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ABSTRACT The structures of two species of
potato carboxypeptidase inhibitor with nonnative
disulfide bonds were determined by molecular dy-
namics simulations in explicit solvent using disul-
fide bond constraints that have been shown to work
for the native species. Ten structures were deter-
mined; five for scrambled A (disulfide bonds be-
tween Cys8-Cys27, Cys12-Cys18, and Cys24-Cys34)
and five for the scrambled C (disulfide bonds Cys8-
Cys24, Cysl12-Cys18, and Cys27-Cys34). The two
scrambled species were both more solvent exposed
than the native structure; the scrambled C species
was more solvent exposed and less compact than the
scrambled A species. Analysis of the loop regions
indicates that certain loops in scrambled C are more
nativelike than in scrambled A. These factors, com-
bined with the fact that scrambled C has one native
disulfide bond, may contribute to the observed faster
conversion to the native structure from scrambled C
than from scrambled A. Results from the PRO-
CHECK program using the standard parameter da-
tabase and a database specially constructed for
small, disulfide-rich proteins indicate that the 10
scrambled structures have correct stereochemistry.
Further, the results show that a characteristic fea-
ture of small, disulfide-rich proteins is that they
score poorly using the standard PROCHECK param-
eter database. Proteins 2000;40:482-493.
© 2000 Wiley-Liss, Inc.
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INTRODUCTION

The prediction of protein structure from the sequence is
currently a subject of intense interest.? Because there are
many proteins where the disulfide pairing is known prior
to a structure determination, a possible approach is to use
this information in a molecular dynamics simulation. In a
previous study,® it was shown that refolding PCI by
molecular dynamics simulations which incorporate infor-
mation pertaining to the disulfide pairing resulted in
structures that were within an rmsd of 1.8-2.9 A of the
native back-bone structure.

© 2000 WILEY-LISS, INC.

Scrambled species of cystine-containing proteins, e.g.,
species that contain at least two nonnative disulfide bonds,
have been observed during folding of a number of proteins,
including ribonuclease,*~¢ hirudin,” PCI,® and cardiotoxin
analogue II1.° PCI is a 39 amino-acid protein that contains
three disulfide bonds (see Fig. 1) and plays a role in the
defense mechanism of plants.'® In addition, by a topologi-
cal analysis where disulfide bonding patterns were super-
imposed,’* as well as by binding and cell-proliferation
experiments,'? it was shown that PCI is a structure-based
antagonist of EGF and other related growth factors. The
experimental studies of disulfide folding pathways of PCI®
have shown that the reduced and denatured protein
refolds spontaneously in vitro. Stop/go folding experiments
of acid-trapped intermediates and structural analysis with
MALDI mass spectrometry showed that the disulfide
pathway has three stages: an initial stage of nonspecific
disulfide formation (packing), a second stage with disulfide
reshuffling of packed intermediates (consolidation), and a
third stage which refines and consolidates the scrambled
species to the native conformation. Significant populations
of five trapped intermediates have been found.® The
disulfide pairing of two of these species has been eluci-
dated (S. Pavia, personal communication). Species A does
not contain any nativelike pairing; the native pairing is
Cys8-Cys24, Cys12-Cys27, and Cys18—Cys34 and species
A has disulfide bonds Cys8—Cys27, Cys12-Cys18, and
Cys24-Cys34. Species C contains one native disulfide
bond (disulfide bonds Cys8—-Cys24, Cysl12-Cys18, and
Cys27—Cys34). Structural characterization of the
scrambled species can help in elucidating the pathway(s)
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Fig. 1. Aribbon representation of the PCI crystal
structure (pdb4cpa.ent)** highlighting the 3,10 helix
and the disulfide bonds between the cysteine resi-
dues. Protein regions: loopl from Cys 8 to Cys12,
3,10 helix from Cys12 to Cys18, loop2 from Cys18 to
Cys24, and loop3 from Cys27 to Cys34. Figure
generated using the MOLSCRIPT program.**

of PCI folding, as well as in determining the role of
disulfide bonds in stabilization. Such knowledge can aid in
the design and stabilization of related proteins. Since
many of these proteins have important biological func-
tions, (for example, hormones, growth factors, neuropep-
tides, venoms), the understanding is also of biotechnologi-
cal interest. Determining the structural properties of
scrambled species by experiment can be difficult. Recently,
the three-dimensional structure of the native isomer and
two scrambled isomers of the a-Conotoxin protein'® have
been determined. However, for the PCI species, the studies
have been hindered by lack of a well-resolved NMR
spectrum, although the work is still in progress. With this
perspective, computer simulations have an important role
in the characterization of the structural properties of
scrambled species.

MATERIALS AND METHODS

The procedure used to generate a partially unfolded PCI
has been described in detail elsewhere®; only a brief
summary is given here. The starting structure of PCI was
taken from the crystal structure of PCI complexed with
carboxypeptidase A.'* A sphere of TIP3P'*16 water with a
radius of 37 A was used to solvate the protein. High-
temperature stochastic boundary molecular dynamics
simulations'”'® were used to denature PCI after the
disulfide bonds had been reduced. The CHARMM program
was used for all calculations.?® After the partial unfolding
of PCI, the simulation was allowed to continue at high
temperature. During the high-temperature simulation,
the distances between the Ca atoms and the sulfur atoms
of the Cys residues were calculated; when the distances
between two of the three nonnative pairs for the scrambled
A species or the scrambled C species were less than 10 A
the structure was used as a starting structure for refold-
ing. Close Ca -Ca and S-S pairing corresponding to the
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scrambled A species was found at 343ps, 456ps, 550ps,
620ps, and 725ps, and for the scrambled C species at
343ps, 355ps, 550ps, 620ps, and 725ps (see Table I). The
protocol for the folding simulations is the same as that
described in Marti-Renom et al.;® the only difference is
that the S-S restraints were placed between the nonnative
disulfide pairs rather than the native pairs as in the
previous work.

NOE-type restraints®® (Brooks BR, unpublished obser-
vations) were introduced between specific pairs of Cys
sulfur atoms with an equilibrium distance equal to the
current distance between the two cysteine sulfur atoms.
Restrained molecular dynamics were run at 600K, in
intervals of 10ps. Every 10ps, the restraint distances
were reduced, thus slowly pulling the Cys groups to-
gether. When the Sy-Sy atom distances were less than
or equal to 2.85 A, disulfide bonds were introduced
(Table II). After equilibrating for 25ps at 600K, the
systems were cooled from 600K to 300K over 10ps, and
the simulations were continued for 200ps at 300K. In all
of the simulations, a time of step of 2fs was used and the
temperature was controlled by a Langevin bath'® ap-
plied to the water oxygen atoms that were in the outer 3
A stochastic boundary. Ten folding simulations were
then done using the selected structures as starting
points. These simulations are referred to as scA343,
scA456, scA550, scA620, and scA725 for the A species
and scC343, scC355, scC550, scC620, and scC725 for the
C species (Table I). The simulations are designated by
the letters scA or scC corresponding to the scrambled A
or C species, respectively, and by a number correspond-
ing to the time of the starting structure. The present
approach is similar in spirit to the Targeted Molecular
Dynamics method?? and the Biased Molecular Dynamics
method;22 the main difference is that the current method
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TABLE I. Simulations Performed

Started form Temperature Disulfide Total time
Control at 300K (N300)* Crystal Structure 300K Yes 500ps
No disulfide bonds at 600K (ND600)* Heating from 210ps structure of N300 600K No 910ps
Scrambled A at 300K (scA343) Cooling from 343ps structure of ND600 300K Yes 200ps
Scrambled A at 300K (scA456) Cooling from 456ps structure of ND600 300K Yes 200ps
Scrambled A at 300K (scA550) Cooling from 550ps structure of ND600 300K Yes 200ps
Scrambled A at 300K (scA620) Cooling from 620ps structure of ND600 300K Yes 200ps
Scrambled A at 300K (scA725) Cooling from 725ps structure of ND600 300K Yes 200ps
Scrambled C at 300K (scC343) Cooling from 343ps structure of ND600 300K Yes 200ps
Scrambled C at 300K (scC355) Cooling from 355ps structure of ND600 300K Yes 200ps
Scrambled C at 300K (scC550) Cooling from 550ps structure of ND600 300K Yes 200ps
Scrambled C at 300K (scC620) Cooling from 620ps structure of ND600 300K Yes 200ps
Scrambled C at 300K (scC725) Cooling from 725ps structure of ND600 300K Yes 200ps

aSimulations reported in Marti-Renom et al.?

TABLE II. Distances Between Ca and Sulfur Atoms.’ All Distances are in A

Before NOE applied After NOE applied
Simulation Disulfide Bridges Ca atom Sulfur atom Ca atom Sulfur atom

scA343 Cys8--Cys27 10.1 135 7.7 2.8
Cys12--Cys18 43 55 5.9 2.8

Cys24--Cys34 5.7 4.3 8.1 2.9

scA456 Cys8--Cys27 12.2 12.0 7.8 2.8
Cys12--Cys18 46 4.1 6.1 2.8

Cys24--Cys34 5.9 3.8 7.2 2.9

scA550 Cys8--Cys27 16.2 17.6 8.3 2.9
Cys12--Cys18 6.5 4.7 6.5 2.8

Cys24--Cys34 9.9 8.9 7.4 2.8

scA620 Cys8--Cys27 14.1 17.0 84 2.8
Cys12--Cys18 5.8 9.6 52 2.9

Cys24--Cys34 114 9.6 6.3 2.8

scAT725 Cys8--Cys27 14.5 14.0 82 2.8
Cys12--Cys18 7.3 74 5.6 2.8

Cys24--Cys34 7.3 4.0 5.7 2.8

scC343 Cys8--Cys24 6.9 5.1 6.0 2.8
Cys12--Cys18 43 55 54 2.8

Cys27--Cys34 4.0 72 3.9 2.8

scC355 Cys8--Cys24 10.0 94 82 2.8
Cys12--Cys18 5.6 53 7.5 2.7

Cys27--Cys34 45 85 4.3 2.7

scC550 Cys8--Cys24 9.9 10.2 7.5 2.8
Cys12--Cys18 6.5 4.7 5.9 2.9

Cys27--Cys34 8.9 9.0 52 2.7

sc¢C620 Cys8--Cys24 9.6 11.0 7.6 2.8
Cys12--Cys18 5.8 9.6 6.1 2.8

Cys27--Cys34 7.8 6.4 5.3 2.8

scC725 Cys8--Cys24 12.1 11.7 7.5 2.9
Cys12--Cys18 7.3 74 5.8 2.8

Cys27--Cys34 8.0 9.3 5.3 2.8

"Distances between C_ range from 4.6-7.4 A in known protein structures.*?

uses very few restraints since the target structure is not
known.

After construction and equilibration of the scrambled A
and C species, the stereochemical quality of the protein
structures was checked using PROCHECK program.?* The
aim of PROCHECK is to assess both the overall stereochemi-
cal quality of a given protein structure, as compared with
well-refined structures, and to give an indication of its local,
residue-by-reside reliability. A second database consisting of

only small, disulfide-rich proteins was also assembled and
used to check the scrambled species. This new database
contains 15 different proteins, some NMR structures, and
some X-ray crystal. Individual NMR structures, rather than
just the average NMR structures, were used to improve the
statistics in the database. Few main-chain bond length and
angles have significant deviations from original PROCHECK
average values. The stereochemical parameters and addi-
tional details are presented in Appendix A.
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TABLE III. Properties of the PCI Simulations. The RMSD, RMSF and the Radius of Gyration
Are Reported in A, the SASA Is Reported in A%

Property N300f scA343 scA456  scA550  scA620  scA725  scC343 scC355  scC550  scC620  scC725
Backbone RMSD? 0.00 2.08 2.34 3.46 3.38 3.99 191 1.74 241 2.73 3.58
Backbone RMSF? 0.99 0.88 1.28 1.56 149 1.09 1.06 1.00 1.30 121 1.16
Radius of gyration® 8.96 9.03 9.11 9.32 8.52 9.32 8.96 9.16 9.60 9.40 9.15
SASA? (2079.8° 2614 390.8 4.0 193.1 3775 338.8 301.0 479.6 551.0 335.3

2The backbone atoms RMS deviation from the N300 average structure for core residues (8Cys-34Cys) averaged over the last 50ps; the RMSD for

N300 relative to the crystal structure is 1.69A.

*The backbone atoms RMS fluctuation about the average structure for last 50ps.
“The radius of gyration for core residues (8Cys-34Cys) averaged over the last 50ps.
dSolvent accessible surface area (SASA) for core residues (8Cys-34Cys) averaged over the last 50ps relative to the N300 average structure value.

°Original N300 average structure values of SASA.
fResults reported in Marti-Renom et al.®

To further evaluate the refolded scrambled struc-
tures, two different solvation models for proteins were
used; comparisons were made to results obtained for the
crystal structure of native PCI, the NMR structure of
PCI, as well as for the refolded structures of native PCI
generated in the previous study.?® In the first approach,
the Verify 3D model of Liithy et al.2®> was used. This
empirical solvation model for proteins assumes that the
total solvation free energy is a sum of contributions from
the constituent groups of the protein; internal energy
terms are not accounted for in this model. The second
approach to the characterization of PCI and its scrambled
species used an effective energy function based on the
CHARMM polar hydrogen force field*® combined with a
solvent exclusion model for the solvation free en-
ergy.?627 In this model (EEF1), the internal energy
components are considered as well as the nonbonded
terms. The inclusion of internal terms was shown to be
important in the previous study of native PCI, where a
grossly misfolded structure obtained a good score within
the model of Liithy et al.?® but was picked out by the
EEF1 model as being a poor structure. Such compari-
sons were shown in our previous article® to be able to
discriminate between the experimental PCI structure
and the refolded structures.

RESULTS
Structures A and C; Stability and Convergence

The overall properties of the various simulations are
given in Table III. In all 10 simulations, the RMSF of the
protein is under 1.6 A indicating that the structures have
reached an structural equilibrium during the final 50ps.
The RMSD time series of the individual scrambled struc-
tures with respect to their average structure is given in
Figure 2. In all cases except one, the RMSD values are
stable during the 200ps simulation at 300K; only simula-
tion scA725 has a drop in the RMSD from 2.4 A-1.7 A near
the end of the trajectory. All ten structures are more
solvent-exposed with an increase of SASA from 0.2—
26.5%, and all structures but one (scA620) have a larger
radius of gyration than the average simulation structure of
native PCI (N300) (on average, 2.62% larger for the
scrambled A species and 3.28% larger for the scrambled C

species). The scA structures tend to have lower values for
the SASA than the scC structures.

Comparison of A and C With the Native Structure

Figure 3 shows the average N300 structure and the
individual structures for all scrambled species A and C,
as well as their average structure (scA and scC, respec-
tively). The differences between the three average struc-
tures can be explained by the different disulfide pairing.
Loop 1 of the scA structure (see legend in Fig. 1 for
region definitions) is in the interior of the protein due to
the disulfide bond between Cys8 and Cys27. The 3,10
helix region has moved with respect to its position in the
N300 structure because of the lack of the disulfide bond
between Cys12 and Cys27, which is present in the native
conformation. The disulfide bond between Cys24 and
Cys34 maintains the C-terminus in the native orienta-
tion. This is not the case for the average structure scC,
which has a disulfide bond between Cys34 and Cys27.
Loop 3 has considerable mobility and there is consider-
able diversity in the orientation of the C-terminal end.
Another characteristic of the scC structure is the lack of
a disulfide bond in the left part of the protein (as in the
orientation of Fig. 3). This allows mobility between the
helix 3,10 region and loop 3.

Table IV shows the back-bone RMSD matrix for the
three native structures (X-ray, NMR, N300) and all the
scrambled species. All the RMSD values are calculated for
the core of the protein, Cys8— Cys34. Starting structures
from 343ps, 550ps, 620ps, and 725ps were used to con-
struct both scA and scC species. The RMSD between the
two structures that were folded from the same structure
(i.e., scA343 and scC343; scA550 and scC550; scA620 and
scC620; scA725 and scC725) ranges from 1.53 A-3.55 A.
Along the diagonal of Table IV are the RMSD values
between a particular scrambled species and the starting
structure from which it was folded. These results indicate
that the application of a specific pair of NOE constraints is
important in determining the final structures. In the
family of scA structures, the average RMSD of the indi-
vidual structures from the overall mean structure is 1.8 A
and the standard deviation is 0.3 A in the family of scC
structures, the corresponding values are 1.6 A and 0.5 A,
respectively. The RMSD between the average scA struc-
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Fig. 2. RMSD as a function of time during the construction of the scrambled species. a: RMSD of the five

different scrambled A structures from the scA structure. b: RMSD of the five scrambled C structures from the

scC structure.

ture and the native structures are 2.8 A, 3.0 A, and 2.6 A
for the crystal structure, the NMR structure, and the N300
simulation structure, respectively; between the scC aver-
age structure and the native structures, the RMSD values
are 2.6 A, 2.8 A, and 2.0 A for the crystal, NMR, and N300
simulation structure, respectively. These results indicate
that the scC structure is more nativelike than the scA
structure, although there is a greater variation in the
RMSD values in the scC family of structures than in the
family of scA structures.

The loop regions of PCI are an important structural
element of the protein.? PCI contains three loop regions
delimited by Cys8 and Cys12 (loop 1), by Cys18 and Cys24
(loop 2), and by Cys27 and Cys34 (loop 3); the 3,10 helix
region of the native protein is between Cy12 and Cys18.
The rms differences between the loop regions in the
scrambled species and the native structure were calcu-
lated. Deviations in the loop regions can arise for two
reasons: one, the loop may have the correct internal
structure but the orientation may differ, or, two, the
internal structure of the loop may be distorted. To look at

these two contributions, the rms deviations were calcu-
lated in two ways: in the first, the back-bone atoms of the
crystal structure and “second” structure were superim-
posed and the rms deviations of the different loop regions
and the helix were calculated; this gives a measure of the
deviations arising from differences in global orientation.
In the second calculation, the different loop and helix
regions were superimposed separately and the rms devia-
tions were calculated; this gives a measure of the internal
structural distortion. The results for the three loop regions
and for the 3,10 helix are given in Table V. It is evident
that there are significant overall as well as internal
deviations relative to the native structure. In the scrambled
A species, loops 1 and 2 differ both globally and internally
relative to the crystal structure. In the scrambled C
species, the differences appear to be due more to the global
orientation than to the internal loop structure. For ex-
ample, for the scrambled C species, many of the structures
have an internal rmsd for loop 1 and loop 2 of about 1 A or
less. The overall rmsd is generally 4 A or greater. In both
the scrambled A and C species, the internal rmsd for the
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N300 average structure
Cys8-Cys24, Cys12-Cys27, Cys18-Cys34

Scrambled A
Cys8-Cys27, Cys12-Cys18, Cys24-Cys34

Scrambled C
Cys8-Cys24, Cys12-Cys18, Cys27-Cys34

Fig. 3. A ribbon representation of the average structures for the N300 simulation and the average
structures for the scrambled A and C species. The individual scrambled species are shown superimposed on

the corresponding average structure.

3,10 helix region and loop 3 are about the same. Relative to
the native structure, the scC has more nativelike structure
in loops 1 and 2 than does the scA species.

PROCHECK Analysis

The stereochemical quality of the crystal structure and
the structures from the simulations was checked using the
PROCHECK program;?* the results are presented in the
Table VI. For part of the analysis, a database of structural
parameters determined from small, disulfide-rich proteins
was used.

The first part of Table VIA gives the distribution of ¢,s
angles in the different regions of the Ramachandran plot.
The definitions of the different regions, i.e., core, allowed,
generous, and disallowed, were the ones defined in the
standard PROCHECK program (version 3.3.2), which

were determined from an analysis of high-resolution pro-
tein structures in the Protein Databank.?®2° For the
native PCI structures, the percent of ¢,y angles found in
the core and allowed regions range from 50—60% and from
33.3-36.7%, respectively. Of the native structures, the
crystal structure has the lowest percent in the core and the
highest in the allowed and generous regions, while the
simulation structure (N300) has the highest percent in the
core and zero percent in the disallowed region. In the
crystal structure, Trp22 is in a disallowed region and Ala4,
Ala31, and Arg32 are in the generous region. During the
simulation, the dihedral angles of these residues move into
more acceptable regions of the Ramachandran plot. The
NMR structure also has three residues in less acceptable
regions of the Ramachandran plot (Cys8 and Trp28 are in
the disallowed region and Asn9 is in the generous region).
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TABLE IV. Matrix Table for RMSD Between Control Structures and Scrambled Structures’

RMSD Xray NMR N300* scA343 scA456 scA550  scA620  scA725  scC343  scC355  scC550  scC620  scCT725
Xray 000 116 1.69 2.31 2.70 343 3.86 4.16 2.48 2.32 3.24 3.36 3.84
NMR 1.16 0.00 176 2.39 2.76 3.77 3.81 4.40 2.65 2.58 3.26 3.51 4.07
N300 169 176 0.00 2.08 2.34 3.46 3.38 3.99 191 1.74 241 2.73 3.58
scA343 248 258 1.89 1.62 140 2.99 3.27 3.87 1.53 1.77 2.46 2.46 3.78
scA456 3.10 339 2.76 1.97 2.12 2.61 2.57 3.36 1.88 1.50 2.10 2.00 3.26
scA550 398 414 357 3.26 3.05 3.42 2.75 2.34 3.14 2.84 3.55 3.19 3.02
scA620 475 488 4.43 4.25 3.81 2.92 3.48 2.49 3.08 2.68 3.12 2.57 2.55
scA725 364 389 353 3.27 2.92 2.77 2.80 3.24 3.65 3.44 4.15 3.58 1.84
scC343 248 258 1.89 0.00 1.97 3.26 4.25 3.27 1.52 1.88 2.33 2.01 3.32
scC355 284 277 218 147 2.30 3.36 4.69 3.74 1.47 1.86 1.91 1.73 2.95
scCh50 398 414 357 3.26 3.05 0.00 2.92 2.77 3.26 3.36 3.25 1.89 3.63
scC620 4.75 4.88 4.43 4.25 3.81 2.92 0.00 2.80 4.25 4.69 2.92 2.65 3.12
scC725 364 389 3.53 3.27 2.92 2.77 2.80 0.00 3.27 3.74 2.77 2.80 3.23

"Values for RMSD (in A) between average structures from last 50ps (upper-right diagonal) and starting structures for the refolding simulations
(lower-left diagonal). Open box contains the RMSD values between the different A species and the shaded box contains the RMSD values between

the different scrambled C structures.
@Results reported in Marti-Renom et al.?

TABLE V. Regional RMSD Between the Crystal Structure and the NMR, N300,

and Refolded Structures’

Structure Backbone Loop 1 Helix 3-10 Loop 2 Loop 3
NMR 1.7 0.7 04 1.1 04 1.7 13 1.0 05
N300 2.0 1.1 03 19 11 1.5 0.7 21 12
scA343 3.6 20 14 39 18 25 15 25 0.8
scA456 44 23 14 51 16 35 12 3.0 09
scA550 43 35 16 54 18 24 16 36 12
scA620 49 43 1.7 61 17 49 25 28 14
scA725 7.8 80 15 82 15 6.3 20 5.7 1.0
<scA> 4.3 38 16 42 16 42 15 1.8 0.7
scC343 49 40 1.0 46 18 50 12 2.8 0.7
scC355 5.0 42 0.7 50 14 53 08 28 10
scC550 51 42 06 54 17 46 15 43 1.1
scC620 5.9 64 12 55 16 66 14 38 12
scC725 4.2 34 1.7 55 12 29 18 26 16
<scC> 4.2 41 10 47 14 45 1.0 24 09

“For the loop and helix entries, the first value is the RMSD after reorientation of the entire backbone to the
crystal structure; the second entry is after reorientation of the specific region to the crystal structure.

In the scrambled species, the percent of dihedrals found in
the core region of the Ramachandran plot is about the
same as for the native structures, with the exception of
structures scC343 and scC550 which have a higher percent-
age (<60%) and scC725 which has a lower percentage
(43.3%). Except for scC725, none of the scrambled species
have ¢, angles in the disallowed region.

The stereochemical quality index®° classifies three pa-
rameters: the &, distribution, pooled x 1 standard devia-
tions, and hydrogen bond donor energies. Four classes,
denoted as 1-4, are defined using statistical data for each
parameter. The highest quality in each category is as-
signed an integer value of 1. Although this classification is
most often used to determine the quality of the structure,
it is employed here to determine if there are significant
differences between the native PCI structure and the
scrambled species. In this analysis, the database of param-
eters from the small disulfide-rich (SDR) proteins is also
employed. The results for stereochemical quality index are
presented in second part of Table VIA. In both databases,

the crystal and NMR structures give quality indexes
between 3 and 4 for all categories. The native simulation
structure (N300) has a better quality index than the
experimental structures for the x 1 distribution in both
databases. These results show that the x 1 distribution
improves upon simulation. The hydrogen bond energy
index improves for the simulation structures in the SDR
protein database.

The Morris scores for the proteins that make up the SDR
protein database are given in Table VIB; for an NMR
structure where a family of structures was available from
the Protein Databank,?®?° the scores for the individual
structures were calculated and averaged to give a single
score for the protein. Of the 14 structures, only four had a
&, distribution score below 3; of the remaining 10 struc-
tures, five had scores in the range 3-3.5 and five structures
had scores between 3.5 and 4. A score of 4 means that less
than 55% of the ¢, angles fall in the core region of the
Ramachandran plot. This is to be compared with the ¢,
distribution score of the scA and scC structures from
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TABLE VIB. Morris Classification for Disulfide Proteins in

Scrambled Structures of PCI the SDR Protein Database
Ramachandran o, W
Plot (%) PDBID  #Structures  Distrib  x; St. Dev.  HB Energy
Core Allow Generous Disallowed 1lcco 24 2.7 2.5 24
X-Ray 50.0 36.7 10.0 3.3 lixa 1 4.0 2.0 3.0
NMR 56.7 33.3 3.3 6.7 Lkal 10 3.0 L7 3.0
N300 60.0 33.3 6.7 0.0 Imet 1 L0 10 3.0
A343 56.7 40.0 3.3 0.0 Lomb 1 3.0 40 3.0
A456 50.0 40.0 10.0 0.0 lome 21 22 13 2.2
A550 53.3 40.0 6.7 0.0 lomn 15 33 36 2.9
A620 53.3 36.7 10.0 0.0 Lteg 1 4.0 4.0 3.0
AT725 50.0 36.7 133 0.0 ltch 1 4.0 4.0 3.0
(343 66.7 30.0 33 0.0 1tcj 10 3.8 4.0 34
C355 56.7 40.0 3.3 0.0 Ltck 10 34 3.8 2.6
C550 63.3 33.3 3.3 0.0 2tgf 1 4.0 2.0 2.0
€620 50.0 40.0 10.0 0.0 3cti 6 L5 13 18
C725 433 433 10.0 3.3 3egf 16 3.3 36 2.3
Stereochemical quality index
Original database SDR* protein database the scores of the scrambled structures from the simula-
6,¥  x,St. HB 6,¥  x,St. HB tions. The comparisons indicate that even for the experi-
Distrib. Dev. Energy Distrib. Dev. Energy  mental structures that make up the SDR database, the ¢,
X-Ray 4 4 4 4 4 4 distribution can be such that a large proportion fall outside
NMR 3 3 3 3 3 3 the core regions of the Ramachandran plot. This is likely to
N300 3 1 3 3 1 2 be characteristic of this class of protein due to the highly
A343 B 1 4 3 1 3 constrained nature of the protein resulting from the
A456 4 2 3 4 2 2 disulfide bonds. This characteristic behavior is to be
A550 4 1 2 4 1 1 . .. ..
A620 4 1 4 4 1 3 comparec'l with the vast majority of prot(.elns in the data-
A725 4 9 3 4 9 3 bas'e, VVS};lCh have 65% or more of the residues in the core
(343 2 1 2 2 1 2 region.
C355 3 1 4 3 1 2 The G-factors, which characterize the covalent geom-
C550 3 1 3 3 1 2 etry, provide a measure of the deviation of the dihedral
C620 4 1 4 4 1 3 angles and bond lengths from the average values derived
C725 4 1 4 4 1 3 from an analysis®! of small molecules in the Cambridge
G Factors Structural Database;>? these results are given in the last
Dihedrals Covalent Overall part of Table VIA. A low G factor }I}dlcates that the
property corresponds to a low probability structure. For
X-Ray —L1 —3.6 —20 the dihedral angles, the results are consistent with the
NMR —07 —23 -13 previous analysis, in that, for the most part, there is little
N300 -0.8 —-2.6 -1.6 diffe bet th t truct dth bled
A343 08 07 07 ifference between the native structures and the scramble
A456 0.9 1.9 11 structures. For the covalent character, the crystal struc-
AB550 -1.0 ~30 —90 ture has a worse score than the NMR or native simulation
AB20 —09 -923 -1.6 structures. There is a noticeable improvement in the
AT725 -1.1 -16 -14 covalent score upon simulation for most of the scrambled
C343 -0.7 -0.9 -0.8 structures, except for scC550. The general improvement is
C355 —-0.6 —-0.8 —-0.7 to be expected since many of the bond and angle parame-
C550 —0.7 —-38 21 ters in the CHARMM force field were derived from small
€620 —0.7 27 -16 molecule compounds.?® However, there is no significant
C725 -1.0 -1.7 -13

*Small Disulfide-Rich.

simulation; almost all of the scrambled structures fall in
the range between 3 and 4. For the x 1 standard deviation
score, seven of the database proteins had average standard
deviations greater than 3.5 and the rest had scores of 2.5 or
less. The simulation structures all had scores between 1
and 2. For the hydrogen bond energy, all but one structure
(1tcj) had scores of 3.0 or below. This compares well with

difference between the scrambled species and the native
species in terms of G-factors.

Empirical Solvation Model

In recent years, numerous models have been developed
for evaluating protein structures and to discriminate
between native conformations and compact nonnative
ones in proteins; these include empirical solvation mod-
els, 2534737 contact potentials,>®3° and an effective energy
function (EEF1) based on a model for the solvation free
energy.*® These models appear to discriminate between
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TABLE VII. Scores From the Model of Liithy et al.* Only
the Core Residues, From 11 to 27 Are Included in the
Summation. Scores Obtained for the Refolded
Structures of Marti-Renom et al.” Are Given

Scores Scores

X-ray 7.48

NMR 7.64

N300 5.75

Scrambled A and C Refolded Native PCI
scA343 4.22 A319 2.12
scA456 3.43 A358 2.86
scA550 2.51 A474 3.16
scA620 4.99 Ab540 4.79
scA725 3.42 AT725 4.71
scC343 3.23 A820 4.56
scC355 2.71 B358 4.85
s¢C550 3.27 C474 4.81
s¢C620 0.34 D810 3.66
scC725 4.76 Misfolded 6.12

aLiithy et al.?®
"Marti-Renom et al.?

grossly misfolded proteins generated by threading meth-
ods and the native conformation. In the earlier work® we
tested the empirical solvation models of Liithy et al.?® and
of Koehl and Delarue®® and the EEF1 model.** We found
that the three models appear to discriminate between the
native experimental structures and the structures re-
folded by molecular dynamics simulations. However, in
some cases the empirical solvation models gave good
scores to grossly misfolded structures that contained high
internal energies; the EEF1 model discriminated between
the grossly misfolded structures and the near native
structures. The approach taken in the previous work as
well as in the present study is to apply several of these
methods. In the present study, the model of Liithy et al.?®
was used to generate 3-D profiles of the various structures.
The residue-by-residue scores are determined using a
21-residue sliding window, so the scores for the first
several and last several residue have little or no meaning.
The Verify 3D program is accessible from the website site
www.doe-mbi.ucla.edu/Services/Verify3D.html. Total scores
were calculated by summing over the residue scores of the
protein core (residues 11-27). The results for the crystal
structure, the NMR structure, the average structure from
the native protein simulation (N300 in Marti-Renom et
al.,®) the scrambled structure determined in the present
work, and the refolded structures obtained in the previous
work? are given in Table VII. As in the previous work, the
crystal structure and the mean NMR structure give the
highest scores; the NMR structure scores better than the
crystal structure, even though the profiles are based on
X-ray structures. The average structure of the native
protein (N300) has a score which is worse than the two
experimental structures. The scrambled structures show
similar scores, except for scC620 which has a very low
score. Several of the scrambled species score less well than
the native refolded structures, but otherwise there are no
significant differences between the native structures and

M.A. MART{-RENOM ET AL.

the scrambled structures. This is perhaps related to the
fact that this structure has the largest SASA relative to
the other scrambled species. The refolded native struc-
tures from the previous study also score less well than the
experimental structures.

The EEF1 is based on the CHARMM polar hydrogen
force field'® combined with a Gaussian solvent exclusion
model for the solvation free energy.?%2? In this model, the
internal energy components are considered as well as the
nonbonded terms. EEF1 has been used recently to distin-
guish well-constructed decoys (some within 1-2 A from the
native structure) from native proteins.*® The present
structures were energy-minimized for 300 steps using the
ABNR routine in the CHARMM program, and the energies
were calculated for the entire protein and for the core. The
results are given in Table VIII. The native structures, as in
the model of Liithy et al.,?® all give better energies than
the nonnative scrambled species, and the core energies
follow a trend similar to that of the entire protein. In
contrast to the results with the pure solvation models
described above, the EEFI model separates structure
scA620 from the rest. The energy of this scrambled A
species is significantly higher than that of the others due
to a high internal energy. Graphical examination of this
structure shows that during the refolding of the scA620
structure, the Cys8—-Cys27 disulfide bond goes through the
Pro 10 ring and yields a very high internal bond energy.

Recently, the structures of three disulfide-bonded
isomers of a-conotoxin GI, a 13-residue, three—disulfide-
bond protein, were determined by 'H NMR spectros-
copy; one isomer had the native disulfide pairing and the
other two were scrambled species.'® The energies for
each member of the family of structures of the native
isomer (XGA, 35 structures) and its scrambled isomers
(XGB, 24 structures and XGC, 25 structures) were
calculated using the EEF1 model after 300 steps of
energy minimization. The average rmsd from the initial
structures was 0.56 A, 0.71 A, and 0.81 A for the XGA,
XGB, and XGC structures, respectively. In this case,
where only experimental structures are used, the aver-
age energy of the native structures (—359.8 kcal/mole)
was lower than the average energies of the two scrambled
isomers, —354.3 kcal/mole and —346.3 kcal/mole for
XGB and XGC isomers, respectively. If an average
structure was first calculated and then energy-mini-
mized using the EEF1 model, the native structure still
had a lower energy (—339.5 kcal/mole) than the mean
XGB structure (—336.5 kcal/mole) and the mean XGC
structure (—331.7 kcal/mole). The rmsd between the
minimized mean structures and the initial structures
was 1.59 A, 1.52 A, and 3.25 A for the XGA, XGB, and
XGC structures, respectively. Tables of the energies for
the individual structures are given in Appendix B. Due
to the short chain-length of this protein (13 residues),
the Verify 3D model was not used. In comparison with
the results for PCI and its scrambled isomers, a similar
trend is observed: the native structure has a lower EEF1
energy than either of the two scrambled species.
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TABLE VIIL. The Total Energy and Energy Components Calculated Using the EEF17 Model. Energies Are in kcal/mole

Total Energy Internal van der Waals Electrostatic Solvent

Total Core Total Core Total Core Total Core Total Core
X-ray —992.6 —783.8 140.6 109.8 -194.0 —118.8 —550.9 —393.8 —388.3 —381.1
NMR —-1034.4 —824.7 148.3 105.9 —206.4 -1294 —608.9 —425.1 -367.4 -376
N300 —-972.0 —755.5 125.3 94.4 —200.7 —-125.0 —497.3 —342.4 —-399.4 —382.5
scA343 —948.7 —754.8 126.7 91.1 —-1714 -122.0 —486.9 —342.8 —417.0 —381.1
scA456 -910.1 -715.4 143.2 107.3 —152.8 -114.6 —467.6 -320.9 —432.8 —387.2
scA550 —929.5 —724.2 1525 117.7 —-175.1 —105.8 —488.6 —346.8 —418.2 —389.2
scA620 615.9 815.2 1136.4 1101.2 348.3 394.1 —440.0 —298.9 —428.7 —381.2
scA725 -937.0 —7455 128.1 88.7 -1514 -1015 —481.3 —338.7 -4325 -393.9
scC343 —944.5 —746.8 124.1 87.9 —169.5 —1184 —475.5 —328.3 —423.6 —388.1
scC355 —932.7 —734.6 125.8 91.8 -161.6 -1204 —461.6 -318.1 —435.3 —387.9
sc¢C550 -9414 —755.9 120.4 91.7 —153.2 -111.9 —473.1 —345.7 —435.6 —389.9
s¢C620 —918.2 —748.7 123.6 86.3 —141.5 —-111.5 —457.1 —-329.1 —443.2 —-394.4
scC725 —930.3 —724.2 138.4 99.1 —165.8 —106.5 —477.1 -319.9 —425.7 —396.9
"Lazaridis and Karplus.?%27

CONCLUSIONS ACKNOWLEDGMENTS

A molecular dynamics simulation approach® for refold-
ing to the native state by the introduction of disulfide
constraints is used here to predict the structures of two
scrambled disulfide species of the PCI. Five scrambled
species have been isolated experimentally; for two (A and
C) of these the disulfide pairing is known. Using this
information, 10 molecular dynamics simulations were
performed to predict the structures of the scrambled A and
C species. The overall RMSD from the native structure of
the nonscrambled species (X-ray crystal, NMR, and N300
simulation) ranged between 2.7 A and 3.2 A for the
scrambled A species and between 2.1 A and 2.9 A for the
scrambled C species. The actual folds are significantly
different due the different disulfide pairing. The scrambled
species are all more solvent-exposed than the native
structure and have a larger radius of gyration than the
native structure.

The molecular dynamics simulation results are in gen-
eral agreement with the limited experimental results on
the unfolding and refolding of PCI.® They indicate that the
scrambled species are less compact and less structured
than the native species. They also suggest that the
scrambled A species is more structured than scrambled C
species. From the simulations, the five scrambled A struc-
tures have smaller SASA values and radii of gyration than
the five C scrambled species and also show a somewhat
smaller variation in rmsd than the scrambled C struc-
tures. However, analysis of the loop regions and 3,10 helix
indicates that the scrambled C species has more nativelike
character than the scrambled A species. These factors, as
well as the fact that the scrambled C species contains one
native disulfide bond, may contribute to the faster conver-
sion of the scrambled C species to the native structure.
Testing of these predictions will have to wait for the
determination of the structures of the scrambled A and C
species of PCI. This is currently underway by NMR
spectroscopy.
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Parallel Computing Center at the Université Louis Pas-
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a fellowship recipient from Universitat Autinoma de
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Once the parameters were calculated, the new values were
tabulated and introduced in the files mplot.inc and pplot.inc
of the PROCHECK program.

TABLE A-I. Stereochemical Parameters for the Small-

Disulfide-Rich Protein Database
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1999;288:441-459. Mean Standard
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APPENDIX B

EEF1 energies for the three disulfide-bonded isomers of
a-conotoxin GI. The native structure is denoted as XGA,
the two disulfide bond isomers as XGB and XGC.
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TABLE B-1. EEF1 Energies for the a-Conotoxin GI XGA TABLE B-II. EEF1 Energies for the a-Conotoxin GI XGB
Native Isomer (2-7;3-13). Energies Are for the Individual Isomer (2-13;3-7). Energies for the Individual Structures
Structures in the Family After 300 Steps of Minimization in the Family. Energies After 300 Steps of Minimization

(ABNR), in kcal/mole (ABNR) in kcal/mole
XGA-Total Total Internal vdw electro.  solvent  XGB-Total Total Internal vdw Electro.  Solvent
1 —374.0 48.6 —-495 —1980 -—175.1 1 -360.8 46.2 -452 -1834 1783
2 —359.5 445 -46.7 —180.7 -—176.6 2 —352.3 50.0 -494 -1786 —174.3
3 —357.7 46.0 —-46.7 —181.0 -176.0 3 —363.5 484 -548 —1835 —173.7
4 —359.0 47.2 -52.0 —182.0 -—1722 4 —344.1 54.0 -470 1757 1754
5 —359.8 44.3 -466 —1805 —177.0 5 —363.5 489 -551 —-1840 —1733
6 —359.3 44.6 -509 —1785 —1745 6 —354.0 55.9 -533 -—1853 —1714
7 —360.0 42.0 -50.3 —176.7 —174.9 7 —352.1 48.7 -453 -1791 1764
8 —357.7 41.8 -460 —1745 -—1789 8 -352.1 48.7 -453 —-1791 1764
9 —357.0 41.3 -459 —-1739 -1783 9 —349.1 50.7 -464 —-179.1 —174.2
10 -357.8 50.4 -539 —1839 -—-1704 10 —360.3 52.5 -56.0 —189.6 —167.3
11 —358.1 45.0 -479 —-1765 —1788 11 -351.8 50.1 -482 1823 —1714
12 —360.6 41.8 -496 —1771 -175.7 12 —359.0 49.0 -499 -1870 -—1712
13 —359.0 46.2 —-480 —1793 1779 13 —362.9 42.7 -423 -1858 1775
14 —363.4 49.8 -441 —190.0 -—179.0 14 —348.1 50.0 -446 -1761 —177.3
15 —360.8 47.2 -51.0 —1801 -—176.8 15 —347.1 58.7 —-437 1876 —1745
16 -360.5 445 —-45.7 —1791 -180.2 16 —366.1 46.8 -474 -191.7 1738
17 —356.7 416 -455 —1747 1782 17 —364.4 55.4 -539 -1973 —168.6
18 —361.9 46.5 -472 —183.7 -1775 18 —356.5 54.4 -462 —-1922 —1725
19 —358.9 49.3 -424 —1851 —180.7 19 —362.6 449 -50.9 —-183.0 1735
20 —358.5 423 -484 —1765 —1759 20 -353.1 416 -512 —-1700 1735
21 —360.6 43.2 —-458 —181.0 -—1769 21 —345.9 52.0 -453 —-1742 —1783
22 —355.2 42.7 -453 —1732 1794 22 —344.0 50.9 -51.7 -170.6 —1726
23 -361.8 45.0 -516 —1796 —175.6 23 —338.6 55.7 -468 —1733 —174.2
24 —366.6 46.4 —-479 —-1884 -176.7 24 —351.6 54.0 —-409 —-1900 —174.8
25 —358.8 50.2 -465 —1863 —176.2
26 -352.3 455 -483 —1732 -176.3
27 —357.7 429 —-441 -1766 —179.9
28 -362.0 46.1 -469 —1828 1785
29 —355.6 45.3 -478 1782 -1749 TABLE B-III. EEF1 Energies for the «-Conotoxin GI XGC
30 —360.0 4.7 —464 1814 17638 Isomer (2-3;7-13). Energies for the Individual Structures
31 —360.0 484 —479 -1832 1773 in the Family. Energies After 300 Steps of Minimization
32 —359.1 49.8 -530 —1812 1746 (ABNR) in kcal/mole
33 —364.1 47.7 -472 —-1877 -1769
34 —359.1 44.0 —480 —1788 -1764  XGC-Total Total Internal vdw Electro.  Solvent
35 —360.0 48.4 —479 —1832 —1773 1 —-3332 61.1 -50.8 -—1764 —167.7
2 —353.8 56.5 -557 —1827 —1719
3 —346.4 53.2 -56.3 —167.7 —175.6
4 —334.3 51.1 -481 -160.6 —176.8
5 —336.4 54.0 -559 -1625 —1720
6 —345.2 53.7 -51.6 —-168.6 —178.7
7 -330.2 514 -39.7 -157.0 —185.0
8 —342.8 47.0 -536 —1629 —173.3
9 —333.3 53.7 -486 —-1632 —175.3
10 —347.2 50.8 -504 —-171.8 1758
11 —337.2 62.6 -487 1715 —1736
12 —357.2 52.6 -67.2 —1852 —1574
13 —347.1 524 -59.1 -1712 —169.2
14 —356.5 50.5 -531 1771 -176.8
15 -353.4 575 -546 —1939 —1624
16 —365.0 51.7 -51.2 —-200.3 —165.2
17 —347.8 56.0 -490 -—-1821 1727
18 —350.7 56.1 -511 -185.0 —170.7
19 —343.6 56.7 —-545 —-177.8 —168.0
20 —339.5 53.6 -50.1 -1680 —175.0
21 —352.8 54.2 -54.7 —-179.7 —1726
22 —340.3 56.5 -51.0 -—-1726 —1732
23 -357.1 51.7 -558 —1840 —169.0
24 —348.3 495 -488 -—-1756 —1733

25 —357.4 53.5 -51.1 —-1863 —1734
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