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Abstract: A trinitrophenylated hexapeptide, with sequence imitating that near the reactive lysyl residéfe (Lys

or RLR) in skeletal muscle myosin, has an induced circular dichroism (CD) signal in the absorption band of
the trinitrophenyl group (TNP) characteristic to the TNP in a structured environment. Nuclear Overhauser
Effect (NOE) and coupling constant data obtained WifiNMR confirm that the TNP-hexapeptide (TNP-6p)

exists as an ensemble of closely related 3-dimensional structures. A simulated annealing procedure constrained
by the NOE distances produced a solution set of 47 structures for the TNP-6p with potential energies less than
or approximately equal to the root-mean-squared energy fluctuation expected for this peptide. The CD signals
induced in the three lowest-energy electronic transitions of the TNP absorption bands were computed for each
structure in the solution set using the matrix method implemented for TNP as the signal donor group. The
computed CD signals distinguish two subsets of structures with opposite chirality. One structural isomer subset
produces an ensemble averaged CD signal in agreement with experimental results. The other subset or the
total set of structures produce ensemble-averaged CD signals that disagree with the experimental results. These
findings demonstrate the importance of CD constraints in the refinement of NMR derived structures of small
proteins and peptides and that the matrix method is a reliable predictor of CD signals. The TNP-6p can now
serve as a practical test case for new theoretical methods for computing CD signals because of its strong and
detailed CD spectrum and known solution structure.

Introduction provide the predominant solution structure and that (i) interac-
tions contributing significantly to the signal are from residues
near the signal source (e.g., all residues within a certain radius
of a tryptophan). These assumptions are relaxed when consider-
ing a small polypeptide that folds into a well-defined structure
in solution and contains a suitable signal donor. THeMNMR

can characterize the peptide’s solution structure, notwithstanding
the chiral ambiguity, and the spectroscopic signal calculation
can include interactions from all residues.

_ A peptide suitable for this application has six residues taken
from the chicken skeletal myosin sequence surrounding the
reactive lysine residue (RLR or L$4.5 The hexapeptide (6p)

is trinitrophenylated at the side chairamino group of Ly$

the lysine residue corresponding to RLR. The trinitrophenyl

A small peptide of known structure is a useful construct for
studying protein characteristics related to the elementary
determiners of conformation or folding pathway. A significant
problem for solving small peptide structures with proton nuclear
magnetic resonancéH{ NMR) is ambiguity in assigning correct
chirality to all or a part of the molecule since handedness is
not constrained by the atomic distances. In addition, there is a
question of the uniqueness of the NMR-derived structures
because small peptides may exist as a large ensemble of con
formers. The chiral ambiguity in the NMR structures might be
removed, and the number of conformers in the ensemble re-
duced, by comparison of the peptide circular dichroism (CD)

to a theoretical signal prediction computed from trial peptide - . . )
structures. Essential for successful combination of CD with (TNP) group in the h_exapeptlde (TNP-6p), acting as the 5|_gna|
donor in our calculation, has an observable induced CD signal

NMR data is a reliable CD signal calculation method applicable . the th | ; ¢ " fits ab tion band
to peptides under experimental conditions. in the three lowest-energy transitions of its absorption band.

The near-ultraviolet (UV) CD spectrum is sensitive to secon- This folding peptide provides the means to test our implementa-

dary and tertiary structure of a polypeptide. Characteristics of tion of th‘? methods fo!r_calculatmg _the near-Uv CD spectrum
this signal are calculable from the nature of the electromagnetic of alpeptlde and fo utllize su.gge.stlons from the CD to refine
interactions using the polypeptide atomic structtfd<nown the *H NMR structure determination.

approximate and tractable methods produce calculated near UVM
CD spectra from protein crystallographic coordinates that agree
with spectra observed from the protein in solutfidmAssump- Chemicals. Dimethyl sulfoxide (DMSO) and HEPES were from

tions implicit in these calculations are that (i) crystal coordinates Sigma (St. Louis, MO). The 2,4,6-trinitrobenzene sulfonic acid (TNBS)
was from Fluka (Milwaukee, WI), DMS@s was from Isotec Inc.
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(Miamisburg, OH), andN-FmocL-amino acids were from Calbiochem-
Novabiochem Corp. (San Diego, CA). All other chemicals were reagent
grade.

Synthesis of the TNP-6p Peptide and Modification with TNBS.
The peptide{-Acetyl-Pro-Pro-Lys-Tyr-Asp-Lys-Nb) was synthesized
(by Dr. Daniel J. McCormick, Mayo Protein Core Facility) as a peptide
amide by solid-phase method on Rink (442dimethoxyphenyl-Fmoc-
aminomethyl-phenoxy) co-polystyrene resin (0.1 mmol) viitkrmoc
L-amino acids. The NHterminal amino acidN-acetyl+-proline, was
coupled at position 1. The 4-methyltrityl (Mtt) blocking group was used
for the e-amino side chain protection of Lys at position 3 (Eysnd
tert-butyloxycarbonyl (Boc) was the side chain protecting group for
Lys®. Thetert-butyl (But) group was used for the side chain protection
of the amino acids Amand Tyf. Four equivalents (0.4 mmol) of each
Fmoc+-amino acid were activated with PyBop/HoBt/4-methymorpho-
line and coupled to the resin-linked peptide chain in 1-methyl-2-
pyrrolidinone (NMP) fa 2 h following deprotection of eacN-Fmoc
protecting group with 20% piperidine in NMP.

After synthesis of the peptide, the Mtt protection on Lygas
removed by treatment of the resin-linked protected peptide with 5
washes (2 min each) of a mixture containing 1.0% trifluoroacetic acid
(TFA)/2.5% triisopropylsilane in dichloromethane. The trinitrobenzene
sulfonyl group was then coupled to the deprotected lysyl side chain
(position 3) using 2.5 equiv of TNBS and 2.5 equiv of diisopropyl-
ethylamine in dimethylformamide f& h in thedark.

Burghardt et al.

Two-dimensional NOESY spectfavere collected at 100, 300, and
600 ms mixing times. Phase-sensitive two-dimensional double-quantum
filtered correlated spectra (2D DQFEOSY) were obtained with
resolution of 2 Hz (1 Hz after zero-filing) and were suitable for
extraction of the vicinal spirspin coupling constants. Short- and long-
range totally correlated spectra (TOCS¥yvere collected at 30 and
100 ms mixing times, respectively. The protecarbon heteronuclear
correlation spectrum was obtained {3{1-1°C} -HSQC?® over one-bond
H—C coupling and edited for proton multiplicities (CH, @s CH)
by the double-INEPT editing scherkeAll spectra were recorded in
phase-sensitive mode by the time-proportional phase incrementation
in indirect time domairi? All spectra were processed with FELIX 97
(MSI, San Diego, CA) on a Silicon Graphics workstation. Processing
involved FFT in the two dimensions after multiplication by cosine
squared window functions and zero-filling to double data size. Peaks
and peak volumes measured in FELIX were exported to MATLAB
(The Math Works, Inc., 1997) for further analysis.

Assignment of the proton resonances was done from the-DQF
COSY, TOCSY, and'H-**C}-HSQC spectra, in combination with
NOE data. Chemically equivalent protons of the aromatic rings and
geminal protons, except thosefapositions of the residues side chains,
were not resolved.

Distance constraints were calculated from the NOESY spectra.
Observed spectra were consistent with the spin-diffusion regime of
magnetization transfer and required nonlinear analysis of the magnetiza-

The TNP-6p peptide was deprotected and removed from the resin jon puildup. Volumes of cross-peaks were normalized by volumes of

by treatment with a mixture of 90% TFA/5.0% water/2.5% ethanedithiol/
2.5% thioanisole for 90 min in the dark at room temperature. The

the corresponding diagonal peaks. Buildup curves of normalized cross-
peak volumes were fit to a quadratic function of the mixing time for

peptide was then washed (three times) by precipitation in 50 volumes getermination of initial buildup rates. Eighty-five nontrivial interproton

of cold methyltert-butyl ether and purified by reversed-phase HPLC
on a Vydac C18 column (2.% 25 cm) in 0.1% TFA/water with a 60
min gradient of 16-80% acetonitrile in 0.1% TFA. Electrospray

distances that may be affected by conformational changes were
determined from cross-relaxation rates and were calculated using
geminal methylene protons as the standard. Dihedral angle constraints

ionization (ESI) mass analysis on a PE SCIEX API 165 biospectrometer \yere determined from vicinal coupling constants measured in the-DQF

(Applied Biosystems, Inc.) verified that the TNP-6p had the correct
mass of 1001 (MH) amu.

COSY spectrum.
Structure Determination. The model TNP-6p molecule was built

Two other peptides, in addition to TNP-6p, were al_so synthesized ;, the program QUANTA (MSI, Quanta 4.0). The peptide structure
by analogous methods. They were the hexapeptide without TNP (6p) fiie of the model was exported to the program XPLOR (MSI) where

and a TNP-modified pentapeptide identical to TNP-6p except without
Lys® (TNP-5p).
Absorption and Circular Dichroism. Absorption spectra were

measured on a Beckman DU650 (Beckman Instruments, Fullerton, CA)

spectrophotometer. Near-UV CD spectra were recorded on a ‘]Ascodphemical structure of the model using 85 NOE distance constraints

J720 spectropolarimeter (Tokyo, Japan). Measurements were carrie
out at peptide concentrations of 1.6 mM in aqueous buffer or DMSO
at 20°C.

The absorption dipoley;e, or extinction coefficientg;(4), give the
calculated or observed electric transition dipole strength forjthe
electronic transitionD;, by 8

D; = to; o= 9.18x 10°° f [ng(A)/B*A1dA (Debyé€) (1)

where 1 is wavelengthy;o = <j|lu|0> for <j| and|0> the excited
and ground-state molecular orbital wave functions, gre (n? + 2)/3

for the peptide imbedded in a medium of refractive index n. The
transition magnetic dipolévl; o, or CD extinction coefficientAe;, give

the calculated or observed rotary strength forjthelectronic transition,

R, by?

R = Im(ug;M; o) = 0.248 f [Ag(A)BAIIA(D-B)  (2)
where D-B is Debye-Bohr Magnetons.

H NMR. Spectra were recorded at 500 MHz on a Bruker AMX-
500 instrument (Billerica, MA). Samples contained2Z mM TNP-6p
in a DMSOd6/water mixture (99:1 v/v) at 21C. The absorption and
CD extinction coefficient spectra, observed from peptide samples
prepared for théH NMR measurements and under the NMR conditions,

match those observed under the conditions used for the optical

Spectroscopic measurements.

(6) Schellman, J. AChem. Re. 1975 75, 323-331.

the annealing procedure with NOE distance constraints was set up. The
annealing schedule included three steps: simulated annealing, simulated
annealing refinement, and final minimization.

In the first run the annealing procedure started from the extended

and 10 dihedral angle constraints. One hundred structures were produced
and examined for the close contacts not supported by NOE data. Where
found, the repelling distance constraint that required the final distance
to be >3.5 was added. The procedure was repeated until a full
consistency with the NOE spectrum was obtained, generating a total
of 110 repelling constraints. In the final run 200 structures were
produced, and 47 of them of not more than 10% above the lowest-
energy structure were kept. The standard root-mean-squared (RMS)
deviation from the average structure in this set was 0.58 A. We refer
to this set of 47 structures &

The potential energies of the structures were computed in a vacuum
using standard methods. ThelO kcal/mol average RMS potential
energy fluctuation for structures Bis equivalent to that expected from
the thermodynamics of the peptide, suggesting that the membé&s of
are a reasonable representation for the peptide in solution (see
Appendix).

IH NMR detects two isomers of the TNP-6p. The major component
(~80%) produced the structures & The minor component20%)
has a cis-peptide bond joining the acetyl group to the N-terminus
residue, while the rest of the structure resembles the major component.

(7) Macura, S.; Ernst, R. Rvlol. Phys.198Q 41, 95-117.

(8) Piantini, U.; Sorensen, O. W.; Ernst, R. RAm. Chem. S0d.982
104, 6800-6801.

(9) Braunschweiler, L.; Ernst, R. R. Magn. Reson1983 53, 521~
528.

(10) Bodenhausen, G.; Rubin, D.GQhem. Phys. Lettl98Q 69, 185

(11) Jurani¢ N.; Zolnai, Z.; Macura, SJ. Biomol. NMR1999 9, 317

(12) Marion, D.; Wutrich, K.Biochem. Biophys. Res. Commu983
113 967
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Figure 1. Absorption (top) and CD (bottom) extinction coefficient
spectra of TNP-6p in DMSOM) and HEPES buffer pH 7).

There was no exchange between the two components on the NMR time

scale €100 s) and no change in the relative amount of the two
components over several months.

Calculation of the Optical Signal. The peak absorption energy and
dipole and rotary strengths for electronic transitions contributing to the
near-UV absorption and induced CD bands of TNP-6p were calculated
as described elsewhéfeby the matrix method. The calculation
combines the (m*) and (z,77*) transitions of the peptide amide group,
with the observabler{,7*) transitions from the side chain of T4and
TNP modifying Lys in TNP-6p. The Coulomb potential with vacuum

J. Am. Chem. Soc., Vol. 121, No. 44,1039%

Table 1. Dipole and Rotary Strengths of TNP from TNP-6p in
DMSO and HEPES Buffér

peak absorbance dipole strength  rotary strength
(nm) (Debye) (D—M)®
transiton DMSO HEPES DMSO HEPES DMSO HEPES
1 4185 418.6 5.5 5.8 +0.008 -—0.003
2 3545 359.8 10.1 5.9 -0.013 <0.001
3 325.0 3313 8.9 9.8 +0.014 -0.003

aErrors in dipole and rotary strengths ar&%. > D—M is Debye-
Bohr Magneton.
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Figure 2. The 500 MHz NOESY spectrum of TNP-6p at@ (mixing

dielectric constant couples the transition monopoles of these excitedtime 0.6 s, 1.5 mM in DMSQ@i6/water mixture: 99:1 v/v). Residue 3
monopole charges for the peptide primary, secondary, and tertiary amidecircled cross-peaks are crucial for the structure determination.

groups* and for tyrosiné were taken from the literature. The positions
and values of the transition monopole charges of the TNP were
calculated as described elsewhere.

Experiment and calculation are compared for energy, dipole strength,
and rotary strength of TNP at its three lowest-energy transitions having
unperturbed peak absorption at 418.5, 354.5, and 325.0 nm.

Results

Optical Spectroscopy.Figure 1 shows the absorption and
CD extinction coefficient spectra from TNP-6p in DMS®)(
and in HEPES buffer pH 70). Comparison of the absorption
spectra from these samples show TNP in TNP-6p to be slightly
hyperchromic in DMSO. Comparison of the CD spectra from

these samples suggests that local interactions with the folded

peptide in DMSO immobilize the TNP. TNP-6p in other organic
solvents, including dimethylformamide, acetone, and methanol,
had CD spectra similar to that from TNP-6p in DMSO (data
not shown). Except for the sign, the CD spectrum from TNP-
6p in DMSO resembles that from TNP modifying B§sn
skeletal muscle myosin. In the labeled myosin, the protein matrix
provides the local interactions that immobilize the probe and
induce a large CD signal in the absorption band of the TNP.

Table 1 summarizes the dipole and rotary strengths computed

from the spectra in Figure 1 using egs 1 and 2.

(13) Burghardt, T. P.; Garamszegi, S. P.; Park, S.; AjtaBiéchemistry
199§ 37, 8035-8047.

(14) Nielsen, E. B.; Schellman, J. Biopolymersl971, 10, 1559-1581.

(15) Goux, W. J.; Cooke, D. B.; Rodriguez, R. E.; Hooker, T. M.
Biopolymers1974 13, 2315-2329.

Absorption and CD extinction coefficient spectra from TNP-
5p in DMSO and in HEPES pH 7 were also obtained (data not
shown). The CD spectra from TNP-5p in either solvent
resembles that from the TNP-6p in HEPES, suggesting that no
structured environment surrounds TNP in the labeled pentapep-
tide. These data indicate that 8ys the hexapeptide is necessary
for folding.

IH NMR. Figure 2 shows the NOESY spectrum of TNP-6p
in DMSO recorded with 0.6 s mixing time. Indicated are the
spread of chemical shifts and numerous NOESY cross-peaks
from TNP-6p, suggesting that the molecule forms a well-defined
structure in solution. Numerous inter-residue cross-peak pairs
(e.g., LysSH®™LysSHC at 8.93 ppm/7.68 ppm, THAN/LysSHN
at 7.87 ppm/8.33 ppm) indicate spatial proximity of the
respective groups. Several cross-peak pairs between TNP
modified Lys and Tyr* correspond to the interaction between
their side chains. ThiH NMR spectra were also obtained from
the hexapeptide without TNP (6p) in DMSO (data not shown).
These spectra also indicate a folded structure for 6p resembling
that of TNP-6p. Evidently, interactions between TNP and the
rest of the hexapeptide are not essential for stabilization of the
folded conformation. Structures Bicharacterizing TNP-6p in
DMSO were obtained from the NMR data by the protocol
outlined in Materials and Methods.

Calculation of CD Signals. The ensemble of TNP-6p
structures inS has subclasses containing 27 and 20 structures,
s; and s, that differ by their peptide conformation in the
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Figure 3. Uncrossed stereoview of the two types of TNP-6p structures present in solution. The upper panel corresponds to the 4, 3shhped (

lower to the stackeds(), structure of the TNP-6p in DMSO. The asterisk indicates modification at (sjde chain modified by TNP) and LYs

(C-term modified by NH).

Table 2. Computed and Observed Rotary Strengths of TNP from TNP-6p in DMSO and the Total Potential Energy of the Gas-Phake Peptide
computed averages

STy s (20) sy (27) weighted (47) observed
rotary strength
R0 —0.0174+ 0.055% —0.075+ 0.027 +0.025+ 0.017 +0.013+ 0.048 +0.008
R0 —0.001+ 0.045 +0.033+ 0.024 —0.025+ 0.015 —0.012+ 0.037 —0.013
R20 +0.002+ 0.039 —0.035+ 0.023 +0.030+ 0.019 +0.024+ 0.037 +0.014
potential energy
(ED 215.5+ 10 217.9+ 10 213.8+ 10 204.3+ 2

aRotary strength in DebyeBohr Magnetons and potential energy in kilocalories per nfolRarentheses contain the number of structures in the
ensemble® Modified Boltzmann averaging, see AppendhStandard deviation.

vicinity of TNP. These subclasses, represented in Figure 3, differ (R[] [R,[J) and (Rs[Ishows that structures within each subclass
optically by producing about equal intensity but oppositely are homogeneous with respect to their optical activity. The
signed CD signals in the absorption bands of the TNP. If the average rotary strengths for the structureS ands- disagree,
CD spectrum in Figure 1 from TNP-6p in DMSO is represented while those froms; agree, with the experimentally observed
as an ordered triplet,—,+) corresponding to the sign of the results.
optical activity from the three lowest-energy transitions, then  Alternatively, (R[] (R[] and [RsCwere computed using eq
s; ands- have optical activities characterized by,,+) and A8 and the structures irs as described in the Appendix.
(—,+,—), respectively. The magnitude and sign of the optical Structures were weighted by a modified Boltzmann factor using
activity from s; and s- are principally the effect of the the peptides’ computed potential energy. Table 2 lists these
Kirkwood—Kuhn—Moffitt mechanism coupling the n(z*) ensemble averages that were obtained with 18 structures (14
transition electric dipoles from TNP and the side chain of"Pyr ~ from s;) contributing significantly to the average by having a
Qualitatively, the two types of structures differ by the TNP and normalized weight of more than 0.02 (the weighting when every
Tyr* side chain forming either an L-shaped or a stacked structure is equally probable). With this method, both she
complex. ands- enantiomers contribute to the ensemble-averaged rotary
The ensemble-averaged rotary strengths for the three lowest-strengths; however, structuressndominate due to their lower
energy electronic transitions of TNP in TNP-6B;[] [R,[J and potential energy (see Table 2). The modified Boltzmann
Rs[]) were computed by averaging over all of the structures in weighting effectively selects thg, structures as the solution
Sor those in subclasses or s_. Table 2 lists these ensemble  set.
averages and compares them to the pertinent experimental TNP-6p in solution contains major (80%) and minor (20%)
data taken from Table 1. The standard deviation associated withisomer components detected independently by NMR. The minor
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component structure resembles that of the major componentconsistent with NMR constraints. The optical activities show
except for a cis-peptide bond joining the acetyl group to the that the set of NMR determined structures is made up of two
N-terminus residue. S&contains only the major isomer form.  homogeneous subsets differing in the coordination, either
The CD spectrum does not apparently distinguish between thesd_-shaped or stacked, of the aromatic groups in the peptide. Only
isomer forms so that both of them contribute to the spectrum. the L-shaped complex gives good qualitative agreement between
We investigated the impact of the presence of the two isomer calculated and observed optical activities. This demonstrates the
forms of TNP-6p on the CD spectrum by assuming that the usefulness of optical activity for structure refinement of chiral
minor isomer structures are identical to thoseSiexcept for molecules such as small peptides, where a limited number of
the above-mentioned cis-peptide bond. Then, we constructed aavailable experimental NMR constraints often preclude unam-
new ensemble of structures that combine the assumed confor-biguous structure determination. Additionally, the agreement

mations for the minor form with the conformations B between calculated and observed optical activities for the peptide
Structures were weighted by concentration during ensemble-builds confidence in our ability to correctly compute these
averaging. Under these circumstand@&g[)] (R,[) and [Rs[ldid optical parameters with existing approaches and suggests that

not differ significantly from values reported in Table 2, the hexapeptide might be useful in other optical signal calibra-
suggesting that we could ignore the minor isomer component tion applications with tyrosine as the signal donor or when

of the TNP-6p. involving more sophisticated computational approaches that can
Discussion only be applied to the smallest peptides.

The hexapeptideN-Acetyl-Pro-Pro-Lys-Tyr-Asp-Lys-Nk Acknowledgment. We thank Dr. Daniel J. McCormick from
with and without TNP modifying Ly folds in solution with the Mayo Protein Core Facility for synthesizing the peptides
well-defined secondary and tertiary structure. This hexapeptide, used in this project. This research was supported by the National
with a sequence imitating that found in chicken skeletal muscle Institutes of Health Grant RO1 AR39288 and the Mayo
myosin surrounding the reactive lysyl residue, requires the Foundation.
presence of the Lfgesidue to fold. The TNP group interacts i
with the folded peptide such that a strong CD signal is induced APPeNdix
in the three lowest-energy electronic transitions of its absorption  Energy Fluctuations in TNP-6p and an Alternative
band (Table 1). This CD signal senses the 3-dimensional Method for Calculating Ensemble AveragesConsider a gas
structure of the folded peptide in a manner that can be modeledof TNP-6p molecules at thermal equilibrium. The molecules
with the matrix method for calculating rotary strengths. consist ofL atoms with 3 generalized coordinategy( ..., ga)

The 3-dimensional structure of the TNP-6p was solved using and momentag, ..., ps.). In the classical regime the energy of
1H NMR. The solution set of structures, satisfying the NMR the moleculeE, is,

constraints contains two homogeneous subsetands_, that

are readily distinguished by their oppositely signed CD signa- PP i p 2
tures, ¢,—,+) and ,+,—). When ensemble-averaged rotary E=_ 4 ok + V(G ..o ) (A1)
strengths were computed using structureSior s-, they did M k; 2m, b s

not agree with experimental observations. However, ensemble-
averaged rotary strengths computed using structuresgave
good qualitative agreement with experiment (Table 2). The
coordination of the aromatic groups of TNP and “liygrsubsets

sy ands- is L-shaped ¢;) or stacked ) (Figure 3). These
findings show that the matrix method for computing CD signals —ET
from peptides works under conditions most closely simulating Z= fdpc f dp, ... dog_ f da ... dojy_ e (A2)

that of a peptide in solution (i.e., using ensemble-averaging of

NMR solution structures rather than a single average solid-statewherekTis Boltzmann's constant times temperature. Replacing
structure from crystallography) while accounting for all of the the integral over the generalized coordinates in eq A2 with a
interactions among the residues in the system. sum over theN (=47) structures irS gives,

Our findings demonstrate the use of CD in the final
refinement of structures for the solution set satisfying the NMR
distance constraints. The CD data supplies one constraint for Z= [dp, [dp,...dby ) g expE/KT) (A3)
each observable electronic transition for which the corresponding =
average rotary strength can be calculated. As the CD distin-
guishes the enantiomers of an optically active molecule while
distance constraints do not, just the sign of the CD provides an
independent constraint on structure. The quantitative value of
the observed rotary strength has less impact, as we are able to )
reproduce signals observed here only to within a factor-3.1 PePe 3 Py
The least tested element of our computational method is the E= )tV (Ad)
estimate of the monopole charges for the lowest-energy M &2m
electronic transitions in TNPRefinement of these charges will

likely narrow the quantitative differences between the observed From the partition function we may compute the average energy,
and calculated CD signals. (E0, and the specific heat at constant volur@lg, using,

wherep. is the molecular center of mass momentuvhthe
molecular massyy the mass of th& atom, andv the potential
energy. The partition function for this systei, is,

N

where g; is the unknown degeneracy factor accounting for
structures of energlg; not enumerated by the structure annealing
procedure described in Materials and Methods and,

Conclusions [EC= kT2 dlog Z/aT (AS)
We have calculated the near-UV optical activity for a folded
trinitrophenylated peptide from an ensemble of peptide structuresand



10378 J. Am. Chem. Soc., Vol. 121, No. 44, 1999

C, = IELT = (k) (B [EP) =
CLKL + 1) + (kT (v’ VIP) (A6)

where

N
Vig, exp(—feVi/KkT)

V=

=&V (A

N
g exp(—feVi/KT)

for & the equilibrium probability for th&" structure. The energy
scaling constanfz (=~ 0.2), in eq A7 modifies the Boltzmann
factor to help remedy various inaccuracies in the computed
potential energie®¥ The potential energyy;, for theith structure

in Sis computed in a vacuum with the molecular mechanics
force field MM+ implemented in the commercial computational
chemistry program HyperChem (Hypercube Inc., Gainesville,

FL).

The CD signal, like potential energy, depends on conforma-
tion (not momentum) such thaR L] the ensemble averaged

(16) Fennen, J.; Torda, A. E.; van Gunsteren, WJFBiomol. NMR

1995 6, 163-170.

Burghardt et al.

rotary strength for thg" electronic transition, is,

= im (A8)

whereR;; is the calculated rotary strength for tiigelectronic
transition of thei" structure.

We computedCy from eqs A6 and A7 assuming in eq
A7 is the same for each structure, so they do not contribute to
averages. We found that the terrkT{) 1 (V20 — V@)
contributes negligibly toCy for 0 < fg < 1, giving Cy =
(3/2)k(L + 1) &~ 0.4 kcal mol't K= for TNP-6p. The gas-phase
Cy for TNP-6p, estimated by summing up contributions from
the constituent groups;18givesCy ~ 0.3 kcal moit K= (Data
taken from Table 5, Makhatadze & PrivalévassumingCy =
Cp, — vT, whereC, is the specific heat at constant pressure and
y is a constant independent of temperature. The congtaais
computed from the linear temperature dependence of the peptide
bondC, in the 5-125°C range, also from Table 5). These two
estimates foiCy give the RMS energy fluctuatiom\E2[}?2 ~
7—8 kcal/mol for TNP-6p in a vacuum at room temperature.
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