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Abstract: A methodology for analyzing nuclear Overhauser effect (NOE) data of interconverting microstates
of a peptide has been suggested recently, which is based on pure statistical mechanical considerations. Thus,
the most stable microstates and their populations are determined from the free energies. The success of this
approach depends on the existence of a reliable potential energy function &wltheed peptide, in which

the solvent is treateinplicitly. Such a potential is developed here based on the stable structures of the cyclic
hexapeptideyclop-Pro-Phé-Alas-Ser-Phé-Phe) in DMSO obtained by Kessler et all.(Am. Chem. Soc.

1992 114, 4805-4818) from NOE distance constraints. This study suggests that two different backbone
motifs coexist in equilibrium, one with Al turn and the other with Al turn around Se¥Pheé. We have first
reconfirmed these findings by a best-fit analysis applied to a large set of energy-minimized structures generated
by our “local torsional deformations” (LTD) method, using the GROMOS force field with and without NOE
distance restraints. However, the GROMOS endEgyo, which excludes solvent interactions was found
inappropriate to describe this system because the lowest energy structures represefitiagdif#l motifs

are~15 and 5 kcal/mol above the global energy minimum, respectively. Solvent effects are taken into account
throughE: = Ecro + Y Aioi, whereA is the solvent accessible surface area (SASA) of atamd g; is the

atomic solvation parameter (ASP). We optimize the ASPs for DMSO by requiring th&ghealues ofgl

andpll structures become the lowegibbally, this is verified by an extensive application of LTD. The set of
ASPs obtained here will be refined in the next work where free energy (rather than energy) considerations
will be taken into account. This solvation model, which is relatively easy to handle, requires significantly less
computer time than explicit models of solvation and can readily be used in structural analysis of experimental
data using GROMOS. The proposed derivation opens the way for the development of similar solvation models
for peptides in other solvents. ASPs for proteins in water can be obtained by applying our methodology to
surface loops in proteins. Preliminary results for the ASPs, which are slightly different from the present
values, were published in a recent Lettdr Phys. Chem. B997, 101, 7368-7370).

Introduction The sophistication level of the analysis of intermediate
flexibility depends on the quality of the NOE data. For
relatively low quality, as for small peptides in water, only a
qualitative interpretation of multiconformational equilibria is
established for globular proteins, which reside insiagle possibl_e'?:e When the number_ of NOES.iS rel._eltively large and
J coupling constants are available, as is typically the case for

microstate, i.e., a well-defined region of conformational space. : . . . .
On the other hand, peptides in ?nost cases are randomp CoiIScycllc peptides, different conformations that best fit the data

but under certain solvent conditions may generate medium andcan be identified by molecular modeling which mostly involves

' : eang ey
long-range nuclear Overhauser enhancement (NOE) intensitiesM0lecular dynamics (MD) simulatiorfs: A more sophisti

However, in some cases the latter can only be interpreted for aCated technique based on MD simulations with time-averaged

i 1.
molecule that populateseral microstates in thermodynamic ~ festraints, ;glggested by Torda et ‘al.has been used
equilibrium, i.e., a molecule witmtermediate flexibility The ~ €xtensively:>"2t An alternative procedure called MEDUSA was

guantitative interpretation of thiswerage NOE effect is (5) Dyson. H. J.: Rance, M.. Houghten. R. A Lemer, R. A.: Wright, P
complex, since it requires identifying the dominant microstates g j Mgl. Biol. 1988 201, i611200.g T o A TGN

Multidimensional nuclear magnetic resonance (NMR) is the
only physical technique which enables one to determine the
dynamic structure of biomolecules in solutibrf. It is well

and determining their relative populations. (6) Stradley, S. J.; Rizo, J.; Bruch, M. D.; Stroup, A. N.; Gierasch, L.
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proposed by Bischweiler and Erngg2® The underlying peptides. Below, we first discuss this methodology as carried
hypothesis is that individual conformations may violate some out underideal conditions, i.e., assuming that the solvated
of the NOE distance restraints, which are fulfilled only by the peptide can be described by a usual force field, such as
entire dynamic set of substates. Only pairs of exchanging ECEPP®40or GROMOS*
conformations are considered, and the best combinations in Typically, the energy surface of a peptide has a huge number
terms of structural similarity are delineat&d A few additional of local energy minima; the potential energy wells in confor-
approaches which treat the problem of conformational multiplic- mational space around these minima were called “localized
ity explicitly, attempting to calculate the populations as well, microstates®>3 Methods based on the harmonic entropy were
have been developé&3* In general, a set of reasonable developed, which enable one to determine the relative contribu-
conformations are generated using any of the currently availabletion of localized microstates to the partition functich
force fields. Conformations are retained if their energies do Application of these methods to Leu-enkephalin (H-Tyr-Gly-
not exceed an arbitrarily set threshold, they differ structurally, Gly-Phe-Leu-OH) described by ECEPP has led to the conclusion
and are consistent with a subset of the NMR restraints. The that the partition function can be divided into two pa#s; Z,
main disadvantage of these methods is the arbitrariness inherent- z,. At 270 K, Z, contains the relatively small number of the
in the selection of the conformations, which turn the popu- lowest energy (and free energy) localized microstates, and
lations into fitting parameters rather thanthermodynamic provides the dominant contribution @ The probability of
variables each localized microstate is relatively large, and its contribution
Another methodology for treating ensembles of interconvert- to medium and long-range NOE intensities is significant. On
ing conformations was proposed recently by Meirovitch et the other hand, not only i&, smaller thanZ,, but the number
al3538 This approach is based on pure statistical mechanical of localized microstates associated with it is extremely large,
considerations, hence for a perfect force field it actually becomes which means that their individual probability is small, and their
free from the arbitrariness inherent in the “best-fit” methods. contribution to NOE intensities is expected to be negligible.
In practice, one has to use approximations, which can, however, This is because the conformations of higher energy, i.e., those
be improvedsystematically This approach was applied previ-  0f Zy, display a much larger structural variety than those which
ously only to a linear peptide and is extended here to cyclic belong toZ,. Thus, they can be viewed approximately as an
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(30) Cicero, D. O.; Barbato, G.; Bazzo, R.Am. Chem. So4995 117,
1027-1033.
(31) Bonvin, A. M. J. J.; Brager, A. T.J. Mol. Biol. 1995 250, 80—
93.
(32) Bonvin, A. M. J. J.; Brager, A. T.J. Biomol. NMR1996 7, 72—
76.
(33) Forster, M. J.; Mulloy, BJ. Comput. Cheml994 15, 155-161.
(34) Ulyanov, N. B.; Schmitz, U.; Kumar, A.; James, T.Riophys. J
1995 68, 13-24.
(35) Meirovitch, H.; Meirovitch, E.; Lee, 1. Phys. Chem1995 99,
4847-4854.
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(38) Meirovitch, H.; Meirovitch, EJ. Comput. Chenil 997, 18, 240-
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ensemble of random coil structures and are not expected to
contribute to the long-range NOEs. It was found that micro-
states which pertain to the 2 and 3 kcal/mol range above the
global energy minimum (GEM) contribute0.60 and~0.70

of the total partition function, respectivel§. Similar populations
were obtained for cycloheptadecane described by the MM3 force
field*2 and they are probably typical for molecules of a similar
size. However, this assumption that is adopted throughout the
present paper should still be verified by further studies.

To reproduce the experimental results (assuming a perfect
force field), one has to carry out a detailed study of the most
stable localized microstates, i.e., those that pertainZfo
However, as was found for Leu-enkephat#the number of
energy-minimized structures withia 2 kcal/mol range above
the GEM is already large, although many of them are similar.
The molecule is expected to visit each of them for a very short
time while staying for longer periods within a “wide microstate”
which is a larger potential energy well consisting of many
similar localized microstates:** Consequently, one is inter-
ested in the large conformational transitions, i.e., those between
the most stable wide microstates. Each of these is expected to
contain some of the most stable localized microstates with
minimized energy within 2 kcal/mol above the GEM. One can
carry out an extensive conformational search within this energy
range and select a limited set of energy-minimized structures
that aresignificantly different as representatives of the most
stable wide microstates.

These representative structures become “seeds” for Monte
Carlo (MC) or MD simulations that span the related wide
microstates (notice that these samples were called MC micro-
states in refs 36 and 37). Two structures were considered to
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88, 6231-6233.
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Groningen NL, 1987.
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be significantly variant if at least one dihedral angle differs by Eg = inAi (1)
60° or more. To obtain the relative populations of the wide .
microstates, it is necessary to calculate their free energy from
the related MC or MD samples, which can be achieved by the where the summation is over all the atomsA is the SASA,
local states (LS) methd® 8 (the advantage of this method over  and ¢; is the atomic solvation parameter (ASP) of atdm
other existing techniques is discussed in refs 36 and 37). TheSeveral sets of ASPs for water have been derived from
overall NOEs are then obtained as averages over the NOEs ofthermodynamic data of small molecuf8$2-74 This approach
these samples, weighted by the LS populations. This averagingis feasible due to the recent development of efficient methods
was based on the model for the motional state of the moleculefor calculating the SASA and its derivativés® In particular
proposed by Kessler et &l.This model consists of the “initial  we mention the approximate hence very efficient method of
rate approximation”, the assumptions that intramicrostate con- Hasel et al8! the efficient method of Sander and collabora-
formational exchange is much faster, whereas intermicrostatetors8567.82.83which is based on accessible volume rather than
exchange is much slower than the overall rotational reorientation surface calculations, and the related method of Augspurger and
and that the various types of motions are uncorrelated. This Scherag&* Although these fully empirical solvation models
theory is applicable provided that the rotational correlation time are approximaté8 in most cases they were found to outperform
is longer than the inverse Larmor frequency. Note drajular the usual force fields, leading to relatively strong correlations
modulations of the internuclear vectors are being ignored in between the (minimized) energy of a conformation and its root-
this model (see detailed discussion in ref 37). The same mean-square deviation from the X-ray structtfg?72.76.800n
approximation is adopted in the present paper. the other hand, some of the sets of ASPs were found to lead to
Obviously, the success of this approach depends on the extentinsatisfactory result@:698586]uffer et al. studied various sets
of the conformational search carried out, and on the quality of of ASPs and discussed their qualy.
the force field, in particular its ability to describe solvent effects.  In this paper, our methodology is extended to cyclic peptides.
Ideally, the latter should be taken into account by using explicit As a first step, we developed a procedure for conformational
models!*5° However, the required simulations are very time- search of cyclic molecules, called the local torsional deforma-
consuming and an efficient method for calculating the difference tions (LTD) method, which enables efficient generation of a
in the free energy between significantly different microstates is |arge set of low-energy-minimized structures; LTD was initially
not available. Therefore, one has to resort to more approximateapplied to cycloundecaffeand cycloheptadecaffanodeled by
mean field continuum models, which consider the solvent
implicitly. Thus, theelectrostaticfree energy of solvation for  ,,
water is frequently calculated from a solution of the Poisson

(62) Eisenberg, D.; McLachlan, A. Dature (London}1986 319, 199~
3

Boltzmann equatidii—52 or by applying approximations to this
equation?®55 the Langevin model of Warshel and Levitt also
belong to this categosf. Thehydrophobidree energy, on the
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To obtain the total free energy, the free energies of solvation Protein Sci 1992 1, 396-400.

calculated by either approach are added to the intramolecular
interaction energy defined by the usual force field. However,
implementation of these semiempirical mo8gkas been found

to be still relatively time-consumingg:54:57,60.61

More approximate fully empiric& solvation models for
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the MM2 force field®® Having this tool at hand, we treat here experimental structural data of proteins, and results obtained
the hexapeptideyclob-Pro-Phe-Alad-Sef-Phé-Phé) whose by MD simulations with explicit water.

X-ray and solution structures in DMSO were obtained from  We propose to describe the system energ¥gy= Ecro +
NMR experiments by Kessler and co-workéfsThey obtained Esol and derive the optimal ASPs, from the sole requirement
31 proton-proton distances and sevefdlcoupling constants,  that the free energies of the experimental motifs will be close
which give information on backbone and side chain dihedral to each other, and at least one of them is the global minimum.
angles, but could not find singleconformation that fits these  In this work, however, we consider only energetic effects and
data. However, the data were explained satisfactorily by two require that the energies of the structures representing the

MD samples based on the GROMOS force fitld.They experimental motifs are as low as possible pertaining to the 2
describe two backbone motifs with the sapi& turn around kcal/mol range above the GER;). This is achieved by an
p-Pra* and Phé, but different turns g1 and S11) around Set extensive conformational search using LTD. Entropic effects
and Phe We refer to them as thgl and Il motifs (rather will be taken into account in a following study, where the

than structures) due to the fact that they represent a relativelyoptimal ASPs will be used in MD or MC simulations of tjig

large backbone and side chain conformational flexibility; in other fll, and other stable motifs. The free energies, which lead to
words, each of them can be viewed as a wide microstate tothe relative populations, will be obtained by the LS method
which many energy minimized structures belong. This flex- applied to the corresponding trajectories. This might necessitate

ibility already arises from the definition of th&l’, g1, andfll a further refinement of the ASPs. Preliminary results of the
turns, which requires the andy angles of two consecutive  ASPs that slightly differ from the values reported here appeared
residues to be withint30° around the central values (§0 in a recent Lette??

—12¢, —80°, 0°), (—60°, —30°, —90°, 0°), or (—60°, 120,

80°, 0°), respectively’? Kessler et al. did not calculate the Theory and Methods

relative populations of these motifs and our long-range goal is  Molecular Models and General Theoretical Considerations. The
to obtain them from statistical mechanical considerations. intramolecular interactions afyclo(p-Pro-Phe-Ala3-Sef-Phé-Phé)

To be consistent with the analysis of Kessler et al., we are described by the GROMOS 37D4 united atom force field, which
implemented LTD within the GROMOS package and carried define _the molecular _energEGRo.“l These intgractions ‘include
out an extensive conformational search for the cyclohexapeptidearmonic bond stretching and bond angle bending potentials, proper
in order to find th E E is th ROM ner and |mpr0pert0r5|ongl potentlals, and nonbonded elgctrostgtlc and 6-12
an?j ?ﬁe tl?)wegttef]eGrg)ll\/lrEn?rRlior%Ezggosfrlic?uirs?ha?t?e?or?ggti/)) the Lennard-Jones (LJ) interactions; thus, the molecule is considered fully

. . flexible. Also, the dielectric constantés= 1 and no distance truncation
B1"and Bl motifs. We found that the energies of the latter on nonbonded interactions is applied. In GROMOS the hydrogen atoms

structures are, respectively;15 and 5 kcal/mol above the  4re treated as collapsed on their first neighboring atoms except for
GEM(Egro), which means that the GROMOS force field alone nydrogens bonded to a nitrogen or the oxygen of Ser. The cyclo-

is inappropriate to model this molecule in DMSO (because the hexapeptide therefore consistsNf= 57 explicit atoms.

correct energies of these structures are expected to be within 2 To derive the approximate model for the solvated peptide, assume
kcal/mol above the GEM). In other wordEgro alone will first that the peptide is immersed in a large “box” of explicit DMSO
not lead to the correct free energies of these motifs which molecules, and that thexactinteraction energy of the systef is
determine their relative populations. Therefore, an important known: it consists of peptidepeptide, peptidesolvent, and solvent
objective of this paper is to develop an implicit fully empirical solvent interactions. To eliminate the detailed effect of the solvent

- - - one can define a “partition function of mean forc&k) by integrating
solyatlpn quel (eq. 1) for the CyCIOhe.Xapeptlde in DMSO, the exponent exp{E/ksT] over the solvent coordinates only, for each
which is carried out in several steps. First we have sought to

. ; . set of peptide coordinates (x is a AN vector of the Cartesian
verify the previous conclusions of Kessler et al. that the molecule ¢yqginates ks and T are the Boltzmann constant and the absolute

coexists in thesl andll motifs. For that reason we generated temperature, respectively)Z(x) leads to the exact potential of mean

a large set of energy-minimized structures with LTD, udtago force, EexdX), WhereEexdx) = kgT In Z(x). Note that althougiiexdx)
together with a penalty potential that forces the structure to is a free energy function depending it will be referred to as energy
satisfy the NOE distance constraints. Structures of the set thatthroughout this paper. o _

satisfy a certain number of the constraints are retained and EexdX) lacks the microscopic information about the solvent mol-
further analyzed in order to find the smallest group of them ecules, but itcorrectly describes the stable regions on the molecule.
that best fit the data. This study has verified the above finding This energy surface, as that defined by a usual force field, is typically
of Kessler et al., with a possibility for the involvement of a “decorated” by a tremendous number of localized microstates centered

third struct We also tested and i d imat around local minima and wide microstate®;, which consist of
Ird structure. We alSo tested and Improved an approxima estructurally similar localized ones. The most stags the one with

but very efficient method for calculating the SASA, proposed  tne jargest contributiorz;, to the total partition function of the molecule
by Hasel et af!

The most challenging part is the derivation of the ASPs (eq Z= f exp[—Eq,{xX)/kgT] dx 2
1). In most cases the ASPs for water have been obtained from 9
the free energy of transfer of small molecules from the gas phaseor equivalently with the lowest Helmholtz free eneflgy= —ksTZ. If
to water, andEso was added to the force field energy without several wide microstates have comparable lowest free energy, the
further calibration. However, Schiffer et &:8° and more molecule will coexist in all of them in thermodynamic equilibrium.
recently Fraternali and van Gunsteférghecked several sets  Each of these microstates is expected to contain several of the low-
of ASPs in MD simulations and found that they should be €nergy-minimized structures with energy within 2 kcal/mol above

properly scaled and sometimes changed in order to recoverGEM(Eex); therefore if Eea was known, the most stable wide
microstates could in principle be identified by an extensive conforma-

(89) Baysal, C.; Meirovitch, HJ. Phys. Chem. A997 101, 2185- tional search for low-energy structures. The free energies, hence
2191. populations, of thes&; could then be obtained from MD or MC

(90) Burket, U.; Allinger, NMolecular MechanicsAmerican Chemical trajectories using the LS method. Evidently, when the most s@ple
Society: Washington, DC, 1982.

(91) Rose, G. D.; Gierasch, L. M.; Smith, J. Adv. Protein Chem1985 (92) Baysal, C.; Meirovitch, HJ. Phys. Chem. B997, 101, 7368~
37, 1-109. 7370.
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are known, one can simulate each of them with explicit solvent to
investigate the microscopic effect of the solvent.
We approximate the exact enerfydx) by Ewi(X)

Eot(X) = Egro(X) + Ego(X) = Egro(X) + ZUiAi(X) 3

where the surface are#@g(x) are conformation dependent and the
depend onl. Obviously, it would be impossible to find a set of
that equatdE, to Eexa NOt ONly becausEeya is unknown, but also due

to the fact thatEs, is a highly simplified function. However, if the
experiment suggests that the molecule coexists in seSartie related
free energie§;(Ew) should be the lowest globally; this is the criterion
upon which the set of ASPs should be optimized. However, in this

paper a partial optimization based on energy (rather than free energy)
considerations is carried out. Thus, the energies of the lowest energy

minimized structures that belong to the experimefitaind 511 motifs
are required to lie within the 2 kcal/mol range above the GEM)( as
close as possible to each other and to the GEN(

Conformational Search. LTD method®®is implemented within
the GROMOS package and applied for the first time to a cyclic peptide
with side chains. The low energy structures of GROMOS, including

the GEM, are not expected to resemble the experimental structures

becauseEgro does not include solvent effects. The latter structures
can be recovered by using LTD wilisro and arunphysicakestraining
potential Pes, Which takes into account the 31 distances obtained by
NMR; the GROMOS package enables one to include such potefitials.
The total energy denoteélfles is

EGRO + krPres (4)

where k: is a force constant. LTD is applied with three potential
energiesEcro, Eres (€9 4) andEw: (€q 3).
The search starts from a structure dfreear peptide based on the

res”

E,
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Figure 1. Local rotations of LTD illustrated for theycldGly)s
molecule; hydrogen atoms are not displayed for simplicity: (a) the
undeformed structure; (b) a local rotatignaround the single bonig
(denotedm = 1) affects the backbone atom at locatiofr 2 as well

as the side chain atoms attached to the atomistal andi + 2; the
affected bondi.; is denoted by a dashed line; (c) two simulataneous
local rotations ¢ = 2); a single rotationri = 1) is applied to the lower
part of the molecule (the affected bondiis) whereas two successive
rotations (n = 2) around bonds$r and |4, are applied at the upper
part, and the affected bond lis_s; in this case the positions of atoms
i+ 2,i" + 3 and the side chains attached to atoms 1, i + 2, and

i + 3 are changed. Note the movement of the labeled oxygen atoms
bonded to the carbons at+ 2 andi’ + 2.

displayed. The chain, which is shown in its undeformed state in Figure
1a, consists oN backbone atoms labeled sequentid)lf < i < N; |;
denotes the bond connecting atomendi + 1. The four atoms —
1,i,i + 1, andi + 2 define the torsional anglg aroundl; (for this
explanation we do not distinguish between the different dihedral angles

equilibrium bond lengths and angles, where random values are assigned ¥ andw). With alocal rotation,¢; around bond;, only atomi +

to the dihedral angles. This structure is accepted if the peptide bond 2 iS moved, while the rest of the atoms are kept fixed in their current

connecting the first and sixth residues is within the ring closure range Positions as shown in Figure 1hp; is changed at random within a

of 0.5 to 3.5 A. Side-chain coordinates are added to the backbone fangexD around its current value and the condition that the affected

with their equilibrium bond lengths and angles, and a random set of Pond,li+2, should remain within the ring closure range of 0.5 to 3.5 A

dihedral angle values. A successful initial structure is then energy IS imposed. ,

minimized to getyclic structurd. i is then changed by local torsional To achieve a larger conformational change, one loaally rotate

deformations, energy minimized, and the resultirigl structurej is m(m = 1) successive torsional angles; however, the dihedral angles

accepted with a Metropolis MC probability; are not rotated due to their high energy barriers for rotation; therefore,
m > 2 is not permitted in this work. To increase the extent of

p; = min(1, expf=(§; — E)/ksT*]) (5)

deformationp = 1 local rotations can be applied simultaneously along
(ori is accepted again with probabilityd;). The accepted conforma-

the chain, wherd typically increases with increasing the molecular
tion is deformed again and the process continues. HeamdE; are

size. Each of thd locally deformed segments must be separated by
the correspondingninimizedenergies and* is a temperature parameter
that affects the efficiency. Equation 5 defines the Monte Carlo

at least two unrotated bonds to guarantee independence. In the rare
event where the ring closure range is violated, the set of deformations
along the chain is discarded and a new set is randomly determined. A

minimization (MCM) “selection procedure” proposed by Li and specific example is presented in Figure 1c for the case-o®2, where
Scherag¥ that has been found to be an efficient tool for directing the deformations ofn= 1 andm = 2 are applied to the lower and upper
search toward the low-energy regions of the conformational space. part of the molecule, respectively. Changing the LTD parameters
Notice, however that unlike the usual MC method (in which the energies €nables one to control the extent of conformational deformation and
rather than the minimized energies appear in eq 5), the conformationsadapt it to the particular molecular conditions (see also refs 88 and
are not distributed according to the Boltzmann probability. We have 89).
obtained a relatively good efficiency by varyifit) between 200 and For the present cyclic peptide, the deformations along the backbone
800 K during the process in increments of 200 K every 200 LTD steps. are induced by LTD as described above, whereas the conformational
The coordinates and energiesalf the energy-minimized structures, ~ changes of the side chains are obtained by random rotations of the
including those which were rejected through eq 5, were stored in a file anglesy. These types of backbone and side chain moves are carried
for further analysig58° out simultaneously prior to the minimization. The parameters of LTD
MCM has been used extensively for conformational search of linear are chosen as follows: First, the number of backbone angles to be

peptides, where the deformation of a structure is straightforward. LTD
defines a prescription for conformational deformation of cyclic

rotated is determined with probability 0.1, 0.3, 0.3, and 0.3 for rotating
one, two, three, and four dihedral angles, respectively. Next, the

molecules that is based on local torsional changes. This is outlined in Specific combination of rotations is determined; e.g., if three angles

Figure 1 for acyclaGly)s molecule whose hydrogen atoms are not

(93) Zuiderweg, E. R. P.; Scheek, R. M.; Boelens, R.; van Gunsteren,
W. F.; Kaptein, RBiochimie1985 67, 707—715.

(94) Li, Z.; Scheraga, H. AProc. Natl. Acad. Sci. U.S.AL984 84,
6611-6615.

(95) Chang, G.; Guida, W. C.; Still, W. Q. Am. Chem. Sod989
111, 4379-4386.

were chosen, equal probability is given to three= 1 rotations and a
combination ofm= 1 andm = 2 rotations. The specific angles to be
rotated are then selected at random and their current values are randomly
chosen within the rang&D, whereD = 180° for m= 1 andD = 90°

for m= 2. To change the side chains conformations, up to thiee
and y. angles out of the total eight are chosen at random, i.e., with
equal probability of'/; for selecting one, two, or three angles. The
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specific angles are then selected at random and their values are randomlyrable 1. Experimental and Calculated ProteRroton
selected within-180° around their current values. This largely random  Distances (A)

approach proved to be most efficient for the present molecule due to ROES\ B Bl averagé
its heterogeneity, in contrast to our experience with symmetric
cycloalkanes, where a distinct set of the parametersh, and D, PhéNH PhéjNH 2.39 243 3.28 2.62
produced the best restfitsind a randomized combination did not invoke Eﬂgm: élhaégﬂﬂ gfg ?é%% 6221?[ 42%‘2
. o . . . .
an improvement® _ PhéNH  SefC.H 2.30 343 209  2.38
The success of this procedure depends to a large extent on using anphgNH ~ SefCyH 2.8F 3.37 3.93 3.55
efficient minimizer for the energy. We therefore tested the conjugate phéNH Ph&CsHPo-R 2.99 254 3.29 2.73
gradients and steepest descents minimizers provided by GROMOS, and PhéNH Phe&CgHpro—s 3.47 3.59 3.66 3.62
also implemented in this package several other minimizers and PhéC,H PhéCsHP-S 2.61 242 289 2.56
examined their efficiency. These are the secant unconstrained mini- PhéNH PhéC,H 2.70 2.68 2.86 2.75

mization solver (SUMSLY’ used successfully with ECEPP, two  PhéNH  PheéCzHro—S 2.85 357 251 2.81
NETLIB routines, utilizing quasi-Newton and Beale restarted conjugate PhéNH PhéCﬁHPm:z 2.96 4.03  2.80 3.14
gradients method®,and a limited memory BFGS methé%1°t The Eﬂggaﬂ Enggﬂ:x* gg% %ig 538 gig
latter was found to be significantly more efficient than the others for o B : : : :

the present application. With this minimizer a 0.004 kcal Thél 2 PhéC.H  D-ProCsH 2.24 2.20 213 2.16

- : . PheNH Ala®NH 2.50 297 274 285

tolerance for the derivatives resulted in structures whose dihedral angles PheéNH PheC.H 574 281 272 277
varied by at most 04from those obtained with a tolerance of £0 PheNH D-PI’Ol(E:“H 207 210 202 206
kcal mol? Afz; therefore, the former value was used in all the PheéNH phéCﬁHpro—R 2.58 2.31 2.42 2.35
minimizations based olEcro. With this tolerance, it take 6 s on PheéNH PhéCyHpo-S 3.31 3.47 3.45 3.47
average to fully minimize a deformed structure of the cyclohexapeptide phec,H Ph&CgHpro-S 2.35 249 2.45 2.47
on the SGI Indigo2 R4000 workstation. Ala’NH Ala’C,H 2.72 285 287 2.86

It should be pointed out that the GROMOS force field is designed Ala®NH  PhéC,H 2.78 290 3.36 3.04
to be used mainly in MD simulations, where atoms approach each other Al2NH — Ala®CgH 2.58 313 2389 3.00
gradually. In this case a hydrogen atom will be repelled by an Ala’CoH - Ala®CsH 222 240 241 2.40
approaching heavy atom due to the LJ interaction between the latter ggm: ggfg':l gég gég ‘2123 24513
and the heavy atom to which the hydrogen is attached; therefore, no SefNH Sel“CZH 2'60 5 '94 > '95 > '94
LJ parameters are provided in GROMOS for hydrogens. However, SefNH Ala3C/ﬂH 2:57, 3:42 3:32 3:37
the strong LTD deformations (before minimization) can lead to  ggpnH Ala3C,H 2.36 235 241 2.38
structures in which a hydrogen significantly “penetrates” the van der ggNH SefOH 2.97 3.02 3.13 3.07
Waals radius of a heavy atom. In this case the attractive electrostatic SefC,H SefOH 277 275 2.80 277

force between the hydrogen and the heavy atom might exceed the " — : -
repulsive force between the two heavy atoms; this difference in forces ° From Kessler et al® ® Lower bound for a Chigroup; 1.0 Ais

may increase during minimization causing a furt.he_r unphysjcal apprpach gggg:‘ézr éﬁg?gfgr Ob.gu)&r\‘?sl‘g\é";ég?;r‘tﬂéol:p%g?giféﬁj’:ﬁgcgginy
of the hydrogen to the heavy atom. To eliminate this undesired for the 1 and Sll structures that best fit the data for= 0.10 (the

situation, conformations with electrostatic energy smaller thdief respective probabilities are 0.56 and 0.44); see Table 5. The single
kcal/mol before minimization are discarded and a new structural yjglated NOE is boldfaced.

deformation is applied. Another structural transformation that can occur

during the minimization is from trans to cis configurations of the peptide bound distanced: are listed in Table 1; most of them are equal to the
bonds. However, the experimental evidence for the current molecule ypper bounds. However, for each methyl group and nonstereospecifi-
precludes the occurrence of cis conformeend therefore these are  cally assigned Ckgroup, upper bounds are obtained by adding 1.0
discarded during the search. To save computer time, the check for cisand 0.9 A, respectively, to the listed values. Now, egghis classified

is done after 10 minimization steps, since it was found that the general into one of three categories, denoted by

features of the minimized structure are already attained at this point;

the extra~100 steps that are typically carried out for a complete =1 if ri() <d(1-9)
m|n|m|z.at|.on are needegl for structure refinement. MG =41 if d(d—09)<r() <d(d+0) (6)
Identifying the Experimental Structures from the NOE Data. 0 if ri(j) > d(1+9)
| |

Using LTD, we generated a large set of significantly different energy-

minimized conformations, where our goal is to identify those satisfying Whered is the experimental error af (6 = 0.1 in ref 16, i.e., an error
most of the experimental NOE distances. A search basé&ggpnalone of 10% is considered). In eq 6, tligvalues used for the methyl and
(i.e., no solvent effects), has shown that to achieve the above goal, nonstereospecifically assigned E£roups are their upper and lower
structures within at least 16 kcal/mol above the lowest energy structure bounds in the expressions {1 6) and (1— 9), respectively.

found should be included, rather than only those within 2 kcal/mol, as ~ This classification enables one to filter out structures that do not
discussed in the Introduction. The same range of energy is also contribute significantly to the NOEs. Thus, structures for wiigivi|

searched with eq 4. However, to prevent nonphysical atatom < 19 are discarded; in other words, we require that at least 60% of the
overlaps, the structures of the latter group were further minimized to NOE distance constraints (including, = —1) are satisfied fo$ =

the closest minimum with respect Esro alone. The final set is a 0.1. This criterion is based on the assumption that the number of most
collection of structures obtained in several different searches. stable microstates with comparable free energy is small, they are not

For each of these structures (dengfedne calculates the distances ~ Very different structurally, and therefore each should satisfy a consider-
ri() 1 < i = 31 between the 31 pairs of atoms for which experimental able number of the NOEs. Otherwise, the molecule would become a

NOE distances are available. The experimentally measured lower ~ andom coil and the NOEs would not be observed experimertally.

Notice that the rare case & = —1 is also considered as a satisfied
(96) Baysal, C.: Meirovitch, H. Unpublished data. distance constraint, because it may contribute significantly in combina-
(97) Gay, D. M.ACM Trans. Math. Softwar&983 9, 503-525. tions with larger distances due to the® dependence of the NOE
(98) Shanno, D. F.; Phua, K. ACM Trans. Math. Softwar&975 1, intensity.
87—94. _ If none of the structures of the set satisfisthe NOEs, one tries
g?gz))’\llfjiﬁedDél(’)g‘?\lcci):geﬁg{n‘i/rlgt?llegn?;tiigﬁr%giémming989 45 503 to achieve this goal by a combination ofranimalnumber of structures
528. ’ ' ' ' from the set; thus, pairs of structures are examined first and if necessary

(101) Zou, X.; Navon, I.; Berger, M.; Phua, M.; Schlick, T.; LeDimet,  triplets and quartets are tested as well. For a combinatidisifictures
F. SIAM Journal on Optimizatiod993 3, 582-608. the correspondingleal probabilities (populationg), (Yjp = 1; p; = 0)
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are those that satisfy the 31 equationsifor Table 2. The Optimized Parametegs andp; of Eq 9 for an
Approximate Calculation of the Solvent-Accessible Surface Area

1 2P @ atom typej pi2 pP
R = TR0 CH (sp) 1.12 1.276
CH; (sp’) 0.85 1.045
within the error bars. In practice, a set gfthat exactly solves the g?ggm 228 gggg
last equation might not exist; therefore one seeks to find such a set CH (sp) 1'02 1'073
that minimizes the following functior (again within the error bars) H (OH) 103 0.944
under the normalization condition H (NH) 1.34 1.128
O (sp) 1.43 1.080
3 fq I\ O (sp) 1.21 0.926
minimize A = - _ Z ! N (sz) 1.70 1.028

S\d® &) ) neighbor type p; pi®

J

. o li—jl=1 0.73 0.8875
subject toz p=1p=0 i—jl=2 0.58 0.3516
= li—jl=3 0.12 0.3156

The minimization is carried out in several iterations. For the first
iteration the experimental values dfare used in eq 8 and the solution
leads to average valuegav) for each. If ri(av) lies within the range
di(1 &+ 0), the contribution of this NOE to the summation oves 0O

a Optimized in this work for a DMSO probe aof = 3.0 A.? The
optimized parameters of Hasel eafor a water probe of, = 1.4 A.

and the value ofh for the next iteration is set ta(av) in eq 8. If  giscontinuities in the derivativé®). Because this calculation is
ri(av) falls outside this range is set to the nearest border vald¢l relatively time-consuming, we also tested an approximate procedure,
4 6). Equation 8 is then solved again with the new valuesi @ind which requires significantly less computer time, suggested first by

the process is repeated until convergence is obtained, i.e., the set ofyodak and Jani#” improved by Hasel et af. and used recently for

p's is unchanged. IAis zero, all the distance constraints are satisfied, proteins by Fraternali and van Gunstefénin this formulation the
otherwise the number of unsatisfied distance constrains and theirgasa, A, is given by the expression

contribution toA are determined. Notice that the number of combina-

tionsng, nc = n!/J!(n — J)! of J structures increases dramatically with _ .

increasing) and the size of the set Thus, ifJ=3,n.~ 1.6 x 16 A=S I_l (1.0 pip;y/S) ©)
for n =100, whereas, ~ 1.7 x 1(? for n = 1000. Thereforen must .

be considerably reduced for an efficient and complete analysis. For awhereS is the SASA of an isolated atom with radius

largeJ, eq 8 should be handled by quadratic programnifri§.In our

caselJ is small and a brute force grid search method was applied. As S =da(r, +r )2 (10)
pointed out in the Introduction, this analysis is based on the model ! p

proposed by Kessler et &l.

The Solvent-Accessible Surface Area.The solvent-accessible
surface area (SASA) is defined as the area swept by the center of
spherical solvent probe with radiug as it is rolled over the van der
Waals surface of the solut€ Since the experiments were carried out
in DMSO, one has to define a suitable radius for its spherical probe. o . .
However this is not straightforward because DMSO is not spherical. P andp; account for the reduction ib; due to multiple overlapping

Therefore, we used some geometrical arguments based on data givef©0™MS: The former carries atom type specific information, such as

in ref 103 to determine a reasonable radiys Thus, we calculated hybridization and substitution, whereas the latter depends on the relative

the maximum distance between the center of the DMSO molecule and ProXimity of atomsi andj along the contour of the chain. The
the outer van der Waals surface of each of the atoms obtaining, 2.378Xpressions for the (_:Ierlvatlves with respect to atomic coordinates are
for S, 2.86 for O, and 3.54 A for each of the united atomszQHe g|v|_e|n ml thte IApth".nd.'X gft;]ef 8L rerandor f here of. —
average distance is 3.08 A (the centel/ig ¥, wheref! is the vector aset et al. opimized the parametgranap; for a Sphere of, =

L : . : 1.4 A over a set of small molecules with various atom types. To check
defining the center of each united atom). Similarly, the average distance ;. - 7
from the center of mass is 3.04 A. We chose the radius of the spherethls approximate method (called ATAREA), we applied it and the ASC

as 3.0 A which is slightly smaller than the above average distances, program of Eisenhaber and ArgBswhich calculates SAS/exactly

because a larger radius would not allow the sphere to penetrate grooveé0 10 rang?a\rglzl\ Sg;?tjg %cszg{mat'gns. t?]f ,tAhTe Acgg": _hexapiptld%. The
on the surface that can be accessed by each of the DMSO atoms. Thi verage ' obtaned wi IS significantly

2
choice ofr, is also reasonable based on comparison of radial distribution oa\ul\r/grrn?tz?s tggciﬁgtci\ﬁr?gzlVaﬂﬁg’c?fetilblé'fongwegigtr}:\e)se
functions (rdf) of water and DMSO obtained from simulations. For p pletely P M3 !

water, the commonly used radigs= 1.4 A is equal to the distance at where they lead to an average SASA of 2871 A vs the exact value

. . 1180+ 51 A.
which the oxyger-hydrogen rdf becomes approximately zero for - .
various water modef®* Rdf's for the six possible atom pairs of DMSO we reoptlmlzgd the ATAREA PaTaWEterS for = 3.0 A over a .
were calculated by Rao and Sidghwho found that three of them subset OT 50 different e”ergy‘”?'”'m.'zeo' structures of the cyclic
(S-C, C~C, and G-O) become zero at about 3.1 A, whereas the other hexapeptide. The exact areas of individual atoms were calculated and
three ’at 2 8;2 9A T the values ofp; and p; were chosen to give the minimuaverage

Most of the conformational search studies using eq 3 were carried de\{lapon for the various atom_ type.'_s. The atom types aT‘d their
out with the program MSEEL, which calculates both the SASA and optimizedp, and p; values are listed in Table 2, together with the

) L . ; ; original parameters of Hasel et al. (foy = 1.4 A). With the new
its derivatives analytically (we did not experience problems from parameters, the approximate average area 1168176 A of the 50

(102) Lee, B.; Richards, F. Ml. Mol. Biol. 1971, 55, 379-400. conformations is equal to the exact average area 116563 A.

(103) Liu, H.; Muler-Plathe, F.; van Gunsteren, W. . Am. Chem. Similarly, the respective approximate and exact average SASA of
Soc.1995 117, 4363-4366.

(104) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R.  (106) Wawak, R. J.; Gibson, K. D.; Scheraga, H.JA.Math. Chem
W.; Klein, M. L. J. Chem. Phys1983 79, 926-935. 1994 15, 207—232.

(105) Rao, B. G.; Singh, U. Q. Am. Chem. Sod.990 112 3803- (107) Wodak, S. J.; Janin, Proc. Natl. Acad. Sci. U.S.A98Q 77,
3811. 1736-1740.

andbj is the area removed from atondue to overlap with atorpfor
22N atomic separation of < r; + rj + 2rp

by = a(r, +rp)(r +ri+2r, = r)[L.0+ (r; — )iyl (11)
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individual atom types are basically the same, £.8.1 and 0.0+ 0.0 Table 3. Number of Significantly Different Energy-Minimized
AforN, 14.3+ 4.3 and 14.2+ 15.7 A for O, 5.8+ 6.8 and 5.5+ Structures in Energy Bins of 1.0 kcal/mol above the Global
10.5 A for H, and 27.14 18.6 and 27.2+ 25.6 A for the C atoms. Minimum of Egrd® Obtained with LTD
Similar results were obtained for 20 randomly selected conformations in pa— é, yo
that were not included in the original set. Notice, however, that while AR — — — —
the best-fitted parameters provide very good results foraterage (kcalimoh) k=0 k=0 k=239 k=478 k=956
SASA of atoms, the fluctuations of the exact results are significantly ~ 0.0-1.0 3 1 1 0 0
larger than those of the approximate ones. Thus, the approximate SASA 1.0-2.0 6 2 3 1 1
of an atom in an individual structure might deviate significantly from 2.0-3.0 22 2 1 0 0
3.0-4.0 59 4 4 3 0
the exact value.
- ; . . 4.0-5.0 83 3 4 1 0
Our interest in the approximate ATAREA method stems from its
e . ! L 5.0-6.0 106 3 6 2 0
efficiency. We found that calculating the SASA and its derivatives g5 7 129 8 3 3 1
for 280 structures of our molecule 187 times faster with ATAREA 7:0—8:0 142 5 9 4 1
than with MSEED. If the computer time required for calculatifigo 8.0-9.0 125 6 6 0 1
and its derivatives is added to the above times, uBing + ATAREA 9.0-10.0 101 7 4 2 3
is four times faster thaEgro + MSEED. We have shown that the 10.0-11.0 47 2 3 1 0
accuracy of ATAREA can significantly be improved by optimizing its ~ 11.0-12.0 19 1 4 3 0
parameters for the specific system studied. However, the too small 12.0-13.0 12 0 0 1 0
fluctuations obtained by this method suggest that further improvement 13.0-14.0 22 2 2 4 1
of the method might be needed, which can be achieved by adding a 14.0-15.0 8 1 0 3 0
parameter to eq 9. 15.0-16.0 0 0 0 1 0
16.0-17.0 0 0 1 1 0
Results and Discussion 17.0-18.0 0 0 0 1 0
Application of LTD with Egro. Egro is not expected to total 809 47 51 31 8

provide a correct description of Fhe cyclic hexapeptide in DMSO. —; Eoro = 10.3 keallmol® k (kcal mol L A 2) is the force constant
Therefore,_ to locate the experimental structures from an LTD ¢ yhe distance restraining potential in eqk#:= 0 when no distance
conformational search based dfsro, We kept energy-  restraining potential is applied. Each structure is further minimized
minimized structures from a wide range of energies rather than without restraints to let it attain its nearésiro minimum. ¢ For every
only within 2 kcal/mol above the GEM. An important objective WO structures at least one of the 16 angles), or y, differs by 60
was to find the GEM, because the deviation of the energies of or more. The same as i but only for the 12 dihedralp andy.
the experimental structures from it constitutes a measure of the Application of LTD with Es We carried out LTD runs
inadequacy oEgro, which should be corrected . (eq 3). with Eres(eq 4) using restraint force constarits= 2.39, 4.78,
Several long LTD runs which total to 14 10°P minimizations and 9.56 kcal moft A-2, (corresponding to 1000, 2000, and
were carried out starting from different conformations. The 4000 kJ mol! nm=2; typical values used for such calculations);
lowest energy structure of 10.3 kcal/mol was obtained many the respective number of minimizations isx210% 6 x 10%,
times, and due to the large number of minimizations, it is and 3x 10* As pointed out previously, the structures obtained
considered to be the GEM structure. This assertion is supportedin the search are further minimized without restraints to let them
by the fact that the GEM structure of cycloheptadecane with a fall to the nearest energy minimum Btro. The numbers of
comparable backbone to the present cyclo-hexapeptide wassignificantly different backbone motifs (with respectgcand
found on average after 500 minimizaticii$> The linear 1 only) are presented in columns-8 of Table 3. The best
pentapeptides Met- and Leu-enkephalin, having larger confor- sampling was obtained witkk = 2.39 kcal mot? A—2, even
mational space than cycloheptadecane require on average 500€hough the corresponding number of minimizations is the
minimizations using the ECEPP potential with variabl&8°4 smallest. k. = 4.78 kcal mot! A—2was perused longest because
From the large number of energy-minimized conformations this constant allowed the better sampling in the higher energy
obtained in the search, we considered only those which areregion. In runs withk, = 9.56 kcal mot? A2 the over-
significantly different(see ref 37); the criterion for variance of emphasized effect of the restraints significantly limited the
two conformations is that at least one dihedral angle differs by regions in conformational space that could be reached.
60° or more36-38 The structures obtained in all the runs were analyzed by
Using this criterion, the number of distinct conformations calculating the number of distances that are smaller than the
pertaining to energy bins of 1.0 kcal/mol up to 18 kcal/mol experimental values; as previously mentioned, only those
above the GEM was determined and the results appear in thestructures satisfyingi|Mi| = 19 (for 6 = 0.10) were kept. To
second and third columns of Table 3. The results of the secondthose that “passed” this test, the GROMOS GEM structure,
column are classified according to the valuesppfy, andy;, which only satisfied 15 of the NOEs was added for comparison,
whereas those of the third column, with respect to the backboneand a total ofn = 232 structures were examined. These
anglesg, andy only. Notice that differences in the anglgs structures pertain to nine different backbone maotifs listed in
are ignored in this analysis because NOEs involving the three Table 4, where each maotif is represented by the backbone
benzene rings of the Phe residues were not detected. Columrdihedrals of the structure with lowest minimizé&gro value
2 of Table 3 reveals that the number of structures per bin grows (denotedkE, ) found. We also provide for each motif the energy
systematically up to 8 kcal/mol above the GEM and then valueE* of the structure with the largest numbér of satisfied
decreases monotonically, where energies of 15 kcal/mol aboveNOEs generated.
the GEM are not sampled at all. This decrease in the population The table reveals that motifs 2, 3, 4, 6, and 9 displ@ifl &
is probably due to the bias given by MCM for selecting low turn arouncb-Prot and Phé i.e., the respective andy angles
energy minimized structures. are 60, —12C, —80°, and O; in this classification, a variation
As discussed in the Introduction, the experimentally observed of £33° was taken around these angles. A similar arrangement
Bl maotif lies ~15 kcal/mol above the GENEGrg). To analyze of dihedrals is found in motifs 5, 7, and 8. The more significant
the experimental data, the low population of the high-energy differences are observed for the dihedialandy of Sef and
bins should be enriched by applying LTD wiBes (eq 4). Phé which appear in gl (motif 9) and Sl (motif 2) turns.
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Table 4. Different Backbone Motifs

1 2 3 4 5 6 7 8 9
D-Prot ¢ 86 56 55 59 61 55 50 80 59
Y —71 —113 —103 —130 —142 —101 —110 —84 —126
Phe ¢ —57 —57 —52 —58 —86 —47 =77 —54 =75
Y 103 —29 —32 —32 62 —32 32 —33 20
Ala® ¢ 44 —-117 —119 —89 —164 —122 —163 —150 —147
Y 52 165 160 73 —162 158 153 —151 148
Set ¢ 81 —41 —45 66 —67 —73 —75 —73 —42
Y —38 116 —50 —46 91 65 48 40 —42
Phé ¢ —74 66 —67 —135 67 —179 —160 —165 =77
Y 103 —22 —25 —37 —39 —47 —57 125 —-31
Phé ¢ 49 —114 —163 —95 —80 —135 —144 4 —164
P 57 88 106 95 103 102 129 92 131
E, ® (kcal/mol) 10.3 15.6 171 17.8 18.1 18.2 21.4 22.0 255
E* (kcal/mol) 12.8 18.7 215 19.9 20.0 22.0 23.1 24.8 26.4
M* 15 22 21 20 21 22 24 19 25

a Each motif is represented by a structure for which at least one of the side-chain combinations satisfies 19 NOE distances or more; an exception
is motif 1, the lowesEgro Structure, which is included for comparison. Motifs 2 and 9 congifigll and SlI'/gl turns respectively. Motif 3 is
very similar to motif 9, and reasons for classifying them separately are given in the-teékaré motifs for which at least one dihedral angle differs
from the corresponding ones of others by 80 more. More details about motif 4 appear in the text, in the discussion of Tablg 5s the energy
of the motif's structure with lowesEgro. E* is the energy of the motif's conformation with maximum numibét of satisified NOE distance
constraints.

Table 5. Best-Fitted Structures and Their Probabilities present in the table the average and maximum deviation of the

maximum unsatisfied distances from their allowed upper bouwd4, +
. ! no.of  average maximum o). Note that th truct t ilv th h

2 Motifs® pi¢ e . ). Note that these structures are not necessarily the ones whose
0 NOES' deviatiorf deviatiod backbone angles are shown in Table 4, although they belong to
0.05 6 6 9 0.47 0.35 0.18 (0.00 28 0.34 0.46
010 2 9 0.41 0.59 (%_03)) 30 0.10 0.10 ~ The table reveals that for a 5% errab ¢ 0.05), two
0.10 2 4 9 0.39 0.11 0.50 (0.03) 31 0 0 interconverting structures do not lead to the experimentally
0.15 29 0.46 0.54 (0.16) 31 0 0 observed distances; in fact, 5 of them remain unsatisfied. This
0200 29 0.50 0.50 (0.20) 31 0 0 number decreases to 3 if three structures are considered, but it
0.25 6 1.00 (0.00) 31 0 0

does not decrease further by taking into account four structures.
29 x 100 is the assumed error in percent in the reported experimental For a slightly increased error of 10% & 0.10), which is the
distances® From Table 4¢ Probabilities correspond to the respective  error used in the analysis of Kessler et'ithe two structures

structures in the previous column, and their uncertainties (in parenthesis) : )
are represented by their fluctuations when several sets of structuresc'f motifs 2 (51l) and 9 (31) lead to an almost perfect fit, where

lead to the same number of satisified NOE distance constraints. ONly @ single distance deviates by 0.1 A from its upper bound.
4 Number of satisfied NOE distance constraints out of the 31 experi- Note that five different pairs of structures which pertain to these
mentally reported one§Average deviation (in A) of the unsatisfied  motifs were found to fit the same 30 NOE distances. On the

distances from their allowed upper bountiBeviation (in A) from the ; i v di ;
NOE distance that is least satisfiédzor o — 0,20, many structural other hand, 29 distances were satisfied by six different pairs of

combinations satisfy all the 31 distances, which are predominantly Structures of motifs 7 and 9, one pair of 7 and 2, and many of
composed of (2, 9) motifs but some also of (2, 3), (2, 5), and (2, 7). 2 and 9. All the 31 NOE distances are satisfied by 10

combinations of three structures belonging to motifs 2, 4, and
9. The fluctuation of the probabilities (0.03) in all these cases
is relatively small, reflecting the tight structural constraints
imposed.

For an error of 15%, 13 cases of (2,9) already led to a perfect

and the valuey = —32° of motif 3 deviates by only 2from fit, whilg 30 distances are satisfied by about 60 pairs that
the border value-30° that defines gsll’ turn. Motif 3 is predominantly belong to (2,9) and some to (4,7), (7,9), and (2,7).
therefore a border case that was included because it satisfiePViously, the fluctuation of the probabilities (0.16) is larger
only 21 NOE distances as compared to 25 satisfied by motif 9. here, due to the relaxed bounds and it increases to 0.20 fpr an
This demonstrates the relatively large structural variability within €fror of 20% ¢ = 0.20). Foré = 0.25 a single structure (6) is
each motif, which will be taken into account in our next work found, which satisfies all the 31 constraints; it still haslH
by MD and MC simulations. turn aroundb-Prot and Phé but an undefined structure around
The Optimal Set of Structures. The analysis based on eqs ~ Sef* and Phé
6—8 is applied to the reduced set of 232 energy-minimized While the above results demonstrate the sensitivity of the
structures. Because the experimental error is generally deter-analysis to the experimental errors, they also show clearly that
mined with some uncertainty, we analyze the data assumingstructures of thggl—pIl (9,2) motifs provide a better fit than
several error values) = 0.05-0.25 (i.e., errors of 525%). the other pairs (note that the X-ray structure of the peptide also
Table 5 summarizes the results of this analysis, where the bestpertains to thg8l motif). This suggests, with relatively high
fitted structures are identified by the corresponding motif confidence, that thgl and Il motifs alone coexist in equilib-
numbers defined in Table 4. Table 5 also provides the rium; however, as also pointed out by Kessler et al., the
probabilities of the related structures, and in parentheses theparticipation of a third motif (e.g., 4) cannot be ruled out. In
variances of these probabilities when several different combina- Table 1 we present the proteproton distances of each of the
tions of structures lead to the same best fit. In addition, we optimal 8l and §ll structures as well as the weighted average

These turns are defined by thheandy sequences<{60°, —30°,
—90°, 0°) and (60°, 120, 8(°, 0°), respectively; fluctuations
within £30° are allowed on each of these angles. Note that
motifs 3 and 9 are basically the same, since the largest
difference, 52 in the values ofy (Phé) is smaller than 60
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distancegi(av) for 6 = 0.10, obtained with eq 7. This table G’FM
should be compared to Table 7 of ref 16 where the theoretical =
NOE distances were calculated from MD simulations. E=10.3 kcal/mol

Similarly, 3J(NH,C,H) were calculated based on the same
two structures of Table 1. The coupling constant (in hertz) for
thei-th residue of thé-th structure was calculated by Bystrov’'s
Karplus equation with correction for the electronegativity
effect198 3] (NH,C,H)i(j) = [9.4 cog 6i(j) — 1.1 cosH(j) +
0.4]/1.90 wherd); = ¢ — 60°. The results were then weighted
by the probability of each structure to obtain the average
3J(NH,C,H) for each residue. The coupling contants thus
obtained and their respective experimental véltiase 5.8+
0.3 and 8.9 for Pie 9.2+ 0.7 and 10.2 for Al 1.2+ 0.5
and 3.8 for Se% 8.64- 0.7 and 7.7 for P 6.6+ 0.5 and 6.4
for Phé, which give an rms deviation of 1.57 Hz. The
uncertainties in the theoretical values reflect the possible range
of the 3J values for a giverp angle (see Figure 5 of ref 108). ﬁII
These results are considered satisfactory due to the high - .
sensitivity of3J to small changes in the angl¥. E=21.6 kealimol
It should be pointed out that the fits presented above for the
NOEs and theé!J(NH,C,H) coupling constants were obtained
for specific pairs of energy minimized structures. However, as
has been discussed in the Introduction, at room temperature the
molecule is expected to stay in a localized microstate only for
a very short time, while spending much longer times in the
related wide microstate that consists of many localized ones.
Therefore, a more realistic (hence demanding) criterion for a
structural fit would be to require that the experimental NOEs
be recovered from two different MD samples that span the wide
microstates of motifs 2 and 9. Such simulations were carried
out by Kessler et al. usinges(eq 4). They did not get a perfect
fit (see their Table 7), which might stem, to some extent, from
the fact that they do not use the correct force field for the
molecule in DMSO, but also because of the need to consider El
additional motifs. For the same reason, the probabilities in Table -
5 are expected to be approximate. P E=27.4 keal/mol
In summary, the procedure applied above is not much
different in spirit from best-fit procedures used by others
before?4—34 However, the conformational search carried out
here using LTD appears to be much more extensive and the
analysis more systematic than that applied in most of the
previous studies. The results of Table 5 should be considered
only as a first approximation, where the next stage should consist
of MD or MC simulations and calculation of the populations
as above, from a best-fit analysis as well as from first principles,
i.e., from the free energies obtained with the LS method. To
do that, we develop in the next section an implicit solvation
model for the molecule in DMSO in conjunction with the Figure 2. Stereoviews showing the differences between the
GROMOS force field. GEM(Egro) structure angBl and g1l which are preferred in solution.
Development of ASPs for the Implicit Solvent Model. The The GEMEcgro) structure has a bent backbone and its side chains are
effect of solvent is visually demonstrated by the GEM structure collapsed onto the backbone. On the other hand, fopfthand /I .
of Esroand the representative structures of the experimentally structures, the b_ackbone adopts a nearly planar shape and the side chains
> . . - . are protruded into the solvent. The energy valugszo, are also
predictedsl and Sl motifs depicted in Figure 2 as stereoviews. provided.
The backbone of the GEM structure is bent, whereas those of
the 81 and Il structures are almost planar. Similarly, the side With the experimentally most favorable side chain conformations
chains of the former are collapsed onto the backbone while thosePredicted from?J coupling constants.
of the latter protrude outside. Obviously, the compact GEM  To quantify these differences, we calculated the SASA of
structure is a result of the lack of competing solvent interactions. various atom types of thgl and §ll structures and three low
Note that the energies reported in the ﬁgure for/ﬂhandﬂ” Ecro structures with different backbone patterns, denoted by
structures are somewhat higher than those reported in Table 4S1, S2, and S3; structure S1 which is the GEWHo), as well

This is because the structures in the figure correspond to those2s Al and Il are also depicted in Figure 2. The results are
presented in Table 6, which shows that the areas of the

individual backbone atoms are slightly larger for-=33 than

'(109) Smith, L. J. Mark, A. E.: Dobson, C. M.: van Gunsteren, W. F. for the two structures, except for the carbonyl oxygen, where
Biochemistry1995 34, 10918-10931. the average area of the latter structures exceeds those of the

(108) Bystrov, V. FProg. Nucl. Magn. Reson. Spectro$876 10, 41—
81
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Table 6. SASA (A?) of Atoms/Groups in Selected Structutes

S1 S2 S3 Al Al
N 0 0 0 0 0
H (NH) 35 14 2 3 18
c 21 17 20 22 6
O (CO) 21 81 76 134 92
Co 46 53 70 27 31
backbone (total) 123 165 168 186 147
side chains (total) 982 945 941 1101 1159
peptide (total) 1105 1110 1109 1287 1306
Esro(kcal/mol) 10.3 11.4 11.5 27.4 21.6
oS (degrees) —63,54,50 —59,62,47 61,59;175 —62,-58,-175 —61,-65-176

2 S1-S3 are lowEggo structures. S1431, and gl correspond to the structures in Figure 2. The SASA for each atom/group type is the total
contribution of these atoms in the peptide.

former ones by about 50%. Consequently, the total SASA of The results are summarized in Table 7 where those at the top
the backbone atoms is, on the average, larger b§% for the were obtained witfEgro, and those in the middle with,; and
Bl andpll structures. The difference becomes more pronounced the program MSEED for calculating the SASA. Note that
for the side chains, where thfeconformations take up-18% preliminary results for these parameters were reported in ref
larger area than SiS3, leading to a difference 0f17% for 92. The results at the bottom were obtained by calculating the
the whole peptide. This is consistent with the conclusions drawn SASA with the approximate method ATAREA of Hasel el
from Figure 2, which suggests that most of the ASPs (eq 1) The table reveals that for the MSEED calculations, the
should be negative, forcing the molecule conformation to open difference between the energy of thlestructure and the lowest
up. To optimize the ASPs we require that bgtrstructures energy Eg — EL) deceases systematically from 15.2 to 1.1 kcal/
will have energy within 2 kcal/mol of the GEM(,) and as mol, as the number af; increases from 0 (i.e., fdEgro) to 3.
close as possible to the GEM. The corresponding decrease for fliestructure is from 5.3 to
The structural optimization is an iterative procedure that relies 0 kcal/mol, i.e., it becomes the GEM structure. Note that the
on an extensive conformational search with LTD. It started number of minimizations carried out in each LTD run are 7500,
from a set of 55 structures selected from the large sample as compared to 5000 in ref 92. The present extra calculations
generated with LTD based digro. These structures, which  did not change the results for MSEE&nd MSEED but slightly
include representatives of i and 51l motifs, were of diverse changed those for MSEED In particular,Es — E. becomes
energies, backbone motifs, apd values. At the first stage 1.1 kcal/mol instead of the 0.8 kcal/mol reported in ref 92.
only a single parameter was considered, bes o for all the Four additional energy minimized structures were found
atomsi in eq 1. After selecting a value of all the 55 structures  within the 1.1 kcal/mol range above the GEM. One, which
were reminimized with respect tBi(0) (eq 3) and it was also has the GEM enerdy. and satisfies 21 NOE distances,
verified that the resulting changes in the dihedral angles did belongs to motif 3 (Table 4). The second structure, which
not exceed several degrees, i.e., the structural motifs werepertains to motif 4, has an energy of 0.5 kcal/mol above the
preserved. Next, several structures with the lowest energies, GEM. Two other structures with energies of 0.2 and 0.8 kcal/
as well as thefl and fgll structures, were given a further mol above the GEM satisfying 18 and 17 NOE distance
consideration. Thus, for each backbone the 27 combinationsconstraints, respectively, are not related to any of the nine motifs
of side chain conformations, based on the thyegalues (60, defined in Table 4.
—60, and 180) of the three Phe residues were generated and Thus, for three ASPs our optimization criterion can be
minimized with respect toEw(0); again, each backbone considered as fully satisfied, becaysk becomes the GEM
conformation was verified to remain in its starting motif and structure, which deviates by only 1.1 kcal/mol or less from the
the conformer with the lowest energy was selected to representenergy of thesl structure; also, the motif 4 which was found
its backbone motif. Finally, the energy differences were necessary for obtaining all the 31 experimental distances for
calculated betweek, (o), the lowest energy found, and those an erroré = 0.10 (see Table 5) is represented with an energy
of the best representatives of tifi¢ and Il motifs. This of 0.5 kcal/mol above the GEM.
procedure was repeated for many different values afhd its Notice that all the ASPs in the table are negative, indicating,
optimal value ¢* was determined according the criterion as expected, thadf prefers structures with larger SASA than
discussed above. Then, an extensive conformational search wathe optimalEgro structures. This includes the ASP of &¢(
carried out with LTD, based on 7500 minimizationsEi(c*); = —45 cal molt A=2), which for water is positive (e.g:+12
if new structures with energy lower thaB (o) were not cal mol't A=2, see Wesson and Eisenb&geading thereby
obtained, the optimization of was stopped. Otherwise, the to the hydrophobic effect. These authors also foupes —116
new low-energy structures were added to the set and a newcal mol A=2, as compared to the present valmg = —205
round of optimization folo was carried out. cal molt A=2; however, the comparison is not straightforward
The final set of structures obtained in the search for the best because of the significant difference in the radius of the spherical
single parameter was used as the starting set for the two-probe of water and DMSO, 1.4 vs 3 A, respectively. For
parameter optimization, where the O atoms were allowed to DMSO, og is the most effective ASP, which can be understood
take on a different ASP value than the rest of the atoms. The in terms of electrostatic interactions between the molecule and
optimization procedure was continued as before, and is finally the explicit model of DMSO defined within the GROMOS
extended to three;, where an additional parameter was assigned package. Thus, due to the relatively large negative partial charge
to the H atoms. As for the single parameter case, extensive(—0.38 eu) of the carbonyl oxygen, it prefers to be exposed to
LTD runs of 7500 minimizations were performed. The set of the solvent for interacting with the S atom and the twosCH
test structures increased from 55 to 76 during the overall processgroups of DMSO with partial charges f0.139 eu and-0.160
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Table 7. Optimized ASP Sets

oc  On oo Egm —E. Es—E. no.of LTDs
Ecro 0 0 0 5.3 15.2 140 000
MSEED, —-90 —-90 -—90 3.2 8.6 7 500
MSEED, —-55 —55 —175 21 3.7 7500
MSEED; —45 —145 —195 0.0 11 7 500
ATAREA; -85 -85 -85 2.4 6.7 5000
ATAREA; —20 -—-20 —290 0.5 3.8 5000

aThe optimized set of ASPsi) presented are in cal mdlA-2and
E is in kcal/mol.E, is the GEM ofEgro OF Ei (eq 3) for a given set
of ASPs;Es andEg, are the energies of the experimengéland Sl
structures. The SASA and its derivatives are calculated either exactly
with the program MSEED’ or approximately with ATAREA! The
criterion for selecting the optimized set of ASPs is described in the
text. The number of different ASPs used appears as a subscript of
MSEED and ATAREA in the first column.

eu, respectively. The partial charge).28 eu of H(N) is smaller

(in absolute value) than that of O; therefore, H shows somewhat
weaker preference for exposure (= —150 cal mot! A—2)

than O. Most of the C atoms in the present molecule (beside
Cf of Ser) are uncharged and their preference for exposure to
the solvent ¢c = —45 cal mot! A-2), is therefore relatively
small, mainly stemming from LJ interactions with the DMSO
molecules and from entropic effects. It should be emphasize
that the ASPs are temperature dependent and the value
presented in Table 7 were obtained at the experimental tem-
perature ofT = 300 K.

We also attempted to improve these results further by
employing a fourth parameter, which in one set of trial
optimizations was assigned to each of the partially charged side
chain atoms of Ser (€ H, and Q). The ASPs, which were
varied by increments of 5 cal mdlA—2 did not lead to a smaller
energy gap between tifi and Sl structures. Similar treatment
of the C atoms did not yield improvement as well. This
suggests that the number of ASPs that affegt is limited.
However, the insensitivity ok, might also stem from the
relatively low SASA of these atoms as compared to the SASA
of the whole molecule (see Table 6). In this context it should
be pointed out that no ASP was assigned to N, because its SAS
(based onrp 3.0 A) was found to be zero in all the
conformations generated. On the other hand, we found that in
extended and--helical structures the N and @toms are more
exposed to the solvent than in the present cyclic molecule.
Therefore, better ASPs for these atoms will have to be derived
in the future from structural data of linear peptides or larger
cyclic peptides where there are less geometrical restrictions
which prevent the exposure of these atoms. The sensitivity of

d

the energy differences to changes in each of the parameters wa

presented in Figure 1 of ref 92. It would also be of interest to
check the dependence @fon the value of, the radius of the
DMSO spherical probe. We found that the molecular surface
of peptide structures remain almost unchanged for2215 <

3.2 A, which is the range of values whergcan be slightly
varied on the basis of the radial distribution functidffs!os
Because the molecular surface is the envelope of the volume
from which the solvent is excludéd? it is expected that the
only change required in; over this range would be to scale
them with respect to,, leavingEsq (eq 1) unchanged.

Finally, we discuss the results obtained with ATAREA, the
approximate method for calculating the SASA. For a single
ASP we obtained the optimal value 685 cal mot? A—2 which
is close to—90 cal mol! A~2 obtained with MSEED, where

(110) Richards, F. MAnnu. Re. Biophys. Bioengl977 6, 151-176.
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the energy differences for the former are lower than those of
the latter. This relatively good agreement is due to the fact
that ATAREA calculates the SASA of the whole molecule with

relatively high accuracy. However, for two ASPs, which
requires calculating the SASA of individual atoms, the accuracy
of ATAREA decreases as previously discussed, and therefore

the two methods lead to significantly different optimized

parameters. We also tried to apply ATAREA with three ASPs
but could not improve on the two parameter results. The effort
invested here to improve the accuracy of ATAREA stems from

the efficiency of this method. However, further optimization

is needed which would make ATAREA a useful tool especially

for large proteins.

Summary

In the first part of this paper we carried out a structural
analysis of NOE distance data foyclo(b-Pro'-Phe-Ala3-Sef-
Phé-Phé) in DMSO obtained by Kessler et al. and reconfirmed
their conclusion, that two motifs, which can be distinguished
by theirsl andll turns, coexist in thermodynamic equilibrium
with a possibility of the involvement of a third one. Our analysis
procedure, even though similar in spirit to previous ones, has
some unique features. It is based on an extensive conforma-

§iona| search for low-energy-minimized structures performed

with our efficient LTD technique, which is applied here for the
first time to a cyclic peptide with side chains. The large pool
of structures thus generated was scanned in a systematic way
and only structures that satisfy a certain number of the NOE
distance constraints were filtered out for participation in a best-
fit analysis. This analysis was carried out assuming different
experimental errors.

In the second part of the paper we developed a new method
for determining atomic solvation parameters for a peptide in
solvent, which was applied to the present hexapeptide in DMSO.
Thus, the ASPs are optimized under the condition that the energy
Ewot (€g 3) of thepl and Sl structures become within the 2
kcal/mol range above the GEM{;), and as close as possible

Ao the GEM. Such an approach is feasible for a small molecule,

where the GEM structure can be generated with high confidence
by an extensive LTD search. Indeed, for the optimal set of
three ASPs, th@ll structure becomes the GEM structure and
the energy offl is only 1.1 kcal/mol higher. All the optimal
ASPs are negative providing the expected energetic preference
for open structures that is missing Bizro. These ASPs have
been derived from structureenergy optimization without
relying on free energy of transfer data of small molecules from

e gas phase to DMSO. The present ASPs are optimal for the

ROMOS force field and it would be of interest to see how
much they change for other force fields. These ASPs can readily
be used in a structural analysis of experimental NMR data, for
example.

In general, the usefulness of this implicit modeling depends
on the availability of efficient algorithms for calculating the
SASA and its analytical derivatives. Here the program MSEED
was applied successfully; however, the approximate, hence very
efficient method ATAREA! was also checked and was
significantly improved by optimizing its parameters for the
present hexapeptide. The method has been found to be reliable
for calculating the SASA of the whole molecule, but insuf-
ficiently accurate for calculating the SASA of individual atoms;
therefore, further improvement of ATAREA is needed.

The ASPs were derived here on the basis of energetic
considerations alone. Entropic effects will be taken into account
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in a following study, where thgl, gll, and other motifs will for providing the MSEED program. We thank Professor D. F.
be simulated by MD or MC based djq;; this will enable one Mierke, Dr. G. Gemmecker, and Dr. M. "¥quez for helpful

to calculate the populations with the LS method, which might discussions. Molecular graphics images were produced using
lead to a further refinement of the ASPs. Also, to verify the the MidasPlus program from the Computer Graphics Laboratory,
generality of the present ASPs, they should be derived inde- University of California, San Francisco (supported by NIH RR-
pendently from structural NMR data of other peptides of 01081). We acknowledge support from the Florida State
different size and amino acid content in DMSO. Finally, it uUniversity (FSU) Supercomputer Computations Research In-
should be emphasized that the present method for deriving ASPsstitute, which is partially funded by the US Department of
can be applied to peptides in other solvents and to surface loopsenergy (DOE) under contract number DE-FC05-85ER250000.
of proteins in water. This work was also supported by DOE grant number DE-FGO05-
95ER62070. We acknowledge support by FSU through the
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