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Does Conformational Free Energy Distinguish Loop
Conformations in Proteins?

Jean-Luc Pellequer and Shu-wen W. Chen
Department of Biochemistry and Molecular Biophysics, Columbia University, New York, New York 10032 USA

ABSTRACT Limitations in protein homology modeling often arise from the inability to adequately model loops. In this paper
we focus on the selection of loop conformations. We present a complete computational treatment that allows the screening
of loop conformations to identify those that best fit a molecular model. The stability of a loop in a protein is evaluated via
computations of conformational free energies in solution, i.e., the free energy difference between the reference structure and
the modeled one. A thermodynamic cycle is used for calculation of the conformational free energy, in which the total free
energy of the reference state (i.e., gas phase) is the CHARMm potential energy. The electrostatic contribution of the solvation
free energy is obtained from solving the finite-difference Poisson-Boltzmann equation. The nonpolar contribution is based on
a surface area-based expression. We applied this computational scheme to a simple but well-characterized system, the
antibody hypervariable loop (complementarity-determining region, CDR). Instead of creating loop conformations, we gener-
ated a database of loops extracted from high-resolution crystal structures of proteins, which display geometrical similarities
with antibody CDRs. We inserted loops from our database into a framework of an antibody; then we calculated the
conformational free energies of each loop. Results show that we successfully identified loops with a "reference-like" CDR
geometry, with the lowest conformational free energy in gas phase only. Surprisingly, the solvation energy term plays a
confusing role, sometimes discriminating "reference-like" CDR geometry and many times allowing "non-reference-like"
conformations to have the lowest conformational free energies (for short loops). Most "reference-like" loop conformations are
separated from others by a gap in the gas phase conformational free energy scale. Naturally, loops from antibody molecules
are found to be the best models for long CDRs (.6 residues), mainly because of a better packing of backbone atoms into
the framework of the antibody model.

INTRODUCTION

Homology modeling is a powerful approach that allow us to
obtain atomic details of macromolecules simply by using
the available structural information in databases. The idea is
to relate a molecule with unknown three-dimensional struc-
ture to at least one with a known structure by using single or
multiple sequence alignments (Chothia and Lesk, 1986).
Typically, a percentage higher than 30% of identical resi-
dues implies strong structural similarities between two pro-
teins (Hubbard and Blundell, 1987). However, even for
highly homologous molecules, there are regions that have
unique conformations, and special care is required. Gener-
ally such regions are localized in loops on the surface of a
protein or in fragment deletions or insertions. Correctly
modeling such regions is the most challenging aspect of
protein modeling. Several techniques have been developed
to tackle this problem, including ab initio (Bruccoleri et al.,
1988; Bruccoleri and Karplus, 1987; Fine et al., 1986;
Moult and James, 1986; Shenkin et al., 1987) and knowl-
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edge-based approaches (Chothia and Lesk, 1987; de la Paz
et al., 1986; Feldmann et al., 1981; Jones and Thirup, 1986;
Koehl and Delarue, 1995; Mainhart et al., 1984; Martin et
al., 1989; Summers and Karplus, 1990). The common point
of these approaches is that both require a criterion for
identifying when a loop conformation is acceptable or not.
Usually this criterion is a minimum in a more or less
complex potential energy function.

In this paper we report results concerning the develop-
ment of a complete physical treatment that allows the
screening of loop conformations to identify the most suit-
able ones for a particular protein model. We established a
formalism that allows the computation of the conforma-
tional free energies of loops by combining a molecular
mechanic treatment of a loop with a continuum treatment of
the solvent (Smith and Honig, 1994). To illustrate our
method, we decided to apply it to a family of molecules with
a very conserved core domain but a large heterogeneity in
loop conformations. For this reason we selected antibody
molecules that are known to have an overall sequence
identity above 60% between members and hypervariable
loops that are responsible for a specific recognition of
epitopes in antigens. Instead of building loops, we took
advantage of a recent contribution showing that comple-
mentarity-determining region (CDR) conformations are not
specific for antibodies, but can be found in a variety of
nonantibody molecules (Tramontano and Lesk, 1992). This
led us to build a database of loops that exhibit CDR geom-
etry from known three-dimensional antibody structures. We
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Conformational Free Energy of Loops

simulate a modeling study by removing the three light chain
(VI) and three heavy chain (Vh) CDRs, one at a time, from
a recently solved crystal structure of an antibody in a bound
conformation, namely Fab R45-45-11 (R45) (Altschuh et
al., 1992; Vix et al., 1993), then replacing loops from our

database and calculating the conformational free energies
for each conformation.

In the following sections we report the construction of
our loop database and assess the conformational variability
of loops therein. Then we describe results concerning the
conditions of our simulation and the computation of the
conformational free energies of loops inserted into the R45
framework. Our results reveal that loops in the database
with the lowest conformational energy are the loops with
the smallest root mean square deviation (RMSD) compared
to CDRs of R45.

MATERIALS AND METHODS

Fv database

Only Fv domains are considered in our calculation. Table 1 lists detailed
information about 13 Fv molecules used in our study, including R45 from
the database available at the beginning of this work (release Sept 1993;
Bernstein et al., 1977). Amino acids of each Fv molecule have Kabat's
numbering (Kabat et al., 1991). The Fv database allows us to geometrically
describe CDRs from known antibody structures.

Protein data bank files used to generate the
loop database

We selected 162 x-ray crystal structures determined at 2.5-A resolution or

better from the Protein Data Bank (PDB). Sequences that have the same

name or length or are members of the same superfamilies (cytochromes,
ribonucleases, hemoglobins, dihydrofolate reductases, lysozymes, and pro-

teinase acids) were checked for sequence homology by the GCG package
programs (Devereux et al., 1984). Except for antibody molecules, only
proteins exhibiting a sequence identity below 20% were selected.

Resolution less than 2 A

1AAJ, IACX, 1AK3, lAKE, IALC, 1ALD, ICOX, ICPC,
1CRN, ICSE, ICTF, lECA, 1FKF, IGCR, IGD1, IGOX,
IGP1, 1GPB, IHIP, IHOE, 1IFB, ILZI, 1MBD, IOMD,
lOVA, IPAL, 1PAZ, 1PCY, IPGX, IR69, IRBP, 1REI,
1RNB, 1RNH, 1RNS, ISAR, 1SN3, ITON, 1UBQ, IUTG,
IXYI, 256B, 2ACT, 2ALP, 2AZA, 2CBA, 2CCY, 2CDV,
2CGA, 2CI2, 2CNA, 2CPP, 2CSC, 2CYP, 2FB4, 2FBJ,
2FCR, 2GBP, 2HAD, 2LH1, 2LTN, 2MCM, 2MHR,
2MLT, 20VO, 2PAB, 2PRK, 2PTN, 2RHE, 2RSP, 2SCP,
2SGA, 2SNS, 2SOD, 2WRP, 3APP, 3B5C, 3C2C, 3CBH,
3CHY, 3CLA, 3EBX, 3EST, 3FAB, 3FGF, 3GRS, 3IL8,
3MCG, 3PSG, 3RP2, 3SGB, 451C, 4BLM, 4BP2, 4ENL,
4FD1, 4HHB, 4I1B, 4ICB, 4INS, 4XIS, 5CPA, 5CYT,
5HVP, 5P21, 5PTI, 5RUB, 5RXN, 5TIM, 5TNC, 6FAB,
6LDH, 6TMN, 7AAT, 7RSA, 8ABP, 8ACN, 8DFR, 9PAP,
9RNT, 9WGA.

Resolution higher than 2 A but less than 2.5 A (chain)

1ADA, 1AVR, 1CBP, ICC5, 1CDT(A), ICOL(A),
1FCB(A), 1FHA, 1FNR, 1HRH(A), IHSA(A, B), 1LE4,
ILIG, 1LRD, IMSB(A), IMVP(A), 1NN2, 1PFK(A),
1PHH, 1PRC(C, L, M), 1RHD, 1TIE, 1TPK(A), IWSY(A,
B), 2AAA, 2ABX(A), 2CRO, 2GN5, 2LIV, 2STV, 2TS1,
3CD4(A), 3GAP(A), 3PGK, 3TMS, 4MDH(A), 5FBP(A),
7ICD, 8ADH, 8ATC(A, B), 8CAT(A).

Complementarity-determining regions
Complementarity-determining regions (CDRs) were originally defined
based on sequence variability (Kabat et al., 1977). Furthermore, Chothia
and Lesk (1987) pointed out that CDRs may be considered from a struc-
tural point of view by selecting residues that have high RMSD from
antibody superimposition. However, this definition was not quantitative
and has been established with only a limited number of antibodies. In this
study we need to extract geometrical properties from antibody CDRs to
screen the PDB. Consequently, a rigorous and objective method is pre-
sented here for delimiting CDR in antibodies.
We consider a CDR as a loop characterized by the absence of secondary

structure. To define the length in residues of each CDR, we applied several
screening parameters. The starting length of a CDR is determined by the
standard definition described by Kabat et al. (1991). First, residues located
at either the N- or C-terminus of a CDR were excluded if they were in
(3-sheet conformation, as determined by the program DSSP (Kabsch and
Sander, 1983). Second, residues at the extremities of a CDR were excluded
if they had a null (<1 A2) accessible surface area, as determined by the
program SURFV with a probe radius of 1.4 A (Sridharan et al., 1992).
Third, the minimum length of a CDR is three residues, or four for hairpin
loops (as defined by DSSP). The final demarcation of each CDR from all
13 known F, structures is presented in Table 1. For the sake of comparison,
CDR definitions according to Kabat and Chothia are added to this table. It
can be observed that our definitions are very similar to those of Chothia
and Lesk (1987), except those for CDRL2 and CDRH1. CDRL1, CDRL2
and CDRL3 denote CDR 1, 2, and 3 of the antibody light chain and
CDRH1, CDRH2, CDRH3 denote CDR 1, 2, and 3 of the heavy chain.

Definition of the geometric criteria

Once the residue length of each CDR was determined, its backbone
geometry was characterized by three variables: 1) the distance between the
N- and C-terminal atoms, 2) linearity, and 3) flatness. The backbone is
defined by the following atoms: N, CA, C. The first variable is simply
derived from the coordinates of the terminal atoms (N and C). Linearity
and flatness are derived from the spatial distribution of atoms in a loop
(Ring et al., 1992) from geometric extensions of a loop. We built a
modified inertia tensor matrix in which the mass of each atom was set to
1. We obtained the principal axes of the coordinate system by computing
the eigenvectors of the inertia tensor matrix. The eigenvalues define the
extension of atom distributions along the corresponding axis. The exten-
sion along the n axis (En) is defined as (Ring et al., 1992)

l N

En = N |riAn, n = x, y, z;
i=l

where ri,n is the coordinate of atom i in the nth eigenvector's basis and N
is the number of atoms. The largest extension (En) (smallest eigenvalue)
was assigned to the x axis, and the smallest extension (En) to the z axis.

Linearity is defined as
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and flatness as

.E + E2

BecauseE.' Ey ' E0, linearity ranges from 0 (fully extended on the

x axis) to 1 (symmetrical arc), and flatness ranges from 0 (fully flat) to 1

(sphere where EX = Ey = E,). We also used a criterion to define
a-helices, assuming that a-helices are composed of consecutive angles
ranging from [-83, -61] to [-43, -21] (Presta and Rose, 1988).

Insertion of a loop from the database into the
Fv R45

Replacing loop side chains

Side chains were substituted to match the sequence of the Fv R45. We set

up the dihedral angles xl and x2 (Table 2) according to the highest
probability found in the rotamer library established by Tuffery et al.
(1991). Dihedral angles X3 and X4 were set to 180°. Consequently, each
amino acid side chain displays the same starting conformation.

Optimizing the inserted loop

As compared to loop building, the use of a database requires an additional

step, which is the insertion of a loop into the antibody framework. For

example, we could superimpose residues from the framework on the

flanking residues of each loop (N - 1 and C + 1). However, this would

require an additional constraint on the distances between atoms from

residues N - 1 and C + 1 during the building of the database. Such a

constraint is inconsistent because of our definition of antibody CDRs.

Indeed, this constraint could have been adopted only for loops in which

residues N - 1 and C + 1 were in (3-conformations in their original

molecule (see Materials and Methods for definitions of CDR in this study).

Moreover, a recent study concluded that superimposing flanking peptides
of loops on an antibody framework failed to provide an accurate model for
CDRs (Tramontano and Lesk, 1992). An alternative method is a docking
procedure (e.g., Carlacci and Englander, 1993). However, this method is
computationally costly and introduces an additional variable, which is the
identification of the best docking orientation. Although we could have used
the conformational free energy calculation to identify this best docking
orientation, we found experimentally that it is more appropriate to start

with a simple insertion protocol, such as a least-squares superimposition of
the backbone atoms of each loop on the loop from the reference crystal
structure (N, CA, C). A similar approach was used, but instead of a direct
superimposition, each loop was anchored at the extremity of the reference

TABLE 2 Original and rotamer dihedral angles of light chain CDRs from R45

xl* X2*

Fab R45 Rotamer# Fab R45 Rotamer?

CDRL1 Ser26 58.81 65
Gln27 166.61 -63 -164.22 178
Asp28 -171.73 -70 132.32 -32
Ile29 59.22 -62 168.06 163
Ser30 -63.97 65
Tbhl -83.74 -61
Tyr32 -46.51 -64 -46.33 102

CDRL2 Tyr5° -144.37 -64 -23.9 102
Thr" -155.63 -61
Ser52 65.03 65
Arg53 -168.13 -176 -176.31 156
Leu54 -74.7 -62 62.12 170
Arg55 100.98 -176 110.83 156
Ser56 -54.98 65

CDRL3 Gly91
Ser92 -176.11 65
Arg93 -55.36 -176 -60.19 156
le94 -60.92 -62 176.79 163
Pro9s 35.86 271 -45.97 -29w
Pro96 25.61 27§ -42.22 -29§

CDRH1 Asp3' -53.0 -70 -20.6 -32
Tyr32 -73.1 -64 79 102
Tyr33 -90.5 -64 57.7 102

CDRH2 Ser52 43.5 65
Asn52A 62.3 -72 -45.2 -44
Gly53
Gly454
Gly55
Ser56 -54.9 65

CDRH3 Thrl°o -65.7 -61
LeUlOA -144.9 -62 58.0 170
TyrlOOB -56.7 -64 -24.9 102
Glyooc - -

*Only Xl and x2 were modified according to the rotamer library. X3 and X4, when present, were set to 180°.
8Rotamer library from Tuffery et al. (1991).
§Values for Pro were obtained from Ponder and Richards (1987).
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Conformational Free Energy of Loops

loop and then rotated around the plane of a loop to minimize the distance
between the two coplanar centers of mass (Martin et al., 1989). Our method
is not totally unrealistic, because in the modeling of antibodies one begins
with a template model from the PDB in which CDR loops are present.
Remodeling a CDR by superimposing a loop from a database onto the
existing CDR template is reasonable, as long as they have the same number
of residues.

Explicit hydrogen atoms were built on each loop when they were

inserted into the Fv R45. We used the HBUILD command (Brunger and
Karplus, 1988) provided with the Xplor program (Version 3.0) (Brunger,
1992). The Xplor topology and parameter files were, respectively,
TOPALLH6x.PRO and PARMALL3x.PRO. Sixty cycles of conjugate
gradient minimization (Powell method) were then carried out while fixing
all atoms of the F, and all heavy atoms of the loop. We used a dielectric
constant of 1 and a nonbonded cut-off of 9 A. For both the VdW switch and
electrostatic shift functions, the cut-on and cut-off were, respectively, 6.5
A and 8 A. The total energy used in this evaluation includes bond distance,
valence angle, dihedral and improper angle, van der Waals, and electro-
static energies. We then carried out two types of optimization (including
hydrogen and heavy atoms): 1) side chains only and 2) all atoms:

1. Side-chain conformations were minimized by 600 cycles (for light
chain CDRs) and 300 cycles (for heavy chain CDRs) of conjugate gradient
minimization (Powell method) and saved. We observed that 600/300 cycles
of minimization allows convergence in a reasonable time with respect to

the length of the CDRs.
2. Starting from the conformations in the type 1 optimization, we

applied 600 cycles (for light chain CDRs) and 300 cycles (for heavy chain
CDRs) of conjugate gradient minimization to all atoms of the loop.

Optimization of the loop closure

For both minimization procedures described above, the loop closure occurs

as follows. The peptide bond atoms located at both extremities of a loop
were allowed to move during minimization (even when only side chains
were optimized). Only four atoms per extremity were needed for loop
closure because of the restricted distances between N and C termini in the
establishment of the database (Table 3).

free energy in solution can be described in terms of a thermodynamic cycle
and Eq. 1, where gas, sol, ref, mod, solv, conf, ele, and np are, respectively,
the abbreviations for gas phase, solution, reference, model, solvation,
conformation, electrostatic, and nonpolar.

Fab
o f Fabgas

ref mod

Fabref Fabsolre G` mod

This thermodynamic cycle does not require knowledge of the correct loop
conformation, because we only calculate a relative stability. Consequently,
any loop from the database could have been chosen to be the "reference
loop."

AGolf = AGgasf + AAGsolv (1)

The conformational free energy in the gas phase is obtained from a

molecular force field (CHARMm): it includes internal coordinate energies
as well as nonbonded interactions (van der Waals and electrostatic). The
solvation free energy for transferring a molecule from a gas phase to an

aqueous phase is calculated with a continuum model of the solvent (Jean-
Charles et al., 1991; Honig et al., 1993). Addition of the gas phase
conformational free energy to the solvation free energy gives the confor-
mational free energy in solution. It should be stressed that in this thermo-
dynamic cycle, there are double counting interactions due to the combi-
nation of a continuum model and a molecular force field (Smith and Honig,
1994).

The solvation free energy difference between modeled and reference
loops is

AAG = AGmod -AGref (2)

The solvation free energy change for a model loop (mod) or the reference
loop (ref) can be decomposed approximately into electrostatic and nonpo-

lar contributions as follows:

(3)

Fv R45 reference conformations

Starting from the x-ray crystal structure of F5 R45-45-11, four "reference"
structures were generated: 1) side chains minimized; 2) all atoms mini-
mized; 3) same as 1), and 4) same as 2), but using rotamer dihedral angle
values for side chains (as in Table 2). Minimizations were performed as

described above for loops from the database. In our study, loops with side
chains minimized were only compared with the reference structures with
side chains minimized, and similarly, loops with all atoms minimized were

compared with the corresponding all-atom minimized reference structures.

Relative stability of loops

We assessed the stability of loops by evaluating their relative conforma-
tional free energy compared with CDRs from Fv R45. The conformational

where AG"" is the difference in electrostatic free energy of transferring F,
from gas to water, obtained from finite-difference Poisson-Boltzmann
calculations (Delphi Version 3.0; Nicholls and Honig, 1991; Sridharan et
al., manuscript in preparation), which is the difference between the reaction
field energies in vacuum and in water (Gilson and Honig, 1988; Jean-
Charles et al., 1991). AG'V is the transfer free energy of an uncharged
molecule of the same size and shape as the F, from gas to water. It is
commonly assumed that AGspv is proportional to the total accessible
surface area of the F,:

AGSP'Y = YAT (4)

where y is the vacuum-to-water transfer free energy coefficient. In our

study we used a value of 5 cal/mol/A2, as determined from solubility
experiments (Ben-Naim and Marcus, 1984).

TABLE 3 Summary of geometrical properties of CDRs

Light chain CDRs Heavy chain CDRs

L1* L2 L3 HI H2 H3

Distance (Nt-Ct)# 11.40 + 0.84 13.44 ± 0.70 6.40 ± 1.10 7.90 ± 0.38 4.27 + 0.96 4.75 ± 1.74
Linearity' 0.404 ± 0.098 0.309 + 0.038 0.675 + 0.168 0.218 ± 0.070 0.718 ± 0.110 0.707 ± 0.242
Flatness§ 0.196 ± 0.050 0.178 + 0.028 0.221 ± 0.082 0.211 ± 0.070 0.294 ± 0.052 0.259 ± 0.194

*Average ± standard deviation.
#Distances between N- and C-termini are in A.
§Linearity and flatness are unitless (see Materials and Methods).
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The reaction field energy in vacuum and in water was calculated with
the Delphi program, using a 129 cube grid size, three focusing runs per

calculation (24%, 48%, and 96%), and a dipolar boundary condition for the
first run. The final resolution was two grid points per angstrom, which has
been shown to be sufficient for convergence. At such a resolution, the
relative energy is almost insensitive to the orientation of the molecule
inside the grid (Smith and Honig, 1994). The internal dielectric constant

was 2 and the external dielectric was 80 for water. Although small
variations in the solvation free energy are observed (in the range of a few
kcallmol with higher internal dielectric constants; unpublished data), we

adopted the value of 2 because it is the value used during the development
of atom radii and charges in the newly derived PARSE parameters that
have been optimized for accurate reproduction of the hydration free energy
of amino acids upon transfer from gas phase to water (Sitkoff et al., 1994).
These PARSE parameters allow an assignment of particular values for N-
and C-terminal residues as well as for disulfide bridges. Only Asp, Glu,
Lys, and Arg were charged. In the gas phase calculation, the external
dielectric constant was 1.

RESULTS

Loop database

Table 4 shows the number of loops bearing a backbone
geometry similar (as defined by our three criteria; see Ma-
terials and Methods) to that of crystallographically deter-
mined antibody CDRs, like those in Table 1. Six main
databases are constructed, one for each CDR. Subdatabases
are created for each loop length encountered in CDRs
(Table 1). Each subdatabase is built independently. As the
first step for a particular subgroup, we extracted fragments
from the PDB whose distance between the N- and C-termini

was in the range shown in Table 3. This resulted in a fast
extraction of 75,696 loops (54,328 for VI and 21,368 for
Vh). These extracted loops were screened by applying the
linearity and flatness criteria. Loops that had 4-qI angles
characteristic of a regular a-helix conformation for at least
two consecutive residues were eliminated. The final data-
base consists of 14,558 loops (5510 for VI and 9048 for Vh).
The number of extracted loops varies with each CDR, even

those of identical length. CDRL1 and CDRH3 have a large
number of subgroups representing the structural diversity of
these CDRs in antibodies. CDRL2 is fully conserved in
length, whereas CDRL3 shows a little variation in length
and consists only of short loops (below seven residues).
CDRH1 was found to have two subdatabases (Table 1).
However, based on the number of accepted loops with four
residues, this particular subdatabase is not statistically sig-
nificant. CDRH2 shows a large variation in length; how-
ever, only a few loops were extracted and accepted. The
power of screening is expressed as the percentage loop
accepted/loop extracted (Table 4). This ratio shows the
efficiency of the first screening using our first geometric
criterion, the distance between the N- and C-terminal atoms.
It is interesting to note that the ratio decreases when the
length of CDRs increases (CDRL1, CDRH2, CDRH3). It
indicates that selecting loop conformation based on a dis-
tance criterion is less efficient for long loops and that the
additional screening steps presented here (linearity and flat-
ness) are necessary.

TABLE 4 Summary of the contents of our loop database

Length in residues

3 4 5 6 7 8 9 10 11 12 13 Total

CDRL1
Loop extracted* 4917 9744 4646 3057 2602 2380 2196 2083 31625
Loop accepted# 974 406 249 232 169 172 113 104 2419
Ratio§ 19.8 4.2 5.4 7.6 6.5 7.2 5.2 5.0 7.7

CDRL2
Loop extracted 3866 3866
Loop accepted 196 196
Ratio 5.1 5.1

CDRL3
Loop extracted 12819 2725 1863 1430 18837
Loop accepted 1268 702 497 428 2895
Ratio 9.9 25.8 26.7 29.9 15.4

CDRH1
Loop extracted 4318 1991 6309
Loop accepted 2205 2 2207
Ratio 51.1 0.1 35.0

CDRH2
Loop extracted 395 251 143 216 216 153 1374
Loop accepted 121 62 41 71 38 14 347
Ratio 30.6 24.7 28.7 32.9 17.6 9.2 25.3

CDRH3
Loop extracted 6724 1551 1096 910 723 731 653 671 626 13685
Loop accepted 1920 998 737 710 557 562 456 333 221 6494
Ratio 28.6 64.4 67.2 78.0 77.0 76.9 69.8 49.6 35.3 47.5

*Number of loop selected according to the distance criterion.
#Number of extracted loop that passed through the screening of linearity and flatness criteria.
§Corresponds to the number of accepted loops divided by the number of extracted loops times 100.
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Modeling side chains with a rotamer library

It was observed that the dihedral angles (X angles) of side
chains in proteins located in the PDB adopt only a few
possible conformations (called rotamers). These preferred
side-chain conformations have been grouped into rotamer
libraries (Ponder and Richards, 1987; Tuffery et al., 1991;
Dunbrack and Karplus, 1993). Because of the extremely
high combinatorial possibilities of dihedral angles for a

seven-residue loop, a complete systematic search is not
possible. We therefore decided to use only one configura-
tion per side chain. We selected the combination of X angles
with the highest probability of occurrence found in the
rotamer library of Tuffery et al. (1991). The main reason for
assigning only one rotamer conformation per side chain is
the assumption that CDR loops are highly exposed to sol-
vent and have no external constraints. Indeed, for light chain
CDRs, during our minimization procedures (both side
chains and all-atom optimization), an average of 65% of the
side chains kept their original rotamer configuration (Table
2). Twenty percent of side chains adopted another highly
probable rotamer configuration, and -15% adopted an un-

usual (nonrotamer) configuration. In Table 2 we show side-
chain dihedral angles from the crystal structure of R45 with
the ones from rotamer libraries. It can be seen that rotamer
values do not systematically match side-chain dihedral an-

gle values from the crystal structure. Thus rotamer side-
chain dihedral angle values cannot be responsible for the
low RMSDs observed in this work.

Geometric comparison between modeled and
reference loop

We calculated the root mean square deviation (RMSD)
between a modeled loop and the corresponding reference
loop by superimposing the corresponding backbone atoms
(N, CA, C), even when we compute the RMSD values for
all heavy atoms. As described in Materials and Methods,
each superimposition was consistent, meaning that side-
chain or all-atom minimized CDRs are compared with refer-
ence side-chain or all-atom minimized CDRs, respectively.
The superimposition of every loop from our database on

the respective reference CDR from R45 gives an estimate of
the structural diversity encountered in our database. The
RMSD for backbone atoms varied from 0.19 to 3.78 A for
VI and from 0.05 to 1.92 A for Vh, whereas RMSD for all
heavy atoms varies from 0.81 to 5.02 A for V1 and from 0.16
to 8.12 A for Vh when only side chains were minimized, for
a total of 1099 loops for V1 and 4187 for Vh. To estimate the
effect on the conformation due to side-chain dihedral angles
(rotamer conformations), we minimized the reference CDRs
in which crystallographic side-chain conformations were

replaced by rotamer conformations similar to those of loops
from the database. The RMSD for the same set of 1099
loops for VI and 4187 for Vh, for all heavy atoms, with such
a reference minimized CDR, ranges from 0.7 to 5.0 A for V1
and from 0.7 to 7.9 A for Vh, which is similar to values of

reference CDR side chains in their crystal structures (0.81 to
5.02 A for VI and 0.16 to 8.16 A for Vh). The RMSD values
reported here attest to the fact that loops in our database
have diverse conformations, indicating that we sampled a
reasonably large conformational space. In the subsequent
paragraphs, we give RMSD values for all heavy atoms.
However, for the purpose of comparison with studies in the
literature, RMSD values for backbone atoms (N, CA, C) are
presented in the last RMSD column of Tables 5-10. How-
ever, care should be taken in comparing published RMSDs,
because the superimposition schemes used for calculating
these values may be different.

Analysis of the stability of loops inserted into
the Fv
Two ways of optimizing CDR modeled loops were tested:
1) only the side chains of the loops were minimized, and 2)
all atoms of loops were minimized. In the first case, the
backbone was kept fixed in the original loop conformation.
In the second case, all atoms were minimized to obtain a
"clash-free" loop conformation. To reduce computational
requirements, only a subset of the lowest conformational
free energy loops (<1500 kcal/mol) from 1) were optimized
in 2) for light chain CDRs, whereas all loops were opti-
mized for heavy chain CDRs (shorter length). Loop closure
occurs identically in both approaches and therefore does not
contribute to the energy difference observed between them.
Modeled loops were compared with the reference loops
treated with identical minimization procedures.

CDRL 1: side-chain optimization only (406 loops)

The range in gas phase conformational free energy is wide:
33 loops have energies lower than 1000 kcal/mol. The main
high-energy component came from steric clashes (vdW
energy) among backbone atoms or between side chains that
could not be fully optimized because of the fixed backbone
orientation. The loop with the lowest conformational free
energy (in gas phase and in solution) has the lowest RMSD
(Table 5 A). This loop was extracted from an antibody
molecule (6fab, residues L26_L32). We noticed a gap (more
than 100 kcal/mol) in the conformational gas phase free
energy between the lowest energy loop (6fab.L26_L32) and
the one with the next best energy. Because of the relatively
high conformational free energy in the gas phase, the sol-
vation free energy term did not change the ordering of the
loops.

CDRL 1: all-atom optimization (40 loops)

As expected for such an optimization procedure, most of the
steric clashes are removed and the conformational free
energy was greatly reduced, ranging from 7.9 to 488.37
kcal/mol for the 40 selected loops. The best conformation
observed when only side chains were minimized is also the
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TABLE 5 Five lowest conformational free energy loops for CDRLI
AGsol ~~~~asAGsonf G-conf RMSD RMSD

Loop* (kcal/mol) (kcal/mol) (A)# (A)' Origin of the loop

A. CDRL1 Side chains minimized R45 CDRL1 0 0 0 0 Antibody R45-45-11
6fab.L26_L32 135.50 161.23 1.31 0.18 Antibody 36-71
lmsb.A73_A79 275.16 265.87 3.43 1.52 Mannose binding protein A
3tms.64_70 380.96 387.21 3.61 1.47 Thymidylate synthase
2aaa.453_459 425.98 427.11 2.81 1.32 Alpha amylase
lcox.47_53 460.32 440.38 3.26 1.66 Cholesterol oxidase

B. CDRL1 All atoms minimized 6fab.L26_L32 7.90 35.30 1.41 0.36 Antibody 36-71
4enl.287_293 33.03 35.68 3.23 1.73 Enolase
4enl.374_380 34.93 69.54 3.72 1.54 Enolase
lrei.A26_A32 38.67 60.56 1.53 0.65 Bence-Jones immunoglobulin
8adh.128_134 51.85 80.86 2.30 1.16 Alcohol dehydrogenase

*Loop names are defined as follows: PDB code of the protein + extension showing the first and last residue of the loop. When several chains are present
in one PDB file, the chain letter is the residue number prefix.
#RMSD values between all heavy atoms of loops and minimized reference CDR. Side-chain minimized loops are compared to side-chain minimized
reference CDR (reciprocally for all-atom minimized loops).
§RMSD values between backbone atoms of loops and reference CDR from crystal structure (atoms N, CA, C).
'Origin of the loop as listed in the PDB file.

best in all-atom minimization (Table 5 B, 6fab.L26_L32).
Backbone atoms of this loop are superimposed on the
minimized reference CDRL1 in Fig. 1. Two loops had
very close conformational gas phase free energies
(6fab.L26_L32 and 4enl.287_293), but 6fab.L26_L32
displayed a lower confornational free energy in solution,
indicating the beneficial effect of the solvation free energy
when loop stability is assessed. This is a clear case where
the addition of solvation free energy to the conformational
gas phase free energy allowed the identification of the
correct conformation. Furthermore, when the solvation free
energy is included, the difference in conformational free
energy between the reference and modeled loops is reduced,
as shown in Fig. 2 for CDRL1. Similar plots were obtained
for CDRL2 and CDRL3 (data not shown). The gap in
energy observed when only side chains were optimized is
reduced but still present for CDRL1 (Table 5 B). There is no
modeled CDRL1 loop that had a lower conformational gas
phase free energy than the reference CDR loop.

CDRL2: side-chain optimization only (196 loops)

As for CDRL1, the range in gas phase conformational free
energy is wide. Only 20 loops had lower energies than 1000
kcal/mol. The main component from such high-energy con-
formations came from atom clashes (vdW energy). Several
loops were found to have "reference-like" CDR geometry
(RMSD < 1.5 A). Although the loop with the lowest
conformational free energy did not have the lowest RMSD
(Table 6 A), its conformation was almost as close to the
reference as the best fit structure. The three lowest confor-
mational free energy loops are from antibody molecules
(2rhe.51_57, 2fb4.L49_L55, lrei.A50_A56). The confor-
mational free energies in both the gas phase and solution of
2rhe.51_57 were lower than those calculated for the refer-

ence structure. The electrostatic contribution of the two
arginine residues is 40 kcal/mol lower for this loop than the
reference. We observed a gap (more than 100 kcallmol) in
the conformational gas phase free energy between this low-
est energy CDRL2 loop and the consecutive one (Table 6
A). However, this gap did not correlate with a gap in the
RMSD, because most of the low-energy CDRL2 loops have
a "reference-like" conformation.

CDRL2: all-atom optimization (39 loops)

The conformational free energy ranged from -6.24 to
1995.12 kcal/mol for the 39 selected conformations. The

FIGURE 1 Stereo backbone atom superimposition of the lowest confor-
mational energy loop (6fab.L26_L32 in light gray, all-atom minimized) on

the minimized reference CDRL1 of R45 (in black). The RMSD is 0.36 A
for atoms N, CA, C. Plots were drawn with Molscript (Kraulis, 1991).
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FIGURE 2 Conformational free energy in (A) gas phase and (B) solution
for all-atom minimized loops modeling CDRL1 plotted against heavy atom
root mean square deviation (RMSD) from the minimized crystal structure.
Similar plots were obtained for CDRL2 and CDRL3 (not shown).

three conformations with the lowest RMSD were the same

as those found when only side chains were minimized, but
the ordering is changed (Table 6 B). The backbone atoms of
these three loops are superimposed on the minimized ref-
erence CDRL2 in Fig. 3. However, when all atoms are

minimized, nonantibody loops are found to have low en-

ergy, with an RMSD in the range of that of loops originating
from antibody molecules. Inclusion of the solvation free
energy allowed a more accurate description of the free
energy, although lrei.A50_A56 still has a lower energy than
the reference CDRL2 loop (Table 6 B). Gaps in the energy

previously observed in Table 6 A have decreased in mag-

nitude but are still present. Although nine loops were found
to have a "reference-like" CDR geometry (RMSD < 1.5 A),
two subgroups could be distinguished, both by their RMSD
and by their conformational free energy in solution. One

group has a RMSD < 0.9 A and AGsol < 1.5 kcal/mol
(three loops), and the second has a RMSD range from 1.13
to 1.39 A and a AG"°' from 19.35 to 34.39 kcal/mol
(mainly nonantibody loops).

CDRL3: side-chain optimization only (497 loops)

Like those of CDRL1 and CDRL2, the range in gas phase
conformational free energy is wide: 229 loops had energies
lower than 1000 kcal/mol. There is no large gap in energy
between the best conformation and the next lowest one.
Indeed, the second lowest free energy conformation also has
a "reference-like" CDR conformation (RMSD < 1.5 A;
Table 7 A). A large gap energy is found between the second

; loop and the third one, which is not "reference-like" (gap of
-200 kcal/mol). The two loops with the lowest energy are
equally close to the reference conformation (Table 7 A).

CDRL3: all-atom optimization (47 loops)

The conformational free energy ranged from -2.25 to
443.17 kcal/mol for the 47 selected conformations. The two
lowest RMSD conformations observed in all-atom minimi-
zation were the same when only side chains were minimized
(Fig. 4). Because of the solvation free energy term, the loop
45 lc.21_26 has conformational free energy close to the two
best conformations, but it has non-reference-like CDR con-
formation. This particularly low solvation free energy is due
to increases in the solvent-accessible surface area: 50 A2 of
arginine 93 and 13 A2 for the polar atoms of backbone,
compared with other loops shown in Table 7 B. Although
the inclusion of solvation free energy did not exclude a
wrong conformation, the difference in energy between ref-
erence and minimized loops was reconciled. It is interesting
that the all-atom minimization improved the conformation
of a nonantibody loop toward a "reference-like" CDR ge-
ometry (2cba.166_171, Table 7 B) with a RMSD of 0.97,
compared with 1.69 A when only side chains were opti-
mized. The improvement of the geometry occurs in the last
two prolines of CDRL3. Despite its fourth position in the
conformational free energy scale in solution, it occupies the
third place when energy is calculated in the gas phase.

CDRH1: side-chain optimization only (2205 loops)

In contrast to light chain CDRs, the range in gas phase
energies is narrow: 1062 loops have energies lower than
1000 kcal/mol. This is due mainly to the increase in redun-
dancy in the short loop database. Consequently, there is no
gap in gas phase energy, as observed for light chain CDRs.
Nevertheless, the optimized reference CDR has the lowest
gas phase conformational energy (Table 8 A). The next five
lowest ones in the energy scale have similar stabilities
(<0.5 kcal/mol), and all display a "reference-like" CDR
geometry, as judged by the low RMSD (<0.23 A) for
backbone atoms (Table 8 A). However, the RMSD for
heavy atoms is slightly higher (-1.9 A; Table 8 A) than

0
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TABLE 6 Five lowest conformational free energy loops for CDRL2

AGQ,,f AGcgof RMSD RMSD
Loop* (kcallmol) (kcal/mol) (A)# (A), Origin of the loop'

A. CDRL2 Side chains minimized R45 CDRL2 0 0 0 0 Antibody R45-45-11
2rhe.51_57 -5.00 -14.13 0.92 0.51 Bence-Jones immunoglobulin
2fb4.L49_L55 115.92 109.00 0.83 0.27 Antibody Kol
lrei.A50_A56 122.26 157.01 0.97 0.48 Bence-Jones immunoglobulin
9wga.A13_A19 292.04 280.9 1.51 0.89 Wheat germ agglutinin
2fbj.Hl95_H201 341.22 339.46 1.40 0.61 Antibody J539

B. CDRL2 all atoms minimized lrei.A50_A56 -6.24 3.10 0.90 0.29 Bence-Jones immunoglobulin
2rhe.51_57 0.92 1.76 0.85 0.31 Bence-Jones immunoglobulin
2fb4.L49_L55 1.48 1.30 0.89 0.30 Antibody Kol
lpcy.22_28 19.35 47.25 1.36 0.39 Plastocyanin
4mdh.A30_A36 19.52 27.92 1.39 0.37 Malate dehydrogenase

*Loop names are defined as follows: PDB code of the protein + extension showing the first and last residue of the loop. When several chains are present
in one PDB file, the chain letter is the residue number prefix.
#RMSD values between all heavy atoms of loops and minimized reference CDR. Side-chain minimized loops are compared to side-chain minimized
reference CDR (reciprocally for all-atom minimized loops).
§RMSD values between backbone atoms of loops and reference CDR from crystal structure (atoms N, CA, C).
'Origin of the loop as listed in the PDB file.

expected for "reference-like" loops (1.5 A). This is due to
an unusual tyrosine side-chain conformer (Fig. 5) observed
in minimized reference CDRH1 (around -90°). In this
CDR, we observed 464 loops that have the lowest gas phase
conformational energies that display a "reference-like"
CDR geometry (average backbone RMSD = 0.25 A and 1.9
A for all heavy atoms). Because of the large number of
loops, we decided to compute solvation free energy only on
fully optimized loops.

FIGURE 3 Stereo backbone atom superimposition of the three lowest
conformational energy loops (lrei.A50_A56, 2fb4.L49_L55, and

2rhe.51_57, all-atom minimized; lighter gray corresponds to a higher
conformational energy) on the minimized reference CDRL2 of R45 (in
black). The RMSD values are, respectively, 0.29, 0.30, 0.31 A for atoms N,
CA, C.

CDRH1: all atom optimized (2205 loops)

Because CDRH1 is short (three residues), all loops are fully
minimized. We find that 139 loops have a gas phase con-
formational energy lower than 5 kcalmol (376 loops have
gas phase conformational energies lower than 10 kcaVmol).
No conformations are found to have lower conformational
energy, either in gas phase or in solution, than the reference
CDR. A small energy gap of -3 kcaVmol is found between
the reference CDR and the next loop in the energy scale
(both in gas phase and in solution; Table 8 B). Although the
conformation with the lowest energy does not have the
lowest RMSD (Table 8 B), it exhibits "reference-like" CDR
geometry, as do the next 500 loops, with an average RMSD
of 0.14 A for backbone atoms and 1.85 A for all heavy
atoms.

CDRH2: side-chain optimization only (62 loops)

The results for CDRH2 are similar to those for light chain
CDRs, in the sense that only one loop is found to have very
low gas phase conformational energy (-3 kcal/mol). This
loop (2fbj.H52_H57, Table 9 A) has a lower energy than the
reference CDR and originates from an antibody molecule.
As in light chain CDRs, a large gap in energy is found (-50
kcallmol) between the lowest energy conformation and the
subsequent one.

CDRH2: all-atom optimization (62 loops)
Because of the low number of loops, all of them were fully
optimized. Only one loop has a lower gas phase conforma-
tional energy than the reference CDR (2fbj.H52_H57, -3.4
kcal/mol), and it displays the lowest RMSD (Table 9 B).
This loop is also the one that has the lowest conformational
energy when only side chains are optimized. The gap in the
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TABLE 7 Five lowest conformational free energy loops for CDRL3

AGconf AG'conf RMSD RMSD
Loop* (kcal/mol) (kcal/mol) (A)# (A), Origin of the loop'

A. CDRL3 Side chains minimized R45 CDRL3 0 0 0 0 Antibody R45-45-11
lrei.A91_A96 6.22 13.82 0.92 0.19 Bence-Jones immunoglobulin
6fab.L91_L96 20.35 19.52 0.81 0.25 Antibody 36-71
lfcb.A217_A222 208.43 238.45 1.91 0.59 flavocytochrome B2
2scp.A104_A109 246.00 248.74 1.94 1.20 Calcium-binding protein
3app.186_191 255.33 239.78 2.05 1.40 Penicillopepsin

B. CDRL3 All atoms minimized lrei.A91_A96 -2.25 18.74 0.97 0.29 Bence-Jones immunoglobulin
6fab.L91_L96 0.03 17.59 0.92 0.23 Antibody 36-71
451c.21_26 2.59 34.66 1.93 0.82 Cytochrome C551
2cba. 166_171 8.05 22.25 0.97 0.27 Carbonic anhydrase
3psg.316_321 15.42 46.44 1.93 0.86 Pepsinogen

*Loop names are defined as follows: PDB code of the protein + extension showing the first and last residue of the loop. When several chains are present
in one PDB file, the chain letter is the residue number prefix.
#RMSD values between all heavy atoms of loops and minimized reference CDR. Side-chain minimized loops are compared to side-chain minimized
reference CDR (reciprocally for all-atom minimized loops).
§RMSD values between backbone atoms of loops and reference CDR from crystal structure (atoms N, CA, C).
'Origin of the loop as listed in the PDB file.

gas phase energy scale between this loop and the subsequent
one still exists, although it is reduced to -7 kcallmol.
However, in solution, a non-"reference-like" CDR loop
(3grs.321L326, Fig. 6) is found to have the lowest confor-
mational energy (Table 9 B). This loop is ranked third in gas
phase, but has a large favorable solvation free energy (- 10
kcal/mol lower than the reference CDR). Such a lower
solvation free energy is correlated to a significant increase
in the surface area accessible to the solvent of this loop
conformation.

FIGURE 4 Stereo backbone atom superimposition of the three lowest
conformational energy loops (6fab.L91_L96, 2cba.166_171, and
lrei.A9l_A96, all-atom minimized, same color coding as in Fig. 3) on the
minimized reference CDRL3 of R45 (in black). The RMSD values are,

respectively, 0.23, 0.27, 0.29 A for atoms N, CA, C.

CDRH3: side-chain optimization only (1920 loops)

Like that of CDRH1, the range in gas phase conformational
energy is narrow (1329 loops have energies lower than 1000
kcal/mol). Six loops have lower conformational gas phase
energy than the reference CDR (Table 10 A). Moreover,
these six loops display a "reference-like" CDR geometry
(RMSD ' 0.3 A). No significant gap in the energy scale is
observed,

CDRH3: all-atom optimization (1920 loops)

Because of the short length of CDRH3 (four residues), all
loops are fully optimized. We find that 144 loops have gas
phase conformational energies lower than 5 kcal/mol (190
loops have gas phase conformational energies lower than 10
kcal/mol). We observed that 59 loops have gas phase con-
formational energies lower than the reference CDR, and that
the 124 lowest conformational energy loops have a "refer-
ence-like" CDR geometry (RMSD < 0.5 A for backbone
atoms with an average of 0.2 A; Fig. 7 A). We count 32
loops that have lower solution conformational energies than
that of the reference CDR, with an average RMSD for
backbone atoms of 0.4 A (1.7 A for all heavy atoms).
However, we find that, as in CDRH2, the lowest conforma-
tional energy loops in solution have a "non-reference-like"
geometry (the average RMSD for 10 lowest energy confor-
mations is 0.7 A for backbone atoms and 3.5 A for all heavy
atoms; Fig. 7 B). The reordering of loops in the energy scale
is due to a strong favorable solvation free energy (from -8
to -27 kcal/mol lower than the reference CDR). As in
CDRH2, a larger accessible surface area exposed to solvent
is responsible for these lower solvation free energies. Inter-
estingly, we notice that these 10 "non-reference-like" CDRs
have systematically higher bonded energy (mainly covalent
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TABLE 8 Five lowest conformational free energy loops for CDRHI

&oGnf'so-fconf RMSD RMSD
Loop* (kcaUmol) (kcal/mol) (A)# (A)' Origin of the loop'

A. CDRH1 Side chains minimized R45 CDRH1 0 0 0 0 Antibody R45-45-11
2cpp.86_88 -40.58 1.89 0.12 Cytochrome C peroxidase
4icb.43_45 -40.28 1.95 0.18 Calbindin D9K
2ts1.142_144 -40.24 1.83 0.10 Tyrosyl tRNA synthetase
ltie.107_109 -40.13 1.84 0.22 Erythrina trypsin inhibitor
2alp.86_88 -40.11 2.12 0.24 Alpha-lytic protease

B. CDRH1 All atoms minimized 2cdv.98_100 3.16 6.26 1.81 0.08 Cytochrome C3
3fab.L134_136 3.43 7.573 1.38 0.07 Antibody New
2ts 1.42_44 3.50 5.634 1.45 0.07 Tyrosyl tRNA synthetase
2tsl.255_257 4.79 6.652 1.86 0.11 Tyrosyl tRNA synthetase
lton.124_126 5.15 7.978 1.50 0.07 Tonin

Symbols have the same meanings as in Tables 5-7.
-, Not computed.

angle energy; data not shown) than the reference CDR or

loops with "reference-like" CDR geometry.

DISCUSSION

A database of loops

We created a database of loops to generate reasonable
backbone conformations by extracting loops from high-
resolution protein crystal structures. The aim was for the
database to contain loops displaying enough diversity in
their conformation. We believe that sufficient diversity is
achieved in our database because of the range of RMSD
values obtained in optimized loops (0.16- 8.12 A for heavy
atoms). Although our database does not encompass the

FIGURE 5 Stereo backbone atom superimposition of the lowest confor-
mational energy loop (2cpp.86_88, side-chain atom minimized, same color

coding as in Fig. 3) on the minimized reference CDRH1 of R45 (in black).
The RMSD values are, respectively, 0.12 A for atoms N, CA, C and 1.89
A for all heavy atoms, because of the Tyr333 (H33 in Kabat's numbering).

complete conformational space for each loop, it does reflect
conformational variation within a protein environment.
Our database was built to reflect the diversity of antibody

CDRs by generating subdatabases for each of them. We
increased the flexibility by dividing these subdatabases into
groups corresponding to the length of the segment to be
modeled. The conformation of loops in our database was not
restricted solely to CDRs, as would have occurred if loops
were extracted using a RMSD criterion (Tramontano and
Lesk, 1992). Additional advantages of our database as a
generator of loop conformations are that the process is
relatively fast, new loops are easy to add, it is not limited to
CA atoms, and there is no need to spend time on generating
loops when changing the antibody to be modeled.

Loops constituting our database came from a wide variety
of protein family topologies. Loops from antibody families
were generally the best candidates for modeling (discussed
below). However, in the case of CDRL2 and CDRL3, and
more significantly for CDRH1 and CDRH3, loops extracted
from nonantibody molecules were also found to be good
models, as shown by their low RMSD (< 1.5 A for all atoms
and <0.5 A for backbone atoms). This result is consistent
with the fact that CDR conformation can be found in non-
antibody-related molecules (Tramontano and Lesk, 1992).

Modeling side chains of a loop

The database of loops allowed us to generate a large diver-
sity of backbone conformations. To evaluate the stability of
each loop from the database, the original side chains were

replaced to match those of R45. Several more or less com-

plex techniques have been developed for modeling side-
chain conformations (Lee and Subbiah, 1991; Roitberg and
Elber, 1991; Tuffery et al., 1991; Desmet et al., 1992;
Dunbrack and Karplus, 1993; Eisenmenger et al., 1993;
Lasters and Desmet, 1993; Wilson et al., 1993; Koehl and
Delarue, 1994). In this study, we selected only a single
conformation for each side chain, based on the highest
probability of occurrence in the PDB according to rotamer
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TABLE 9 Five lowest conformational free energy loops for CDRH2

cGsof AGcgf RMSD RMSD
Loop* (kcal/mol) (kcal/mol) (A)# (A)' Origin of the loops

A. CDRH2 Side chains minimized R45 CDRH2 0 0 0 0 Antibody R45-45-11
2fbj.H52_H57 -3.08 0.79 0.21 Antibody J539
ltie.4_9 44.79 1.74 0.58 Erythrina trypsin inhibitor
lfnr.84_89 66.34 1.86 0.57 Ferredoxin reductase
4enl.12_17 84.20 1.97 0.59 Enolase
lfnr.122_127 108.55 2.21 0.65 Ferredoxin reductase

B. CDRH2 All atoms minimized 3grs.321_326 -4.47 9.16 1.43 0.96 Glutathione reductase
2fbj.H52_H57 -2.59 -3.39 1.06 0.20 Antibody J539
lfnr.122_127 -0.19 8.88 1.43 0.88 Ferredoxin reductase
lwsy.B557_B562 0.40 4.90 1.32 0.31 Tryptophan synthase
ltie.4_9 4.47 8.25 1.29 0.75 Erythrina trypsin inhibitor

Symbols have the same meanings as in Tables 5-7.
, Not computed.

library data (Tuffery et al., 1991). We used this strategy for
two reasons. First, a huge amount of computational time is
required to generate and evaluate the conformational free
energy of the 2187 (37) conformations for a seven-residue
loop (assuming only three rotamer values are selected per
side chain). Second, the high solvent exposure of CDR
loops results in fewer geometrical constraints than for bur-
ied side chains. Most side chains, even after extensive
minimization, kept their originally assigned rotamer dihe-
dral angle values. We emphasize that assigned rotamer
values were not necessarily similar to values in the refer-
ence R45 (Table 2). In addition, conformational changes
during antigen binding are commonly found, especially for
side chains (Bhat et al., 1990; Stanfield et al., 1990; Rini et

FIGURE 6 Stereo backbone atom superimposition of the four lowest
conformational energy loops in solution (3grs.321_326, 2fbj.H52_H57,
lfnr.122_127, lwsy.B557_B562, all-atom minimized) on the minimized
reference CDRH2 of R45 (in black). Darker gray loops have the lowest
RMSD, whereas the light gray loops have high RMSDs. The RMSD values
are, respectively, 0.96, 0.20, 0.88, 0.31 A for atoms N, CA, C. In Kabat's
numbering, 352 is H52 and 357 is H56.

al., 1992; Arevalo et al., 1993; Braden et al., 1996), meaning
that a realistic modeling of side chains can only be under-
taken during docking of the antigen with the antibody.
However, when a side chain of a particular residue in a CDR
is restricted to one rotamer in known antibody structures,
this value should be used as the starting guess.

What is a good loop?

The success of any predictive method relies on the ability to
predict the conformation of a loop similar to a reference one
(usually from x-ray crystal structure). The root mean square
deviation is commonly used to assess the similarity between
two conformations of a protein (Rao and Rossmann, 1973;
Cohen and Stemnberg, 1980; Remington and Matthews,
1980). Although the RMSD can distinguish two different
conformations, it is a more subjective criterion for recog-
nizing similar conformations (Maiorov and Crippen, 1994).
A recent study by Tramontano and Lesk (1992) shows that
CDRs from antibodies can model other antibody CDRs
within an average RMSD of 0.5 A for backbone atoms. This
implies that if a method can identify loops that had a RMSD
below 0.5 A, these loops are certainly the best ones to fit a
current model. In the present study we found that loops with
the lowest conformational free energy display a RMSD
lower than 0.5 A for backbone atoms and lower than 1.5 A
for all heavy atoms (although up to 2 A is consistently
observed for CDRH1 "reference-like" CDR geometry, be-
cause of a tyrosine side chain). Consequently, in this study
a loop was considered to be "reference-like" if its RMSD
value for backbone atoms was below 0.5 A and below 1.5 A
for all heavy atoms (-2 A for CDRH1).

What are the determinant parameters for a
"reference-like" CDR loop?

In this section we assess contributions that allow the dis-
crimination of correct from incorrect loops (only all-atom
minimized loops) and discuss the fact that loops extracted
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TABLE 10 Five lowest conformational free energy loops for CDRH3
AGsol ~~~~as RS

AGc°nf AGconf RMSD RMSD
Loop* (kcal/mol) (kcal/mol) (A)# (A)' Origin of the loop'

A. CDRH3 Side chains minimized R45 CDRH3 0 0 0 0 Antibody R45-45-11
lmvp.A74_A77 -7.33 1.11 0.33 Myeloblastosis viral protease
2cna.160_163 -5.30 1.10 0.19 Concanavalin A
3cd4.A132_A134 -5.16 0.46 0.17 CD4
lprc.C295_C298 -4.65 0.62 0.20 Photosynthetic reaction center
4mdh.A201_A204 -4.64 1.13 0.22 Malate dehydrogenase

B. CDRH3 All atoms minimized 4mdh.A256_A259 -13.95 3.49 2.34 0.69 Malate dehydrogenase
8acn.423_426 -5.33 3.44 2.45 0.65 Aconitase
3mcg.1128_1131 -5.33 10.77 6.47 0.48 Light chain dimer MCG
lfcb.A422_A425 -4.24 18.02 2.26 0.79 Flavocytochrome B2
4mdh.A27_A30 -4.23 17.42 2.15 0.88 Malate dehydrogenase

Symbols have the same meanings as in Tables 5-7.
-, Not computed.

from antibodies were always found to be the best candi-
dates. We want to emphasize that this section reports vari-
ous enthalpy contributions for loops that have been fully
minimized and that conclusions are drawn from a compar-
ative study between all such loops. A careful statistical
analysis was carried out for light chain CDRs; however,
conclusions reported in this section applied exactly to heavy
chain CDRs.

First, we found a strong correlation (r ' 0.95) between
AGg.af and the sum of internal bonded energy (Brunger,
1992), as well as between AGgosf and van der Waals energy
(r 0.90). This indicates that high energy loops have high
van der Waals energies as well as high internal bonded
energies. All of these loops have been extensively mini-
mized, with no bad contacts or clashes remaining. Conse-
quently, a higher van der Waals energy signified imperfect
packing rather than bad steric contacts. We checked all
loops for imperfect closure with the framework (internal
bonded energies). However, it is an intrinsic property of
current force fields that they minimize the total energy of a
system, so low energy conformations can be achieved in
different ways. In particular, we found that van der Waals
energies can be overminimized by sacrificing internal bond
energy, such as bond angle energies. Although a few loops
displayed some high bond angle energies (specially in
CDRL1), it was not the general trend and therefore could
not be responsible for the correlation observed between
AGgasf and the internal bonded energy. For instance,
CDRL3 showed no bad geometric closures (no deviation
around an average bond distance (<0.3 A), no deviation
around the average bond angle (<200), and no deviation
around the average improper angle (<300)), but displayed a
strong correlation between free energy and internal bonded
energy (r = 0.96). A dramatic example is seen with CDRH3
loops. Indeed, loops that have lower gas phase conforma-
tional energy than the reference R45 CDRH3 are found to
have a "reference-like" geometry. In contrast, the 10 loops
that have the lowest conformational energy in solution do
not display "reference-like" CDR geometry. We found that
these 10 conformations systematically have a covalent bond

angle energy that on average is 11 kcallmol higher (- 1356
kcalmol) than the reference (1345 kcal/mol). In the gas
phase these loops were ranked as low as 399 in the energy
scale. We conclude that the difference in energy among
loops comes from a concomitant effect of internal bonded
energy and packing (van der Waals energy). Second, why
were antibody loops found to be the best models? Without
exception, they have the lowest van der Waals energy as
well as the lowest internal bonded energies. We suggest that
antibody loops are the best candidates because their back-
bones pack better into the highly conserved FR compared
with a nonantibody loop. Because the orientation of side
chains was of minor importance, the most crucial interaction
appears to be between the backbone of a loop and the FR.
Because the FR is structurally conserved, we are not sur-
prised that loops coming from a similar environment (an-
other antibody) were found to dock better to the R45 frame-
work. Therefore local environment appears to be the
dominant factor in CDR modeling, because nonantibody
loops were found to be incapable of accurately modeling
long CDRs (.6 residues) in general. Although it may not be
surprising that CDRs are the best candidates for modeling
CDRs, our conformational free energy screening is highly
accurate, because no "false positives" were found (using gas
phase conformational energies). More interestingly, our en-
ergy screening discriminates correct from incorrect confor-
mation, even when all atoms of loops were minimized.

Conformational free energy analysis
Side chains versus all-atom optimization

Because the computational time required for minimizing
seven-residue loops is not negligible, it is fair to ask whether
side-chain optimization alone is sufficient during a large
screening of candidates. Nevertheless, we agree that com-
plete optimization is required at the ultimate stage of mod-
eling, to remove any bad intramolecular contacts. Accord-
ing to our results, the same loops were found to be correct
in both optimization methods (Tables 5-7, 9; compare side
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FIGURE 7 Conformational free energy in (A) gas phase and (B) solution
for all-atom minimized loops modeling CDRH3 plotted against backbone
atom RMSD from the minimized reference CDRH3. It is clear that solva-
tion free energy confuses the identification of "reference-like" conforma-
tions by lowering the total conformational energies from non-"reference-
like" loop conformation.

chain versus all-atom minimized loops). We found that the
best loops (RMSD < 1.5A) had a much lower free energy
than incorrect loops when only side chains were minimized
(Fig. 8). Such a separation in the energy makes it easier to
identify correct loops (Fig. 8 A). When all atoms of loops
are minimized, this gap in energy was reduced or disap-
peared (Fig. 8 B). Nevertheless, the lowest conformational
free energies (in the gas phase) always correlated with
"reference-like" CDR conformations. A second aspect of
this comparison should be considered: Does a complete
optimization improve the geometry toward the reference
structure? As shown in Tables 5-10 and Fig. 2, there is no
significant improvement when all atoms are minimized,

RMSD (A)

FIGURE 8 Conformational free energy in gas phase of loops modeling
CDRL3, where (A) only side-chain atoms or (B) all atoms were minimized
and plotted against heavy atoms RMSD from the minimized crystal struc-
ture. Fewer loops appear in B because only 47 loops are fully minimized
for CDRL3 (see text).

except for one loop in CDRL3. An extended minimization
(all atoms) led to a compaction on the conformational
energy scale, but did not improve loop conformations to-
ward the reference state (RMSD similar to that of only
side-chain minimization). Therefore a large and fast screen-

ing may not require full optimization of all loop atoms. A
complete minimization is therefore best carried out on a few
selected conformations at a latter stage.

Gas phase versus solution conformational free energy

An important question is: Does inclusion of the solvation
free energy improve the identification of correct loops?
Based on the results presented in Tables 5 B-10 B, the
conformational free energy in gas phase alone can be used
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to identify "reference-like" conformations. When only side
chains were minimized, the inclusion of solvation free en-
ergy (Vl CDRs) did not help distinguish candidates, because
of the very high free energy of such conformations. When
loops were completely optimized (all-atom minimization),
the solvation free energy sometimes allowed a more accu-
rate description of the near reference conformation (solution
conformational energies of loops are closer to the reference
CDR than gas phase conformational energies; Tables 5 B-9
B). However, for short loops (4-6 residues) solvation free
energies misled the identification of a "reference-like" CDR
geometry (Tables 9 B and 10 B). Therefore, it is clear that
a low solvation free energy is not correlated with a "refer-
ence-like" geometry. Moreover, during a fast screening test,
calculation of the solvation free energies for each loop is
computationally expensive. We suggest that solvation free
energies should only be calculated for the conformations
with the lowest range of gas phase energies.

CONCLUSIONS

In this paper we have developed a method for identifying
the "reference-like" conformation of loops when inserted
into an antibody framework. The stability of each loop was
assessed by calculating the conformational free energy dif-
ference between the model and the reference structure.
Results showed that the most stable loops (in the gas phase)
gave the best models (RMSD < 0.5 A for backbone atoms
and 1.5 A for all heavy atoms). Naturally, the most stable
loops exclusively originated from antibody molecules for
long CDRs (.7 residues), mainly due to local environment
effects. Whereas, for shorter CDRs ('6 residues), the PDB
contains enough redundant structures to encompass CDR
conformations for loops not originating from antibodies.
Our study reveals that extensive optimization (as opposed to
only side-chain minimization) did not improve the geometry
of the model toward the reference. We found that most of
the long loops (more than 6 residues) with the lowest
conformational free energy, with only side-chain optimiza-
tion, were also the lowest in all-atom minimization. The
inclusion of the solvation free energy in the evaluation of
loop stability is not required to identify "reference-like"
CDR geometry, even when loops are fully minimized. Fur-
ther developments will include a decomposition of solvation
free energy terms to understand, at the atomic level, the bias
of solution conformational energies toward "non-reference-
like" CDRs.
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