
Theoretical UV Circular Dichroism of Aliphatic Cyclic Dipeptides

Kristine L. Carlson, Stephen L. Lowe, Mark R. Hoffmann, and Kathryn A. Thomasson*
Department of Chemistry, UniVersity of North Dakota, Grand Forks, North Dakota 58202-9024

ReceiVed: July 30, 2004; In Final Form: April 22, 2005

Four cyclic dipeptides (piperazine-2,5-diones), cyclo(L-Pro-Gly), cyclo(L-Pro-L-Leu), cyclo(L-Ala-L-Ala), and
cyclo(L-Pro-L-Ala), were modeled from crystal structure data. Conformations resulting from energy
minimization using molecular mechanics were compared with traditional ab initio and density functional
theory geometric optimizations for each dipeptide. In all computational cases, the gas phase was assumed.
Theπ-π* transition feature of the UV circular dichroic (CD) spectra was predicted for each peptide structure
via the classical dipole interaction model. The dipole interaction model predicted CD spectra that qualitatively
agreed with experiment when MP2 or DFT geometries were used. By coupling MP2 or DFT geometric
optimizations with the classical physics method of the dipole interaction model, significantly better CD spectra
were calculated than those using geometries obtained by molecular mechanics. Thus, one can couple quantum
mechanical geometries with a classical physics model for calculation of circular dichroism.

Introduction

The calculation of electronic spectral phenomena such as UV
circular dichroism (CD) is still a major challenge of computa-
tional methods. Herein, the classical physics method, the dipole
interaction model, is used to calculate CD of a series of aliphatic
piperazine-2,5-diones (cyclic dipeptides). The small size of the
piperazine-2,5-diones makes them accessible to moderately high-
level quantum mechanical calculations through second-order
Moller-Plesset perturbation theory (MP2) treatment of electron
correlation, and their conformational constraints due to their
cyclic nature limits the complexity of their spectra compared
to larger molecules. Thus, the effects of molecular geometry
on CD spectral calculations via classical physics can be reliably
assessed.

Electronic UV circular dichroism is a tool that is still poorly
understood theoretically, but is a critical method used to examine
secondary structures of proteins. CD measures the difference
in absorption of left- and right- circularly polarized light in the
absence of a magnetic field. As electrons in the molecule absorb
light, the transition of electrons into local excited states induces
dipole moments within the molecule. These induced dipole
moments interact with one another through both electric and
magnetic fields. The amide groups in proteins possess charac-
teristic π-π* transitions (180-210 nm,∼140 nm) and n-π*
transitions (220 nm) whose locations and intensities indicate
secondary structural features of the peptide sequence.1 The
piperizine-2,5-diones also exhibit these classical amide transi-
tions, making them excellent models for CD calculations.

The CD spectrum of a molecule is described in terms of the
rotational strength,R, which is the integrated intensity of the
CD band.

The rotational strength (eq 1) arises from interaction of the

electric dipole (µboa) and magnetic (mbao) dipole and moments
of each transition from a ground state to some excited statea
in some wavelength of applied light,λ. Three parameters
describe each CD spectrum: the position of the maximum
absorption (νmax), intensity of the absorption (∆εmax), and the
shape of the band.NA is Avogadro’s number;h is Planck’s
constant, andc is the speed of light.

There are several methods to predict CD spectra for a
molecule with knowledge of the structure. Quantum mechanics
allows for direct solution of the dipole and rotational strength,
although this is computationally infeasible for large systems.
One approach to handle larger molecules requires division of
the molecule into a number of separate model chromophores
and treating those chromophores quantum mechanically. Coupled
with solution of the Schro¨dinger equation for isolated model
chromophores over ground and excited states, this splitting
yields the method of Tinoco2 and the matrix method.3-5

Another approach is to calculate CD using classical physics.
The dipole interaction model6-10 is one such classical physics-
based method for predicting the CD of peptides and proteins
based on the amide chromophore. This model includes all atoms
except the amide group as points having nondispersive polar-
izability, and the amide group as a single point possessing
dispersive polarizability. The relationship between the rotational
strength,R, and the measured difference in absorption of left-
and right- circularly polarized light is given by eq 2 for the
classical dipole interaction model, assuming a Lorentzian band
shape.8,11-13

In the dipole interaction model, the sum over all dispersive
oscillators (light-absorbing units, where there areq dispersive
oscillators) of the interaction of the rotational strength (Rk) at
each wavenumber (νj) describes the CD (∆ε) spectrum.NA is
Avogadro’s number,Γ is the half peak bandwidth,n is the
number of peptide residues, andνjk is the normal mode
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wavenumber. The rotational strength of each segment of the
molecule is obtained by dividing the molecule into atoms with
isotropic and anisotropic polarizability. The nondispersive
oscillators (those with isotropic polarizability) have constant
polarizability factors. These atomic polarizabilities were obtained
experimentally from fits to molecular polarizabilities of simple
organics, beginning with experimental atomic polarizability data
determined at the NaD line (589 nm).11,14Dispersive oscillators
(those whose strength is wavelength-dependent), such as the
amide chromophore, have been optimized to reproduce mean
polarizabilities and Kerr constants at 589.3 nm for theπ-π*
transition in a variety of simple amides.15 These original
parameters comprise the first classical model to reproduce CD
for R-helical structures;9 however, quantum mechanical treat-
ments of theR-helix did appear earlier.16,17 More recently, the
parameters have been reoptimized to include molecular anisotro-
pies to create three new sets of dipole interaction parameters:
(1) general peptide systems (G parameters), (2)R-helical systems
(H parameters), and (3) poly-L-Pro-II (J parameters).10,18,19

The dipole interaction model has proven successful for a
variety of applications, including the prediction of CD spectra
for â-sheets,20 â-turns,21,22 R-helices,23,24 â-peptides,25-27 and
is the only method published to obtain the correctπ-π*
spectrum for poly-L-proline II28,29 and collagen.30 The model
has also proven successful on whole proteins includingR-spec-
trin, tropomyosin,23 and lactate dehydrogenase.31 Based on these
studies by other groups, we conclude that comparison of
theoretical CD for a geometrically optimized structure to the
experimental CD reasonably assesses the validity of calculated
structures.

Herein the dipole interaction model is tested with geometries
predicted for cyclic dipeptides via a variety of molecular
modeling techniques including molecular mechanics and quan-
tum mechanics. We address the following questions: (1) What
is the sensitivity of the dipole interaction model to small
refinements in molecular geometry, and what level of geometric
optimization is sufficiently accurate to successfully predict CD
spectra of piperazine-2,5-diones? (2) Which of the dipole
interaction parameters are best suited for use with cyclic
dipeptides? (3) How favorably do the dipole interaction model’s
predictions compare with experimental values? (4) Does the
dipole interaction model recognize poor geometries (i.e., is it a
good tool for evaluating molecular geometries)?

Methods

Geometry Optimization. Crystal structures of the cyclic
dipeptides were obtained through the Cambridge Structural
Database32 via the ConQuest software.33 Their CSD codes are:
(1) cyclo(L-Ala-D-Ala)34 (TRDMPP01), (2) cyclo(L-Ala-L-Ala)34

(LCDMPP01), (3) cyclo(L-Pro-L-Ala)35 (CLPRAL), (4) cyclo-
(l-Pro-Gly)36 (LPROGL01), and (5) cyclo(L-Pro-L-Leu)37 (PRO-
LEU). These structures were imported into InsightII (Accelyrs,
San Diego, CA), where their energy was geometrically mini-
mized using the CVFF force field38 and a quasi-Newton
Raphson algorithm. These calculations were performed on SGI
Fuel workstations running Irix 6.5. Geometric optimizations of
the structures by energy minimization using quantum mechanical
calculations were carried out using Gaussian 98.39 Pure density
functional theory (DFT), hybrid DFT, and traditional ab initio
methods were utilized. Specifically restricted Hartree-Fock
(RHF), the hybrid DFT Becke3-LYP (B3LYP)40-42 functional
method and two pure DFT functional methods were explored:
Becke-VWN (BVWN)41-43 and Becke-Lee-Yang-Parr (BL-
YP).40,41,43Finally, second-order Moller-Plesset perturbation

theory (MP2),44,45 with frozen core orbitals, was used to
investigate the structures of the more flexible peptides. Fre-
quency calculations were carried out at the same level of theory
as the geometry optimizations. A series of Pople-style double-
and triple-split valence basis sets were used in the calculations
at each level: 3-21G,46-50 6-31G,51-56 and 6-311G.57 Single
polarization functions (i.e., d orbitals) were added to the 6-31G54

and 6-311G57 basis sets (denoted 6-31G* and 6-311G*), and d
and p polarization functions were used with the 6-311G basis
set (6-311G**). The 6-31G* calculations used pure d functions
(i.e., five functions per set), whereas the triple split calculations
used all six Cartesian d functions. The GDIIS algorithm was
used with “very tight” geometry optimization convergence
criteria. A grid size setting of “ultrafine” (90 radial shells, 590
angular points per shell) was used. For each of these optimiza-
tions, SCF convergence was set to 10-10. Solvent effects were
not treated in this study because (1) gas-phase calculations have
proven insightful in the past with the dipole interaction
model;6,10,18-23,26-29 (2) inclusion of solvent with peptides
quantum mechanically has previously proved problematic,58 and
(3) although inclusion of solvent is possible via molecular
mechanics, either by a dielectric constant or explicitly at
considerably more computational expense, to compare consis-
tently with the quantum mechanics, we chose to treat even the
molecular mechanics in the gas phase. Therefore, inclusion of
solvent is outside the scope of this paper.

Structural Comparison. Molecular geometries obtained by
both quantum mechanics and molecular mechanics were ana-
lyzed with ChemBats3D Pro (CambridgeSoft, Cambridge, MA),
and PDB files were generated for each structure using the same
software. Values for bond lengths, bond angles, and dihedral
angles (Figure 1) were compared for each minimization with
crystal structure values (Supporting Information). Standard
assignment of dihedral angles are used; for the diketopiperazine
ring they are defined asψn (Ck′-Nn-Cn

R-Cn′), φn (Nn-Cn
R-Cn′-

Nk), ωn (Cn
R-Cn′-Nk-Ck

R), where “n” refers to the residue number
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The designations of dihedral angles for the proline side chains
areø1
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δ2). For alanine peptides, the dihedral angle of the
side chain refers to the deviation from the plane defined by the
amide bond to the next peptide and the alpha carbon of each
amino acid,ø1 (Cn

â-Cn
R-Nn-Ck′). Pictures of the structures were

generated using InsightII (Accelrys, San Diego, CA).

Figure 1. 2D cyclic dipeptide structures: (a) cyclo(L-Ala-L-Ala); (b)
cyclo(L-Pro-L-Ala); (c) cyclo(L-Pro-Gly); (d) cyclo(L-Pro-L-Leu).
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CD Calculation. Cartesian coordinate files generated from
the PDB files by InsightII (Accelrys, San Diego, CA) were used
to calculate theπ-π* transition of each optimization’s CD
spectrum by the dipole interaction model.13,15,24 This was
accomplished through direct use of coordinates for the non-
chromophoric portions of each molecule, while the amide (the
chromophore) was reduced to a single point and the Eulerian
angles between the first chromophore and each successive
chromophore were calculated. The original parameters (O),6

general peptide parameters (G),R-helical systems (H), and poly-
L-Pro-II (J parameters)34 were all used to predict theπ-π*
feature of the CD spectrum for each molecule between 140 and
260 nm with a step size of 0.5 nm. For each of the G-, H-, and
J-parameter CD calculations, the location of the amide chro-
mophore was given three possibilities: centered on the N-C′
bond (o), shifted 0.1 Å toward the C′ atom on the N-C′ bond
(x), and shifted 0.1 Å in the NCO′ plane above the N-C′ bond
(y). For the original parameter set, only the first location was
used because that is what has historically worked best with this
model.6 ∆ε was calculated every 0.5 cm-1 between 150 and
200 nm with bandwidths of 3000, 4000, and 5000 cm-1 for
each structure. Detailed band analysis (peak location, intensity,
and peak ratio) is available in the Supporting Information.

Analysis of CD Calculations. OriginPro 7 (OriginLab
Corporation, Northampton, MA) was used to locate the CD
spectra peaks and determine half-peak bandwidths, which
represent the integrated rotational strength of the combined
oscillators. This was accomplished with the Peak-Fitting Module
by setting the baseline to∆ε ) 0 and allowing the software to
locate peaks automatically. No data preconditioning was used,
and all features were fit to Lorentzian bands. A default value
of 100 iterations was set for fitting at a 95% confidence value.
Published experimental CD spectra were compared with the
calculated values for each molecule.

Results

Selection of CD Parameters.Applequist’s original param-
eters gave the best agreement with experiment for every structure
calculated for all descriptors of the bands: location of the peak,
sign, and half-peak bandwidth (Figure 2). The general param-
eters (G parameters) predicted an extremely weak band near
180 nm and blue-shifted the band around 205 nm. The poly-
L-proline parameters (J parameters) showed the greatest sensi-
tivity to chromophore placement; while the peak locations were
typically comparable to those predicted using the original
parameters, these parameters sometimes yielded inaccurate signs
for the band around 180 nm. TheR-helical parameters (H
parameters) were also unable to reproduce the experimental CD
spectra for any of the cyclic dipeptides tested here. Although
the peak locations were relatively accurate, band signs were
often incorrect. For all parameters, the ratio of the bandwidth
at half-peak for the 205 nm band to the 188 nm band was
calculated to have a disproportionately large magnitude com-
pared to the experimental values. The bands, their locations and
the ratio of the half-peak bandwidths for all calculations are
available in the Supporting Information.

Cyclo(L-Ala-L-Ala). For cyclo(L-Ala-L-Ala), geometry op-
timization located two minimum energy structures that exhibited
either C2 symmetry or pseudoC2 symmetry (Figure 3). The
first structure (AA-I) exhibited a flat diketopiperazine ring (the
central ring formed by the cyclization of the two amino acid
backbones) with the methyl “arms” (the side chain methyl
groups) raised nearly vertically above the ring. The second
structure (AA-II) resembled the crystal structure, possessing a

deeply folded diketopiperazine ring while the methyl groups
extended outward. Structure AA-I was obtained by BVWN and
RHF optimizations with the larger basis sets from the crystal
geometry, and from MP2 and CVFF optimization using the
BVWN geometry as a starting point. AA-II was obtained by
CVFF, B3LYP, BLYP, and MP2 methods starting from the
crystal geometry, and by RHF and BVWN with small basis
sets. Frequency calculations indicate that both forms are valid
energy minima. Analysis of the bond lengths and angles reveals
little difference in these properties between the various mini-
mized structures; one key difference, however, is that a majority
of the bonds are longer than in the crystal structure; the only
bonds that were commonly equal or shorter were the C′-O
bonds. The dihedral angles differ greatly between the two
conformations (Figure 4). AA-Iφ values range over 6° to -21°,
while ψ varies between-18° and -6°. AA-II has φ values
between-45° and-26°, andψ values cover the range 17° to
38°. Furthermore, the MP2 structures haveω torsions that
deviate from 0° considerably more than any other method;
molecular mechanics and BVWN yield the most planar amide
bonds. The potential energies from molecular mechanics and
the thermally corrected energies of the various quantum
mechanically optimized geometries show a 1.4 kcal/mol dif-

Figure 2. Comparison of different parameter set predictions for the
CD spectra of cyclo(L-Ala-L-Ala): the peptide structure was optimized
by the MP2 method using a 6-31G* basis set. The “o”, “x” and “y” of
the legend refers to the position of the pseudoatom for the NC′O
chromophore. The “o” positions the pseudoatom halfway between the
N and C′ atoms on the N-C′ bond. The “x” indicates a displacement
of 0.1 Å toward the C′ atom from the “o” position. The “y” indicates
a displacement of 0.1 Å into the N-C′-O plane from the “o” position.
Bandwidth for each spectrum is 3000 cm-1. The experimental CD (in
water) was obtained from Bowman et al.61

Figure 3. Minimum energy conformations of cyclo(L-Ala-L-Ala). The
AA-I structure was obtained by BVWN and RHF optimizations with
the larger basis sets from the crystal geometry, and from MP2
optimization starting from the BVWN. The AA-II structure was
obtained by minimization of the crystal structure using B3LYP, BLYP,
MP2 with all basis sets; and RHF and BVWN with 3-21G and 6-31G*
basis sets.
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ference for molecular mechanics and a 0.4 kcal/mol difference
for MP2, with the AA-I structure consistently having the lower
energy (Table 1). This would correspond to a Boltzmann
distribution at 25°C favoring the AA-I conformation (66:34)
using the MP2 energies and (91:9) using the molecular
mechanics energies.

The different structures produced observable differences in
predicted CD spectra (Figure 5). This is not surprising since
the earlier dipole interaction model calculations on this peptide
predicted different CD for planar and puckered diketopiperazine
ring.6 Optimization of the crystal structure35 using MP2 yielded
AA-II structures that produced CD with a weak positive band
in the region where experiment was negative; the earlier dipole
interaction model calculations did not make this observation
for any puckered diketopeperazine ring.6 This difference is
probably due to the rigid assignment of bond lengths, bond

angles, and torsion angles of the original dipole interaction
model calculation. Optimizations yielding AA-I conformations
matched band signs and predicted stronger bands than AA-II
conformations. The difference in the CD predicted for the two
kinds of structures may be a reflection of the difference in
energies. The CD spectra of MP2 geometrically optimized
structures from the BVWN/6-311G* geometry resemble ex-
perimental values better as described by band location, sign,
and half-peak bandwidth. When spectra were weighted using a
Boltzmann weighting scheme utilizing the energy differences
from the MP2-6311G** optimizations, the composite spectrum
more closely resembled experiment than the spectrum of either
conformation alone for the QM optimized structures (Figure
6).

Cyclo(L-Pro-L-Ala). The molecular mechanics minimization
of cyclo(L-Pro-L-Ala) and all quantum mechanically calculated
structures resemble closely the crystal structure.59 Bond lengths
and angles do not vary much between the structures, but the
CVFF minimization deviates most from the crystal structure.
The dihedral anglesφ and ψ of the CVFF (MM) structure
deviate significantly from those of all other structures, including
the crystal. The prolineφ1 falls significantly out of the common
range for proline rings,36 and the crystal structure itself

Figure 4. Distribution of φ, ψ, andω angles for cyclo(L-Ala-L-Ala)
geometric optimizations. The spheres exist on the three-dimensional
location and the open circles represent the two-dimensional shadow
on theω wall. AA-I is characterized by (φ,ψ) pairs clustered around
(-30, 20). Conformer AA-II is characterized by (φ,ψ) pairs around
(20, -15).

TABLE 1: Thermal Energies of Cyclic Dipeptidesa

cyclo
(L-Ala-L-

Ala) I

cyclo
(L-Ala-L-
Ala) II

cyclo
(L-Pro-L-

Ala)

cyclo
(L-Pro-
Gly)

cyclo
(L-Pro-L-

Leu)

CVFFb 36.0 37.4 58.6 60.4 54.6

RHF
3-21G 117.8 142.8 123.2 202.6
6-31G* 118.2 143.4 123.8 203.0
6-311G* 117.9 142.7 123.2 202.0
6-311G** 117.3 142.0 122.6 200.9

B3LYP
3-21G 109.9 134.2 115.6 190.8
6-31G* 110.7 134.2 115.7 190.4
6-311G* 109.2 133.7 115.3 189.6
6-311G** 110.0 133.2 114.9 188.9

BLYP
3-21G 107.5 130.3 112.1 185.4
6-31G* 107.5 130.2 112.2 184.9
6-311G* 107.1 129.8 111.8 184.2
6-311G** 106.8 129.4 111.5 183.6

BVWN
3-21G 108.5 131.6 113.2 187.3
6-31G* 108.5 131.5 113.3 186.8
6-311G* 108.3 131.1 112.9 186.2
6-311G** 108.0 130.7 112.6 185.7

MP2
3-21G 111.6 111.8 134.9 116.5 191.8
6-31G* 111.4 134.6 117.5 193.7
6-311G* 111.4 111.1 133.5 116.8 192.2
6-311G** 110.2 110.6 133.0 116.4

a All energies are in kcal/mol.b Energies from CVFF and the crystal
structure as given by InsightII in the minimization output with the CVFF
force field.

Figure 5. Calculated CD spectra of cyclo(L-Ala-L-Ala). All quantum
mechanically optimized structures were optimized with the 6-311G*
basis set. (I) AA-I geometries; (II) AA-II geometries. Bandwidth for
each spectrum is 3000 cm-1. The experimental CD (in water) was
obtained from Bowman et al.61

Figure 6. Boltzmann-weighted CD spectra of cyclo(L-Ala-L-Ala). All
quantum mechanically optimized structures shown used the 6-311G*
basis set. The bandwidth for each spectrum is 3000 cm-1. The
experimental CD (in water) was obtained from Bowman et al.61
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approaches the limit in the-30° range.59 The amide dihedral
angle (ω), however, is only slightly more planar than that of
the crystal structure. This is not terribly surprising since the
sp2 hybridization of the amide carbon is a heavily weighted
parameter in the force field, owing to the known nature of
peptide bonds to approach planarity when not involved in
complex turns.

The CD calculated for cyclo(L-Pro-L-Ala) varies with geom-
etry (Figure 7). The CVFF-minimized geometry predicts two
bands, but the band around 210 nm has an incorrect sign. Every
QM geometry predicts the existence of bothπ-π* bands with
correct signs, although each is wider than the corresponding
experimental CD features. Calculated CD spectra for the
structures obtained by both pure DFT methods (BVWN and
BLYP) resemble experimental CD59 most closely among the
set of geometric optimizations performed here.

Cyclo(L-Pro-Gly). There is very little difference in the
structures obtained by the various minimization methods and
the crystal59 structure of cyclo(L-Pro-Gly), with a couple of
notable exceptions in dihedral angles. The CVFF predicted
dihedral anglesφ and ψ are significantly different from any
others; as with cyclo(L-Pro-L-Ala), the prolineφ1 falls signifi-
cantly out of the common range for proline rings, being at-19°;
all other optimizations yielded values between-37° and-40°.
The relatively subtle structural differences are reflected in the
CD spectra calculated (Figure 8). The experimental band at 215
nm6 fails to appear in the CD spectra calculated from the CVFF-
minimized structure, while all other minimizations have CD
spectra that possess this feature. As with cyclo(L-Pro-L-Ala),
experimental CD spectra were obtained in 2,2,2-trifluoroetha-
nol.60 Again, the best agreement of theoretical and experimental
CD occurs for the series of pure DFT or MP2 minimized
structures.

Cyclo(L-Pro-L-Leu). The various geometrically optimized
structures for cyclo(L-Pro-L-Leu) are a homogeneous group with
only CVFF predicting a significantly different structure. The
dihedral angles obtained by all four quantum techniques are
within 1.5° when comparing minimizations using the same basis
sets; moreover, basis set effects on geometry are small, even
between 3-21G and 6-31G*. The CVFF geometry, however,
hadφ andψ values that varied as much as 20° from the quantum
mechanical and crystal structures. Despite the structural similar-
ity among the quantum mechanical geometries, the dipole
moments vary between 1.4 and 2.0 D, and the structures produce

different calculated CD spectra (Figure 9). Following the same
trend as the other dipeptides, the structures obtained by both
pure DFT methods yield calculated CD spectra that match
experimental CD21,22 well. However, in this case, the MP2
calculations yielded results that are in poorer agreement with
experiment than the DFT results. The CVFF-minimized structure
produced a calculated CD spectra that lacks theπ-π* band at
205 nm. All RHF geometries improve on this, but redshift this
band nearly 20 nm from its experimentally observed location.
The calculated CD spectra from the hybrid DFT geometries
bring this band closer to the real value, but not as close as the
pure DFT results.

Discussion

All optimizations of these peptides support the observations
that crystal structures for peptides have a tendency to under-
estimate isolated molecule bond lengths, particularly the dis-
tances between aliphatic carbons. This observation is not new,
because for the dipole interaction model to predict the CD
spectra for poly(L-Pro) I and II28 and for cyclic dipeptides,6 the
aliphatic carbon-carbon distances had to be lengthened to 1.54
Å.61 Earlier molecular mechanics optimizations on cyclo(Gly-
L-Pro-Gly)258 and cyclo(Pro)358 also lengthened bond distances
enough so that the dipole interaction model was able to predict
reasonable CD without requiring all C-C bonds lengths to be
identical. Quantum mechanical optimizations for gas-phase
molecules are rarely compared with crystal bond data, but are

Figure 7. Predicted CD of cyclo(L-Pro-L-Ala). Calculations are for
the largest basis set. The CD of the B3LYP structure is coincident with
the CD predicted using the BLYP structure. Units of∆ε are M-1 cm-1

and units of wavelength are nm. The bandwidth is 3000 cm-1.
aExperimental CD obtained from Pancoska et al.34

Figure 8. Predicted CD spectra of cyclo(L-Pro-Gly). Units of∆ε are
M-1 cm-1 and units of wavelength are nm. The bandwidth for each
spectrum is 4000 cm-1. aExperimental CD from Pancoska et al.59

Figure 9. Predicted CD spectra of cyclo(L-Pro-L-Leu). Units of∆ε

are M-1 cm-1 and units of wavelength are nm. The bandwidth used
was 3000 cm-1. aExperimental CD obtained from Pancoska et al.59
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compared with data from high accuracy spectroscopic methods
for small molecules (e.g., microwave, IR). Quantum mechanical
calculations can bracket the experimental values. (Although there
are many studies that demonstrate this fact, the reader is referred
to ref 62, which represents a systematic modern study.) It is
important to remember that crystal structures represent the solid
state, whereas CD is measured in solution, and our calculations
are in gas phase. Without crystal packing forces, it may very
well be natural for the bonds to lengthen slightly in both solution
and in the gas phase. All the optimizations done herein indicate
that this observation of short bond lengths in crystal structures
very well may be real and not just an artifact of the dipole
interaction model.

Geometric optimization of cyclo(L-Ala-L-Ala) located two
separate minimum energy structures, although not all methods
were able to converge on both. When the calculated CD spectra
for the two structures were Boltzmann averaged using the MP2-
6311G** energies, the composite spectra exhibited a consider-
able improvement in agreement to experiment. The best
agreement of calculated CD of a single conformation with
experimental CD58 occurs for the flattened structure (AA-I)
obtained using BVWN and to a lesser extent the MP2-calculated
structure. However, the upward-puckered structure (AA-II) of
B3LYP and BLYP leads to CD spectra possessing qualitatively
good agreement with the experimental values. A quantitative
match to experiment may require taking this dynamic behavior
into account.

Hooker et al. suggested that cyclo(L-Ala-L-Ala) could po-
tentially exist in three conformations, two of which were similar
to those found herein, and the third with the methyl group
straight up and orthogonal to the diketopiperazine ring.63 Hooker
et al. indicated that small distortions in geometry play only a
secondary role in optical calculations but a major role in
conformational energy calculations.63 This observation may be
a result of using the matrix method, which, at the time Hooker
et al.26 did the calculations, did not include the side chain atoms
in the optical calculation; i.e., the calculations did not account
for the amide-aliphatic group interactions. We observe that the
conformational energies are quite close in the MP2 optimiza-
tions, but the molecular mechanics force field CVFF overesti-
mates the energy gap between the conformations. Our molecular
mechanics energy separation is similar to those that Hooker et
al. discussed. However, the high-level calculations performed
here suggest that CD spectra do vary significantly with structure.
Geometric optimization of all other peptides examined in this
study located a single minimum energy conformation, a result
consistent with the highly constrained nature of these systems.

(1) What is the sensitiVity of the dipole interaction model to
small refinements in molecular geometry, and what leVel of
geometry optimization is sufficiently accurate to successfully
predict CD spectra of cyclic dipeptides?In general, the DFT
methods of structural determination for these molecules are
comparable to MP2 in their ability to provide structures that
give good agreement with theoretical CD when the dipole
interaction model is used to predict their CD spectra, while
working with a computational efficiency similar to RHF. In
agreement with the cyclo(L-Pro)3 work of Lowe et al.,21 even a
3-21G basis set was sufficient with any quantum mechanical
method to qualitatively predict the CD of each of these peptides.
Use of this small basis set with even the simplest ab initio
method, RHF, resulted in structures for which the dipole
interaction model calculated spectra significantly closer to the
experimental spectra than those obtained using the CVFF force
field, particularly in respect to the positive band at approximately

205 nm. Using a larger basis set, however, altered the geometries
of every molecule enough to see a distinct improvement in the
quality of the predicted spectra. The 6-31G* basis set was
sufficiently large to accurately describe molecular geometries,
as measured by agreement of theoretical CD spectra with
experimental values. Expansion to the larger basis set 6-311G*,
however, resulted in a slight improvement of CD spectra and a
significant improvement in calculated energies. Structures
predicted using the 6-311G** basis set were nearly identical to
those calculated with 6-311G*, and their CD spectra were
indistinguishable; thus, use of the additional polarization func-
tions, which comes at significant computational cost, is un-
necessary to sufficiently describe these molecules for prediction
of their CD spectra with the dipole interaction model.

(2) Which of the dipole interaction parameters are best suited
for use with cyclic dipeptides?All available parameters (original,
G, H, and J) were used to predict CD spectra of these molecules.
No other parameter set approached the descriptive capability
of the original set (Figure 2). Regardless of the peptide studied,
all G-parameter obtained spectra were indistinguishable. The
H parameter set generally gave two positiveπ-π* bands, and
the J parameter descriptive ability varied widely between various
structures, making it completely nonpredictive. The success of
Applequist’s original parameters in predicting CD that closely
matches experimental values is somewhat surprising, given past
results using the model; for example, cyclo(L-Pro)359 and the
poly(R)-â-aminobutyric acid in an antiparallel sheet were treated
best by the H (helical) parameters.61 The flexible cyclic
hexapeptide, cyclo(Gly-L-Pro-Gly)2, on the other hand, was
treated most accurately with the J (poly-L-Pro II parameters).61

The piperazine-2,5-diones, however, may not be out of line with
respect to parameter set success given the rigidity of this group
of molecules and that they are not representative of larger typical
secondary structures such as helices, sheets, or turns although
they are excellent model amides.

(3) How faVorably do the dipole interaction model’s predic-
tions compare with experimentalValues?The original param-
eters of the dipole interaction model produce qualitative
agreement with experiment, but they have a tendency to over-
estimate the ratio of the half-peak bandwidths of the two bands.
This may be because the bandwidth is assumed to be identical
for each band in the model. This assumption has been used
historically with the dipole interaction model to simplify the
computation and to prevent users from simply over-fitting the
calculation with a collection of Lorentzian bandwidths.

There was significant discrepancy in the 190 nm band
intensity for cyclo(L-Pro-L-Ala), cyclo(L-Pro-Gly), and cyclo-
(L-Pro-L-Leu). The gas-phase structural and CD calculations
failed to reproduce the experimental spectral feature of a deep
π-π* band at 190 nm in hydrogen-bonding solvents such as
2,2,2-trifluoroethanol. The depth of the peak is both a structural
and an electronic effect of solvent hydrogen bonding,59 and
without accounting for structural changes to the peptide and
the influence of solvent anisotropies on the amide chromophore,
this feature cannot be reproduced. It may be possible to do
molecular dynamics simulations with molecular mechanics of
the peptides in explicit solvent and calculate the CD including
the solvent at a variety of different snapshots, but that is beyond
the scope of this current exploratory study, which focuses on
the sensitivity of the dipole interaction model to various methods
of geometric optimization.

(4) Does the dipole interaction model recognize poor
geometries (i.e., is it a good tool for eValuating molecular
geometries)?The dipole interaction model is capable of spotting
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serious structural problems by either failing to produce a CD
spectrum that compares well with experiment (e.g., by predicting
wrong band signs or with missing bands) or it will not predict
a CD spectrum at all. The dipole interaction model relies on
mixing of dipole moments through an origin-independent matrix
relying on the relative positions of all atoms in the molecule.
While small deviations from the correct molecular geometry
can “stretch” the elements of the Hermitian mixing matrix,
causing theoretical CD with little or no resemblance to experi-
ment, significant deviations obliterate the symmetry of the
matrix and result in nonexistence of its inverse.

The CD predicted using poor proline geometries from the
CVFF molecular mechanics consistently failed to predict either
the existence of the CD between 205 and 214 nm or the band
was the wrong sign or extremely weak. The model distinguished
between the two conformations of cyclo(L-Ala-L-Ala). The CD
spectra predicted from the lower energy cyclic alanine dipeptide
resembled experimental values more, whereas the higher energy
conformation led to calculated CD having variable resemblance
to the experimental CD, with some structures even leading to
bands of reversed sign. All optimizations generally increased
the aliphatic carbon-carbon bond lengths, suggesting that the
slightly longer bond lengths are real. The dipole interaction
model failed to predict CD for any unoptimized crystal structure,
further indicating the longer bond lengths are real. Thus, the
dipole interaction model does have the ability to spot serious
structural problems or differences in models of these peptides.

Conclusions

The dipole interaction model qualitatively describes theπ-π*
transition feature of the UV CD spectra of piperazine-2,5-diones
(cyclic dipeptides). The additional effort to obtain accurate
geometries via ab initio and DFT methods over molecular
mechanical optimization resulted in significant improvement of
the quality of CD spectra predicted using the classical dipole
interaction model. However, optimizing some of the geometries
at the higher ab initio levels and with larger basis sets proved
to be nontrivial. One can couple quantum mechanical geometries
with a classical physics model for calculation electronic UV
circular dichroism. Consequently, if a physically accurate
molecular structure is obtained, it should be possible to use the
classical dipole interaction model to predict the UV CD of
biological molecules as well. If ensembles of structures are
necessary to reconstruct CD spectra, obtaining good energies
to quantify the Boltzmann averaging or a method to follow the
dynamics of the molecule (e.g., molecular dynamics) may also
be a critical step in faithful description of a composite CD.
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