SSDI 0301-4622(93)E0065-D 



142 

molecular dynamics trajectory. The simulations 
have been performed in aqueous solution. 

We have chosen cycle CL-Tyr-L-Tyr), denoted 
as cTY, as our model system and test case. There 
are several reasons for this choice. Cyclic dipep- 
tides (diketopiperazines or, more correctly, piper- 
azinediones) [4,5] have long been favored as mod- 
els for spectroscopic studies of peptide systems 
because they exhibit the effects of amide-amide 
interactions at the dimer level and because they 
are relatively (but not completely) well-defined in 
conformation. The presence of the two aromatic 
side chains in cYY makes this system of special 
interest for modeling the effects of aromatic 
groups coupled with peptides. In fact, the one 
previous study [6] in which dynamic effects were 
considered in calculations of CD dealt with the 
side-chain CD bands of insulin, due to tyrosyl 
groups. 

Extensive theoretical and experimental studies 
have been reported on the CD of cYY 17-91 as 
well as other cyclic dipeptides with one or two 
aromatic side chains [lo-121. In the conforma- 
tional energy calculations of Snow et al. [9], only 
the side-chain torsional angles, x1 and x2, and an 
angle p [13] describing the folding of the dike- 
topiperazine ring were considered. They identi- 
fied six local minima, with the global minimum 
corresponding to p = 0” (planar piperazinedione 
ring), with one tyrosyl side chain having x1 = 60” 
(folded over the piperazinedione ring) and the 
other with x1 = 300” (an extended conformation). 
They calculated the rotational strengths for each 
of the minimum-energy conformers and used 
Boltzmann weighting factors based upon the po- 
tential energy to calculate the average rotational 
strengths for the side-chains and backbone transi- 
tions. 

The CD curve calculated [9] from these con- 
formationally averaged rotational strengths accu- 
rately reproduced the sign of the three CD bands 
which were unambiguously determined (Fig. 1). 
Snow et al. did not explicitly assign the peptide 
nrr * transition because they were unabIe to ob- 
tain a consistent fit for this transition to the CD 
curves observed in neutral and basic aqueous 
solution, trimethylphosphate and methanol. How- 
ever, it seems likely that the negative maximum 
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Fig. 1. Experimental CD spectrum of cYY in neutral aqueous 
solution, as reported by Snow et al. [9]. 

observed near 215 nm in neutral aqueous solution 
is the nr* band. If so, the averaged rotational 
strength was incorrect in sign for this band. Snow 
et al. compared their calculated spectrum to that 
obtained in trimethylphosphate because this was 
the least polar solvent they used, and their calcu- 
lations assumed a unit dielectric constant. The 
calculated CD underestimated the long-wave- 
length L, band intensity by about a factor of two, 
gave reasonable agreement with the L, band near 
230 run, and overestimated the 200 nm band by 
approximately a factor of two. 

2. Methods 

2.1. Starting geometries 

Six starting conformers were generated, corre- 
sponding to all distinguishable combinations of 
torsional energy minima for the variable x1 at 
each of the two residues. These minima are des- 
ignated by the x1 values: (60,601, (180,601, (180, 
1801, (300, 601, (300, 180) and (300, 300). A side 
chain for which x1 = 60” is in a folded conforma- 
tion, with the phenolic ring located above the 
piperazinedione ring. For x, = 180”, the phenolic 
ring is extended away from the piperazinedione, 
toward the carbonyl group of the residue. In 
conformers with x1 = 300” the phenolic group is 
also extended, but toward the NH side of C”. In 
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all cases, the piperazinedione ring was planar and 
xZ was taken to be 90”. Each of the six starting 
geometries was subjected to energy minimization 
by MNDO / MOPAC [14]. The lowest and highest 
energy conformers, (300, 300) and (60, 601, re- 
spectively, were then subjected to energy mini- 
mization using the GROMOS force field [15] and 
the method of steepest descents [16], until the 
total energy change between successive steps was 
less than 0.01 kJ/mol. 

2.2. Molecular dynamics simulations 

Two simulations were performed at 300 K 
using the GROMOS program library [15]. The start- 
ing geometries for cYY were the energy-mini- 
mized conformers (300, 300) and (60, 601, the 
lowest and highest energy conformers in vacua, 
according to the MNDO calculations. The 
molecules were placed in a $uncated octahedral 
box of dimensions a = 28.5 A with 368 SPC [17] 
water molecules, thermally equilibrated at 300 K, 
and energy minimized. 

Initial velocities for the atoms were generated 
at random, according to a Maxwell-Boltzmann 
distribution at 300 K. Bond lengths were con- 
strained using the SHAKE algorithm [18] and a 
time step of 2 fs was used. A cutoff radius of 9.5 
A was used for the Lennard-Jones and Coulomb 
terms. The molecules were weakly coupled to a 
thermal bath at T = 300 K [19], with a tempera- 
ture relaxation time r = 0.1 ps. Periodic boundary 
conditions were used. After an equilibration pe- 
riod of 10 ps, the simulations were carried out for 
1000 ps, with the structures recorded every ps for 
analysis. 

One simulation at high temperature was con- 
ducted to test whether a broader range of con- 
formers could be observed in a single simulation. 
The temperature chosen was 600 K. The starting 
geometry was a (300, 60) conformer correspond- 
ing to the 600 ps point in the second simulation 
mentioned above (starting with the (60, 60) con- 
former at 300 K and with 368 SPC water 
molecules). A new set of randomly chosen veloci- 
ties with a Maxwellian distribution corresponding 
to 600 K was assigned to the solute and solvent 
atoms, the system was coupled to a 600 K bath 
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with a coupling constant of 0.1 ps, and a time 
step of 2 fs was used. The pressure was held 
constant, allowing the vohime of the box to ex- 
pand roughly tenfold over the course of the simu- 
lation, which was carried out for 130 ps. 

2.3, Rotational strength and CD calculations 

Rotational strengths were calculated by the 
matrix method [20] for each structure recorded 
along the two MD trajectories, using programs 
written by Zobel [21] and Kramer [22]. The ma- 
trix elements coupling transitions in different 
groups and mixing excited states within individual 
chromophores were calculated using the mon- 
opole-monopole approximation [23]. 

The monopole positions and charges were ob- 
tained by numerical integration [22] over CNDO/ 
2s [24] wavefunctions for the molecules for- 
mamide and phenol, which represent the inter- 
acting chromophores in cYY. This method and 
resulting monopole positions and charges will be 
described in more detail elsewhere (Kramer et 
al., to be published). 

In another set of calculations, the monopoles 
just described were supplemented by a set of 
monopoIes intended to take account of vibronic 
intensity contributions for the L, and L, [25] 
bands of the phenolic group. These vibronic 
monopoles have been described previously [261 
and will be presented in detail elsewhere 
(Sreerama et al., to be published). 

In addition to the monopole charges and posi- 
tions, required to calculate the off-diagonal ele- 
ments, the electric and magnetic transition dipole 
moments and the transition energies for the iso- 
lated chromophores must also be specified. The 
transition dipole moments were taken from CNDO 
/2s calculations on the model chromophores. 

The monopole positions of both chromophores 
are defined with respect to the structure of the 
isolated groups saturated with II atoms and en- 
ergy minimized by MNDO/MOPAC 1141. These 
structures were fitted to the structure from the 
MD trajectory using a least-squares method [27]. 
The resulting transformation vectors and rota- 
tional matrices were then used to calculate the 
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new monopole positions and the electric and 
magnetic moment vectors. 

The static field which mixes excited states 
within each chromophore was calculated using 
monopoles evaluated from the ground-state 
wavefunctions. In one set of calculations, perma- 
nent charges were placed on the solvent molecules 
as well as on the solute. The charges used for the 

solvent atoms were those for SPC [17] water, as 
used in the MD simulation. 

CNDO/~S calculations indicate that several 
magnetically allowed transitions (UT* and PC *> 
occur at energies similar to or just higher than 
those of the electrically allowed B transitions of 
phenol. One set of calculations was performed 
which included the effects of mixing of these 

Conforraer 180V60° (-483.53 Wmol) 
Conformer 60°/600 (-478.66 kJ/mol) 

Confiier 18OV 80” (-484.2 1 Wrnol) 

Conformer 300°/1800 (-488.10 kJ/mol) 

Gxfonner 300°/600 (-486.34 Wmol) 

Conformer 300°/3000 (-492.10 kJ/mol) 

Fig. 2. Geometries corresponding to local minima in energy, determined by MNDO [14]. The conformers are designated by the values 
of x1, the torsional angle about the Ca-Cfi bond, for the two tyrosyl residues. The heat of formation predicted by MNDO is given in 

parenthesis for each conformer. 
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states with the aa* excited states, under the 
influence of the static field of the solute only, and 
of both the solute and water. In the latter case, 
the vibronic monopoles were also included for 
the L, and L, bands. 
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For each recorded structure along the trajec- 
tory, the rotational strengths were calculated as 
described. For each structure, a CD spectrum 
was calculated by placing Gaussian bands of the 
calculated intensities at the calculated wave- 
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Fig. 3. The calculated CD spectra for the conformers shown in Fig. 2. 
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lengths, assuming bandwidths of 6.33 nm, 7.00 nm 
and 8.00 nm for bands in the 150-180 nm, 180- 
235 nm and 235-300 nm regions, respectively. 
These bandwidths are smaller by a factor of 2/3 
than those observed [9l and commonly used to 
calculate the spectra for individual structures, 
The use of a smaller bandwidth in this case takes 
into account the fact that part of the bandwidth 
results from variations in the transition energies 
among individual structures and their interactions 
with solvent, which are taken into account in our 
MD simulations. The calculated CD spectra were 
then averaged over the trajectory to obtain a 
spectrum for comparison with experiment. 

Graphic representations of molecular struc- 
tures utilized an interactive program, SCHAKAL 
[281. 

3. Results and discussion 

The six Wnformers resulting from variation in 
the dihedral angle x1 of the tyrosyl side chains 
are shown in Fig. 2. These conformers have been 
subjected to energy minimization by MNDO/ 
MOPAC [141. The values for the enthalpy of forma- 
tion are shown with each structure in Fig. 2 and 
are also given in Table 1. By this criterion, the 
(300, 300) conformer is the most stable form in 
vacua, with the (300, 60) and (300,180) conform- 
ers less stable by = 6 and 4 kJ/mol, respectively. 
The doubly folded conformer (60, 60) is least 
stable, 13 kJ/mol above the minimum energy 
conformer. 

, , ( , , ( , 1 1 
200 400 600 800 1000 

simulation time [ps] 

Table 1 

MNW and GROMOS energies of conformers 

Conformer a 
&J/mol~ (kIJ/mol) 

(60,6Q) - 418.66 91.35 
mo, 60) - 483.53 96.44 
(180,180) - 484.21 100.27 
(300,60) - 486.34 99.74 
(300,180) -488.10 95 -9.5 
(300,300) - 492.10 96.64 

B Each conformer was first subjected to energy minimization 
using MNDO 1141, followed by GROMOS [IS]. The energies 
given for each method refer to the energy following mini- 
mization in the corresponding force field. 

After energy minimization by GROMOS [151, the 
order of conformational energies is altered sub- 
stantially, as shown in Table 1. In terms of poten- 
tial energy in the GROMOS force field, the (60,60) 
conformer is lowest in energy, with the (300, MO), 
(180, 60) and (300, 300) conformers ca. 5 kJ/mol 
higher in energy and the (300, 60) and (180, 180) 
conformers ca. 9 kJ/mol higher. 

Figure 3 shows the CD spectra calculated for 
each of the MNDO energy-minimized conformers. 
Comparison of these calculated spectra with the 
experimental [9] spectrum (Fig. 1) shows that the 
three lowest energy conformers are predicted to 
have CD spectra which qualitatively agree with 
the experimental spectrum, giving a positive L, 
band, negative L, and nq* bands, and a strong 
negative feature near 200 nm. Of these three, the 
conformer (300, 180) gives the least satisfactory 

04 , ( , ( 
200 400 600 800 1000 

simulation time [ps] 

Fig. 4. Time series of ,yl for the hvo tyrosyl side chains over the murse of two 1000 ps simulations at 300 K (a) Starting with the 
(300,300) conformer. (b) Starting with the (60,601 conformer. 
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spectrum, with no discernible L, and np* bands 
but only a broad negative feature culminating in a 
relatively weak negative feature near 210 nm. The 
three higher energy conformers all give negative 
L, and positive L, bands, in contrast to experi- 
ment. It is interesting to note that all of the 
conformers except for (180, 60) have a moderate 
to very strong negative band near 200 nm. 

In uacuo MD simulation starting from the 
(300, 300), (300, 60) and (60, 60) conformers 
showed no interconversions with other conform- 
ers during simulations for as long as 1000 ps. 
Simulations including solvent molecules were 
therefore initiated using the lowest (300,300) and 
highest (60, 60) energy conformers as starting 
geometries. In 1000 ps of simulation, each run 
sampled three different conformers, as shown in 
Fig. 4, where the two x1 values are plotted as a 
function of time. Thus, for example, the simula- 
tion starting at (60, 60) underwent a sharp transi- 
tion to the (300, 60) conformer at ca. 150 ps, 
followed by several transitions to the (180, 60) 
conformer throughout the rest of the simulation, 
always returning to the (300, 60) conformation. 
The two simulations each sampled a different set 
of conformers. Ideally, we would wish to have all 
six conformers sampled in a single run, as this 
would provide the most reliable averaging of 
properties. However, from the two l-ns simula- 
tions done thus far, it seems likely that simula- 
tions for tens of ns would be required to assure 

Table 2 

Average potential energies and frequencies of conformers 
during simulations 

Conformer Average potential energy a Relative 

Partial b Total ’ frequency 

Simulation starling with (60,60) conformer 
60,601 - 198.4 - 15484 0.150 
(180,60) - 198.8 - 15496 0.166 
(300,60) - 200.3 - 15504 0.684 
Simulation starting with (300, 300) conformer 
(180,180) - 201.0 - 15498 0.051 
(300,180) - 199.9 - 15494 0.309 
(300,300) - 2Q5.5 - 15503 0.640 

’ In kJ/mol. 
b Solute plus solute-water interactions. 
’ Including water-water interactions. 

complete sampling of conformational space in a 
single run. 

Table 2 shows the relative frequency and the 
average potential energy of the six conformers in 
the simulations. The conformers (300, 300) and 
(300, 60), which have the lowest energies as iso- 
lated molecules, are the prevalent conformers in 
the simulations starting from (300, 300) and (60, 
60) respectively. Although these conformers are 
the dominant conformers in the two simulations 
and have the lowest potential energy in uucuo 
and in simulations in an aqueous environment, 
the relative abundance of other conformers does 
not always exhibit a simple relationship to poten- 
tial energy. For example, in the simulation start- 
ing with the (300, 300) conformer, the (180, 180) 
conformer has the lowest frequency, but is inter- 
mediate in potential energy. Conversely, in the 
simulation starting with the (60, 60) conformer, 
this starting conformer and (180, 60) have nearly 
the same frequency, yet (180, 60) has a potential 
energy which is significantly more negative than 
(60, 60). These observations underline the dan- 
gers of using only potential energy to predict the 
relative abundance of conformers, even if the 
contributions of an aqueous environment are in- 
cluded. 

Deviations from planarity in the piperaziue- 
dione ring are characterized by the folding angle, 
/3, defined as the dihedral angle between the 
planes defined by the amide groups [13]. For a 
planar ring, fl = 0”. Positive values of /3 corre- 
spond to a folding of the piperazinedione ring 
into a boat form with the C”-Cp bonds in equa- 
torial or bowsprit positions. Negative values of p 
lead to the opposite type of boat conformer with 
the C”-CB bonds in an axial or flagpole position. 
Figure 5 shows the time course of the angle B in 
the two simuIations. In both simulations the so- 
lute generally alternated between positive and 
negative values of p_ For the simulation starting 
with the (300, 300) conformer, the angle /3 pri- 
marily fluctuated about a value of ca. - 12”, un- 
dergoing occasional excursions to positive values 
as large as ca. +40”. In the other simulation, the 
amplitude of the fluctuations was smaller, cen- 
tered about ca. - 7” and t W, although a few 
fluctuations extended to +40”. 
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200 400 600 800 1000 
simulation time [ps] simulation time [ps] 

Fig. 5. Time series of the angle p which describes the folding of the piperazinedione ring over the course of two 1000 ps 
simulations. (a) Starting with the (300,300) conformer. (b) Starting with the (60, 60) conformer. 

Figure 6 summarizes the behavior of the pa- 
rameter p in a plot of the probability density as a 
function of /3, The simulation starting with the 
(300, 300) conformer has a simple peak in the 
probability density at ca. - 12”, but a long, low 
shoulder extends to more than +40”. Overall, the 
solute has a preference for negative values of fl. 
In the other simulation, a bimodal distribution 
was obtained, with peaks at ca. -7” and + 15”, 
the latter being larger. Thus, in this simulation, 
positive /3 values are dominant. 

The CD spectra calculated over the two trajec- 
tories, shown in Fig. 7 and Table 3, are similar to 
each other and to those predicted for the domi- 

-40 -20 0 20 40 

angle p 

nant conformers (Fig. 3). Comparison between 
the spectra calculated with and without inclusion 
of solvent monopoles shows that the effect of 
including the solvent static field is small. The 
effect of including vibronic monopoles for the L, 
and L, bands is also small, as shown in Table 3. 
The inclusion of UT* states has a significant 
effect on the Lb rotational strengths, leading to 
considerably higher ellipticities near 280 nm (1300 
deg cm2/dmole for the (60, 60) trajectory vs. 800 
for the equivalent calculation omitting these tran- 
sitions). The L, band is decreased somewhat in 
intensity by including the up* states, but the 
overall agreement with experiment is improved. 

1 lb) 

Fig. 6. Probability density for the angle /3 over the course of two 1000 ps simulations. The probability density is the number of 
structures within the interval p f0.5”, divided by the total number of structures recorded in the trajectory WOO). (a) Starting with 

the (300,300) conformer. (b) Stating with the (60,60) conformer. 



J. Fleixhhauer et al. /Biophys. Chem. 49 (1994) 141-152 

(b) 

200 220 240 260 260 300 200 220 240 260 280 3 

Wavelength [nm] Wavelength [nm] 

Fig. 7. CD spectra calculated for cYY over the two 1000 ps trajectories, with the inclusion of static field contributions from the 
solvent, cz~* transitions and vibronic monopoles for the L, and L, bands. (a) Starting from the (300,300) conformer. (b) Starting 

from the (60,60) conformer. 

It is interesting to note that Moscowitz et al. [29] 
pointed out the possible significance of mixing 
between the L, transition and the magnetically 
allowed ga* transitions for the L, rotational 
strength of Tyr, in contrast to Phe where the 
aa* transitions will lie at much higher energies. 

Comparison of the calculated spectra (Fig. 7) 
with the experimental CD spectrum (Fig. 1) 191 

shows good qualitative agreement. The four ob- 
served bands are all reproduced with the correct 
sign. The strong negative band observed near 200 
nm shows good agreement in magnitude as well. 
The features at longer wavelengths, however, are 
predicted to be significantly weaker than those 
observed. For example, the L, band near 230 nm 
is predicted to have an amplitude of (-- 14 to 

Table 3 

Calculated CD band parameters 

Wan SPb VhI’ Starting L, L, +na* B+ nx-T* 

_ - 
+ 
+ - 
t 
+ 

+ 
+ 

t t 
+ + 

conformer 

(64 60) 278.8 0.8 

(300,300) 277.4 0.1 
(60,601 279.1 0.7 

- (300,300) 277.5 0.1 
t (60,601 278.9 0.8 
+ (300,300) 277.6 0.04 

(60,601 278.0 1.4 
(300,3001 277.3 0.4 

+ (60,601 279.1 1.3 
+ (300,300) 277.1 0.4 

A d max [a, e A d Pax M,, e Amaxd IAl,, = 
229.1 - 12.2 203.3 - 124.7 
218.0 -5.7 f 
227.3 - 18.8 
228.6 - 12.4 
227.3 - 18.6 
228.8 - 18.4 
227.4 - 21.1 
228.3 - 13.9 
227.5 - 15.8 
228.7 - 14.1 
227.6 - 18.4 

199.1 - 179.9 
199.4 - 145.8 
199.1 - 180.3 
199.4 - 137.1 
199.1 - 174.5 
199.1 - 125.6 
199.6 - 176.4 
199.9 - 126.5 
199.5 - 172.4 

a Monopole charges on water molecules included in rotational strength calculation. 
b err * transitions included. 
’ Vibronic monopoles for L, and L, transitions included. 
d In nm. 
e In lo3 deg cm*/dmole. 
‘ In this case, a discrete negative maximum in the peptide nrr* region was predicted. 
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40 60 80 100 120 

simulation time [ps] 

Fig. 8. Time series of x1 for the two tyrosyl side chains over the course of a 130 ps simulation at 600 K. Note the transition from a 
(300, 60) conformer to a (300,300) conformer which occurs near 90 ps, and from a (300, 300) conformer to a (l&&60) conformer 

near the end of the simulation. 

- 18) X lo3 deg cm2/dmole, whereas Snow et al. 
[9] report an amplitude of ca. -70 x lo3 deg 
cm’/dmole. Similar discrepancies occur for the 
L, and the n?r * band. The latter band generally 
shows the largest deviation in magnitude and, in 
most calculations, is not associated with a dis- 
crete negative band. 

Two features of the simulations are puzzling at 
fist sight. First, why are no transitions between 
conformers observed in in uucuo calculations on 
the nano-second timescale, whereas such transi- 
tions are observed in the presence of solvent? 
This result is consistent with results obtained in 
previous simulations and in conformational en- 
ergy calculations [30]. In the absence of a solvent, 
the barriers to interconversion are unrealistically 
large, and this effect more than compensates for 
the lack of frictional effects of a solvent. 

Second, why are no conformational transitions 
observed in the presence of water molecules at 
300 K between conformers in which one or both 
x1 values are 60” and those for which neither of 
the x1 values are 60? Interconversions among all 
six conformers occurred in a 130 ps simulation, 
including solvent molecules, conducted at 600 K, 
starting with the (300, 60) conformer (Fig. 8). 
About 90 ps into this simulation, a transition is 

observed from a (300, 60) conformer to a (300, 
300) conformer. This represents a transition be- 
tween the two subsets which remained distinct in 
the two 1-ns simulations at 300 K Several transi- 
tions are then observed among the conformers of 
the second subset, and just before the simulation 
was terminated, a transition occurred to the (180, 
60) conformation, a member of the first subset. 

Thus, in this simulation at 600 K, transitions 
between the two subsets occur on the time scale 
of ca. 100 ps. If we assume that the free energy of 
transition state formation is independent of tem- 
perature, i.e., the barrier is purely enthalpic, 
transition state theory predicts a time scale of 200 
ns at 300 K. Although the high-temperature simu- 
lation is crude, and so is the application of transi- 
tion state theory, the results show that it is not 
surprising that in two simulations of 1 ns dura- 
tion, such transitions have not been observed. 

Qualitatively, the barrier for conversion from 
and to conformers with x1 = 60” is expected to be 
higher than for other conformers because the 
bulky aromatic ring on Cs lies between the pep- 
tide nitrogen and carbonyl carbon substituents on 
C”. The conformational energy calculations re- 
ported by Snow et al. [9] for q&&la-Tyr) show 
a large barrier between the x1 = 60” conformer 
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and the x1 = 180” and 300” conformers, which are 
either separated by a low barrier or actually merge 
into a single minimum. 

The existence of two classes of conformers 
which do not interconvert on the nanosecond 
timescale at 300 K means that conventional simu- 
lations cannot sample all of conformational space 
within a feasible simulation time. Fortunately, as 
noted above, our two independent 1-ns simula- 
tions yield predicted CD spectra which are very 
similar. A simulation which indeed sampled all 
conformational space is therefore expected to 
closely resemble these two predicted spectra. 
Further work will be required to obtain a fully 
satisfactory simulation. Hermans and coworkers 
[31,32] have developed methods for applying a 
biasing potential to specific torsional variables 
(e.g., 4 and $) and obtained free energy differ- 
ences between different conformations of the Ala 
dipeptide. This method could be applied to the 
x:, x: variables in cYY. The free energy differ- 
ences between the two conformational subsets 
could be calculated in this way and this would 
permit the two predicted CD spectra to be corn- 
bined in the correct way. 

In summary, we have shown that molecular 
dynamics trajectories provide a suitable set of 
geometries for calculating the circular dichroism 
spectrum of a moderately flexible model peptide, 
cYY. The results are in good qualitative agree- 
ment with experimental results for the spectrum 
down to ca. 200 nm, beyond which there are no 
experimental data. The results also are generally 
comparable to the previous theoretical results 
obtained by E3oltzmann averaging over a semi- 
empirical potential energy surface, although these 
calculations were carried out in uucuo. We found 
that although the solvent did not significantly 
affect the calculated rotational strengths for a 
given conformer, it is essential to include the 
solvent in order to promote transitions among 
various conformational types. In addition, inclu- 
sion of solvent significantly affects the relative 
energies of the conformational types. Further ap- 
plications of the present methodology promise to 
place theoretical calculations of the CD spectra 
for flexible,,solvated molecules on a much sounder 
footing. 
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