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Abstract
Wepropose to improve and simplify protein refinement procedures through consideration of which
pairs of amino acid residues should formnative contacts.We first consider 11 330 proteins from the
CATHdatabase to determine statistical distributions of contacts associatedwith a given type of amino
acid. The distributions are set across the distances between theα-C atoms that are in contact. Based on
this data, we determine typical radii of effective spheres that can be placed on theα-C atoms in order to
reconstruct the distribution of the contact lengths. This is done by checking for overlaps with enlarged
van derWaals spheres associatedwith heavy atoms on other amino acids.
The resulting contacts can be used to identify non-native contacts thatmay arise during the time
evolution of structure-basedmodels. Here, the radii are used to guide reconstruction of ninemissing
side chains in a type I cohesin domainwith the ProteinData Bank code 1AOH.We first identify the
likelymissing contacts and then sculpt the corresponding side chains by standard refinement tools to
achieve consistencywith the expected contactmap.One ambiguity in refinement is resolved by
determining all-atom conformational energies.

1. Introduction

Experimentally determined protein structures are
often incomplete. They may come with absent frag-
ments of their backbones or with missing atomic
coordinates of the side groups. The specifics of the all-
atom coordinates are of importance in many applica-
tions and, in particular, in the determination of the
contact map, which defines which pairs of amino acid
(denoted as AAs for short) may bind non-covalently.
In structure-based coarse-grained models [1–8], the
contacts play a dynamical role instead of being merely
descriptive. The prediction of the positions of the side
groups is a subject of many refinement methods [9–
12]. Sometimes, however, these methods are not
sufficient, because seemingly subtle adjustments in the
orientation of the predicted side chain may give rise to
different sets of the native contacts. Thus the determi-
nation of the contacts should also be taken into
account in the refinement process.

Here, we propose a method to address this pro-
blem through a statistics-based determination of the
optimal native contact map. The determination of the
native contact map in regions involving the defective
AAs may restrict the rotamer search in the refinement
procedure applied to AAs in such contacts. Single-
length cutoff-based criteria for what makes a native
contact are too simple to provide an adequate account
of the dynamics [13], because they introduce many
spurious interactions at short lengths and fail to
includemany important couplings at longer lengths.

Another way to construct a contactmap—and one
which is much more relevant for the dynamics—is by
studying overlaps of spheres associated with the
heavy atoms of AAs. The sizes of such spheres are
given by the van der Waals radii [14] multiplied by a
factor of 1.24 to account for attraction [15, 16]—they
identify inflection points in an associated van der
Waals potential (see table 1 in the supplementary
information (stacks.iop.org/pb/12/046002/mmedia)).
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These enlarged spheres will be referred to as effective
van der Waals spheres. Two AAs are said to be in a
native contact if they have at least one overlapping pair
of the effective spheres associated with the heavy
atoms belonging to the twoAAs.We have checked (see
section 4) that this van der Waals-based criterion cap-
tures most of the specific (i.e., non-dispersive) con-
tacts that can be obtained from the CSU server [17],
which involves considerations that are more chemical
in nature. In particular, the CSU approach involves
checking whether one can place a molecule of water
between the pair of AAs under study.

If the coordinates of the heavy atoms beyond β-C
are missing, one may ask: what is the most likely
radius, βR C , of an effective sphere that can be asso-

ciated with the β-C of the corresponding AA to iden-
tify the native contacts correctly? Notice that the
contacts may arise both from the side chain and from
the backbone. One may disregard the distinction and

ask a simpler question: what is the most likely radius,

αR C, of an effective sphere that can be associated with
the α-C to get the right set of the native contacts? We
answer these two questions by considering 11 330 fully
resolved proteins that represent the CATH database
[24]. Once the values of αR C and βR C are determined,
we use them to establish contacts with the defective
AAs. Finally, we perform refinement within these con-
tacts while keeping their environments frozen.

In this paper, we illustrate applications of the sta-
tistical method by considering a type I cohesin domain
with the Protein Data Bank (PDB) structure code
1AOH [18]. This protein is one of the particularly
stable modules found in the Clostridium thermocellum
cellulosome [19–21]. Its large mechanical stability has
been demonstrated byValbuena et al [22] through sin-
gle-molecule force spectroscopy. The sequential
length of the chains in 1AOH is 147. The resolved
structure of chain A of 1AOH has no α-C atoms in the
first four AAs (at the N-terminus) and no coordinates
of the side-chain atoms beyond β-C in nine AAs: 9-
LYS, 16-LYS, 47-ASN, 50-GLU, 53-GLU, 77-ARG,
110-SER, and 136-LYS, 138-GLN. In the sequentially
identical chain B, no α-Cs are missing, but there are
still nine defective side groups whose list partially
overlaps that for chain A.

Here, we reconstruct locations of the missing
atoms in 1AOH by employing the statistical method,
combined with the usage of standard software tools, to
design the side group conformation to an accuracy
that is sufficient for molecular dynamics studies
within coarse-grained models. The tools involved are
MODELLER [9], which constructs a viable side group,
and the sculpting tool from the Pymol software [23] to
adjust the orientation of the side group to obtain con-
sistency with the presence of the expected contacts.
We show that the procedure is essentially unique for
eight missing residues in 1AOH. However, the ninth
one, 9-LYS, may adopt one of two alternative orienta-
tions, and additional criteria are needed to make the
choice. We settle the issue by comparing chain A to
chain B and through small-scale molecular dynamics
simulations. The simulations would be needed if there
ware no chain for comparison.

The αR C derived here can be valuable inmolecular
dynamics studies of proteins within coarse-grained
structure-based models: they can be used to identify
non-native contacts that may arise during time evolu-
tion of structure-basedmodels.

2. The statisticalmethod

In order to determine αR sC and βR sC , we derive
probability distributions of contacts arising at a
distance of lij between two α-C atoms i and j, provided
at least one of the AAs is of a given type, say, arginine.
The distributions are obtained by using the set of 11
330 PDB complete structures. Figure 1 gives examples

Table 1.The values of αR C and βR C obtained by the statistical

method are listed in the second and fourth column, respectively.
Thefirst column gives the name of the amino acid. The third and
fifth columns provide the values of the parameter S at the optimal
matching. The last columnprovides the statistics of contacts in the
full CATH structures.

AA αR C S βR C S Nc

GLY 3.15 392.945 — — 91300

ALA 3.35 590.941 — — 151159

SER 3.30 208.813 2.65 28.1816 85907

ASP 3.50 336.216 3.15 71.8116 79177

THR 3.60 668.438 3.20 86.8286 96070

ASN 3.65 417.796 3.45 167.931 63208

GLU 3.65 665.146 3.55 285.902 103779

LYS 3.65 830.24 3.75 503.244 93602

CYS 3.70 230.31 3.25 90.2319 33040

PRO 3.70 596.032 3.50 188.403 65146

GLN 3.90 580.809 3.80 295.567 65047

ARG 3.95 1304.19 4.00 949.975 103114

VAL 4.00 1762.91 3.55 389.079 173342

HIS 4.00 604.623 4.00 347.322 45529

ILE 4.50 1833.15 3.95 679.089 156723

MET 4.50 741.289 4.25 448.451 55988

TYR 4.50 1499.52 4.30 1084.74 94188

LEU 4.60 2545.91 4.15 1189.12 241137

PHE 4.60 1931.98 4.55 1400.32 113959

TRP 4.70 824.557 4.75 637.204 43447
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of such distributions for arginine and lysine (results
for other AAs are presented in the SI). These are the
histograms which are drawn by heavy solid lines and
are denoted by the label ‘full’. They are non-Gaussian,
as they comewith a substantial tail at large values of lij.

In order to determine βR C we remove the coordi-
nates of the heavy atoms beyond β-C in all AAs of a
given type in the set (say, VAL). Similarly, for calcula-
tion of αR C, we remove all side chains of the studied
type of AA. This step necessarily depletes the numbers
of detected contacts, as shown in the top two panels of
figure 1 in the context of βR C (the parts that are sha-
ded). We now represent the missing atoms on all crip-
pled AAs by spheres of the tentative radius βr C and
centered at the β-C atoms or by spheres of the tentative
radius αr C and centered at theα-C atoms.We check for
overlaps of the spheres with the effective van derWaals
spheres on the remaining types of residues (or with
another tentative sphere if the contact is within the
same kind of residue). We keep adjusting βr C or αr C

until the corresponding distribution of contacts mat-
ches the original distribution as closely as possible. The
optimal situation for any target AA is identified by
minimizing

∑= − ′
=

( )S
N

n n
1

, (1)
b m

N

m m
2

1

2
b

where Nb is the number of bins in the histogram and
nm is the number of contacts in an mth bin in the
original full distribution, whereas ′nm is the number of

observations in the same bin with the approximate
rendering of the missing side-chain atoms. αR C and

βR C are defined as the optimal values of αr C or βr C ,
respectively. They are listed in table 1. It should be
pointed out that equation (1) deals with the distribu-
tions of the numbers of contacts and not the normal-
ized probability distributions, because each choice of

βr C or αr C comes with a different total number of
contacts. The goal here is to optimize not only the
shape of the distribution but also the similarity in the
actual number of contacts. In principle, the function
S2 defined in equation (1) depends on the bin width—
the basic value used here is 0.5 Å. However, reducing
the width by a factor of 2 is found not to affect the radii
listed in table 1. Doubling the width has only a 1%
effect. If one modifies the definition of S so that it
involves ∣ − ′ ∣n nm m , then the results change within
2%, which may be considered as providing the error
bars on the results.

We now consider 1AOH. Chain A turns out to be
more interesting to focus on, as there are somewhat
different results, depending on whether one adds the
structure in the missing 1–4 segment or not. We begin
by adding the segment. This can be accomplished by
taking it from chain B and attaching it to the original A
by translation and small adjustments implemented
through the use of MODELLER. There are no defects
in this segment. We then replace the α-Cs on the
defective residues (i.e., with the missing side chains)
by spheres with the radii listed in table 1 and check for
overlaps with all other AAs. In this way, we identify the

Figure 1.The top two panels illustrate the determination of the optimal size, βR C , of a sphere associatedwith the β-C atoms for LYS
andARG. The thickest solid lines (in black) in the panels correspond to the undoctored distributions of contacts with theAA studied.
The thin solid lines in green, delimiting the shaded areas, correspond to the distributions of contacts obtainedwhen atoms beyond β-
C on all AAs of the type studied are removed. The beaded lines in blue show the distribution obtained for the optimal selection of βR C

(as listed in table 1). The bottom two panels illustrate the determination of the optimal size, αR C , of a sphere associatedwith theα-C
atoms for LYS andARG. The thick solid lines are the same as in the corresponding top panels. The beaded lines in blue (denoted by
‘spheres’) show the optimal reconstructions of the distributions.
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contacts which are very likely to be missing. These are:
5-ALA–138-GLN, 9-LYS–42-TYR, 9-LYS–141-ASP,
44-TYR–50-GLU, and 46-PRO–50-GLU.

In order to obtain the actual structures of the
defective side chains we have used MODELLER [9]
and then the Pymol sculpting tool [23] to construct
the tentative side chains and then guide them toward
positions that would be consistent with the predicted
contact map. The idea is to sculpt the side chains so
that the contacts that are likely to arise are actually
built in. At this stage, we use the overlap criterion with
the effective van der Waals spheres representing all
heavy atoms. It is straightforward to set the corre-
sponding rotamers in a unique way to generate these
contacts, except for 9-LYS, for which there are two
possibilities: either the side group points into the body
of the protein or away from it. The two orientations
are illustrated in figure 2 and are denoted as IN and
OUT, respectively. The reconstruction corresponding

to choice IN requiredmaking slight adjustments in the
positioning of the α-C and β-C atoms. No such adjust-
ments turned out to be needed for choice OUT and for
the other eight defective AAs, except for β-C at 50-
GLU. The resulting refined structures are shown in
tables 2 and 3. The coordinates of other atoms are lis-
ted in the PDB file for 1AOH.

When we repeat the procedure using β-C, we
replace the β-Cs on the defective residues by spheres
with the radii listed in table 1 but also assign the effec-
tive van der Waals spheres to the backbone atoms: N,
α-C, C, and O. Checking for overlaps with all other
AAs leads to the identification of just onemissing con-
tact: 5-ALA–138-GLN. Enlargement of βR C by 10%
(to account for the tails in the in the distributions of
the effective radii) brings in the mechanically impor-
tant 9-LYS–141-ASP contact. One can do proper
refinement with these two contacts, but, clearly, the
method based on the α-C atoms appears to be much

Figure 2.The native state of protein 1AOHafter the reconstruction. Reconstructed side chains are displayed in red. The side chains on
residues 1–4 are shown in orange. The two possible orientations for 9-LYS aremarked in red (IN) and blue (OUT). ChoiceOUT is
consistent with having the 9-LYS–141-ASP contact. Choice INwould be consistent with two additional predicted contacts (9-LYS–
141-ASP and 9-LYS–42-TYR)–shownhere as straight purple lines—and choiceOUTonlywith one: 9-LYS–141-ASP. The remaining
predicted contacts (5-ALA–138-GLN, 44-TYR–50-GLU, and 46-PRO–50-GLU) are also shownhere as straight purple lines, and they
are the same for both the IN andOUT states.

Table 2.The coordinates (x, y, and z) of the heavy atoms in the native state of 9-LYS in 1AOH.The subscript N refers to the
native coordinates as available in the file. The subscripts IN andOUT refer to the two rotamers discussed.OUT is considered
to be themost likely solution. The values highlighted in boldface are either those predicted through the statisticalmethod
combinedwith sculpting or those that needed small adjustments.

9-LYS

Atom xN yN zN xIN yIN zIN xOUT yOUT zOUT

N 24.487 28.756 46.073 24.487 28.756 46.073 24.487 28.756 46.073

CA 25.469 29.026 47.106 25.264 30.366 45.906 25.469 29.026 47.106

C 26.830 29.382 46.548 26.830 29.382 46.548 26.830 29.382 46.548

O 27.308 28.761 45.599 27.308 28.761 45.599 27.308 28.761 45.599

CB 25.578 27.835 48.031 24.877 31.288 46.389 25.578 27.835 48.031

CG 23.228 32.013 46.569 26.584 27.818 49.118

CD 22.877 33.337 47.421 26.712 29.002 50.032

CE 22.870 34.684 48.488 27.301 28.608 51.383

NZ 22.521 35.747 48.012 26.956 29.610 52.415
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Table 3. Similar to table 2 but for the remaining eight defective residues. In the case of 50-GLU, the original position of β-C is x=40.986, y=42.661, and z=41.841.

1-THR 2-ASP 3-LEU 4-ASP

Atom x y z atom x y z atom x y z atom x y z

N 17.295 24.714 54.855 N 15.444 24.596 51.961 N 13.836 22.084 50.484 N 12.144 22.368 48.270

CA 17.370 24.326 53.397 CA 14.126 24.297 51.469 CA 13.903 21.100 49.389 CA 11.320 22.756 47.138

C 15.967 23.928 52.967 C 14.223 23.336 50.275 C 13.051 21.413 48.148 C 11.885 23.997 46.448

O 15.404 22.985 53.522 O 14.616 23.729 49.171 O 13.228 20.814 47.091 O 11.285 24.528 45.506

CB 18.359 23.258 53.114 CB 13.475 25.635 51.110 CB 13.628 19.685 49.893 CB 9.892 23.000 47.607

CG2 18.111 22.588 51.742 CG 12.062 25.508 50.611 CG 14.637 19.262 50.953 CG 9.243 21.735 48.145

OG1 19.673 23.826 53.195 OD1 11.503 24.397 50.522 CD1 14.319 17.889 51.459 OD1 9.307 20.677 47.444

OD2 11.502 26.561 50.264 CD2 16.031 19.320 50.385 OD2 8.708 21.790 49.282

16-LYS 47-ASN 50-GLU 53-GLU

atom x y z atom x y z atom x y z atom x y z

N 45.376 33.602 50.616 N 37.812 46.450 47.480 N 39.749 41.629 43.674 N 37.759 37.453 36.359

CA 46.324 34.480 51.250 CA 39.037 46.908 48.118 CA 39.646 42.212 42.340 CA 36.890 36.839 35.357

C 46.407 35.693 50.359 C 39.843 45.689 48.595 C 39.104 41.097 41.458 C 35.845 35.998 36.057

O 46.141 35.580 49.164 O 41.014 45.809 48.912 O 39.741 40.062 41.287 O 36.000 35.654 37.222

CB 47.689 33.796 51.306 CB 38.689 47.830 49.299 CB 39.034 43.344 42.977 CB 37.728 35.920 34.420

CG 47.660 32.653 52.323 CG 38.099 49.143 48.781 CG 38.342 44.055 42.549 CG 37.517 35.070 34.940

CD 47.237 31.353 51.637 ND2 38.811 49.712 47.813 CD 37.501 44.561 41.415 CD 36.657 34.483 35.982

CE 46.920 30.286 52.687 OD1 37.065 49.610 49.232 OE1 37.441 45.720 41.010 OE1 36.199 33.527 36.033

NZ 46.793 28.961 52.040 OE2 36.872 43.690 40.957 OE2 36.461 35.207 37.126
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Table 3. (Continued.)

77-ARG 110-SER 136-LYS 138-GLN

atom x y z atom x y z atom x y z atom x y z

N 29.821 50.270 42.439 N 47.060 42.382 47.691 N 11.048 28.776 42.968 N 16.598 30.011 47.009

CA 28.621 49.897 43.191 CA 48.217 42.171 48.554 CA 11.389 29.327 44.290 CA 17.124 30.310 48.321

C 28.808 48.583 43.976 C 48.139 42.686 49.988 C 12.904 29.138 44.412 C 18.602 30.525 48.022

O 27.894 48.121 44.659 O 48.734 42.085 50.884 O 13.466 28.147 43.923 O 19.293 29.612 47.520

CB 27.389 49.832 42.285 CB 49.459 42.649 47.892 CB 10.638 28.556 45.422 CB 16.888 29.125 49.286

CG 27.142 51.197 41.639 OG 49.702 41.895 46.713 CG 10.887 29.234 46.771 CG 16.504 28.472 49.693

CD 26.908 52.253 42.720 CD 10.165 30.582 46.820 CD 16.322 27.008 49.702

NE 26.885 53.603 42.113 CE 10.533 31.327 48.105 NE2 16.975 26.443 50.766

CZ 27.048 53.842 40.795 NZ 9.727 32.562 48.222 OE1 15.743 26.192 49.030

NH1 27.244 52.838 39.961

NH2 27.012 55.109 40.329
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more effective than the one with the β-C atoms. This is
despite the fact that coordinates of the backbone heavy
atoms and of the β-C atoms are provided by the PDB
structure file. Furthermore, consideration of β-C does
not resolve the ambiguity about the IN- and OUT-
solutions for 9-LYS.

Both orientations IN and OUT come with the
9-LYS–141-ASP contact, which turns out to be crucial
for the emergence of large mechanostability, but the
IN choice generates three additional contacts, which
affects the mechanostability further. In chain B the
structure of 9-LYS happens to be set, and it is in the
OUT state, so the OUT choice for chain A should be
correct.

Table 4 lists the derived additional contacts for
chain A of protein 1AOH. Six of them have been
obtained through the statistical method. Three con-
tacts would exist only in the IN state, and they come as
a result of refinement. The nature of the contacts is
established by using theCSU server.

3. Tests of the optimality of the refined side
chains

For 9-LYS we have found two solutions. Now, we
demonstrate that orientation OUT is favored by
consideration of energies calculated within an all-
atom model. Our molecular dynamics simulations
were conducted by using version 2.9 of the NAMD
simulation package [26] with the CHARMM22 force
field [27, 28] for conformations IN and OUT as the
starting states. Our simulations were conducted in a
water box of size 85 Å in length, 80 Å in width, and
81 Å in height. It contained more than 50 000 TIP3P
molecules of water [29]. The system was made charge
neutral with the use of eight Na+ ions. The total
number of atoms in the system was 52 274 and 52 259
for conformations IN and OUT, respectively. The
periodic boundary conditions were employed.

The first stage of the simulations involves energy
minimization of the system for 100 000 conjugate gra-
dient steps of 1 fs each. The second stage implemented
heating of the system up to the temperature of 310 K.

The heating process was done in three steps of 0.5 ns
each. The first of them was done at temperature 110 K
in the NVT ensemble. The second was done in the
same ensemble but at 210 K. The last equilibration
step was conducted in the NPT ensemble at 310 K.
Each new stage used the coordinates and velocities of
the atoms obtained from the previous stage. The tem-
perature was controlled by the standard Langevin
algorithm and the pressure by the Langevin piston
pressure control algorithm.

When the system is prepared in the OUT state
(from the very beginning of the procedure) it persists
in it for at least 0.5 ns. On the other hand, when it is
prepared in the IN state, it stays there for about 0.2 ns,
and then it converts to the OUT state, which confirms
the preference for the OUT structure. The same con-
clusion is reach through the consideration of energy as
monitored during the 0.2 ns during which the system
remains in the state it was prepared in. Specifically, we
monitored the conformational potential energy
(Econf ) of the system and the rootmean squarefluctua-
tions (rmsf) in the positions of the side-chain atoms.
We used theMDenergy plugin from theVMDpackage
[30] for this purpose. The conformational energy is a
sum of Eb and Enb, where the former is a collection of
the bonded terms (i.e., bonds, angles, dihedrals, and
improper dihedrals) and the latter of the non-bonded
either electrostatic or van derWaals terms. Table 5 lists
the average values of these energies, and it also pro-
vides the energy of the interactions of the protein with
water, Epw. It is observed that 9 LYSOUT leads to a
lower conformational energy than 9 LYSIN and also to
lower binding with water, even though 9-LYSOUT is
more exposed. We also find that the RMSF values for
9-LYS are higher in the OUT state than in the IN state
—movements in theOUT state are less restricted.

It is interesting to observe that the energy balance
changes when the 1–4 segment is not included and the
4-ASP–136-LYS disappears. The IN state is now not
observed to be unstable, and it actually comes with a
lower conformational energy than the OUT state
(table 5).

We now assess the impact of the corrections in the
structure file onmechanostability.When one stretches

Table 4.Additional contacts created in the refined structure of chain A through the statisticalmethod. The 4-ASP–136-LYS contact is
not listed, as it comes from the overlapwith the backbone part of 136-LYS. It is hydrophilic-hydrophilic. The superscripts INdenote
contacts which appear only for the IN conformation of 9-LYS. The remaining 9-LYS–141-ASP is common for the IN andOUTcon-
formations.However, it is specific only in theOUT state.

No. i j lij Nature of the contact

1 5-ALA 138-GLN 6.6867 hydrophilic–hydrophilic

2 9-LYS IN 42-TYR 9.2569 hydrophobic–hydrophobic

3 9-LYS IN 121-PHE 7.9983 not specific

4 9-LYS IN 139-PHE 5.5637 hydrophobic–hydrophobic

5 9-LYS 141-ASP 6.2004 hydrophilic–hydrophilic

6 44-TYR 50-GLU 9.4219 hydrophilic–hydrophilic

7 46-PRO 50-GLU 5.6474 hydrophobic–hydrophobic

8 50-GLU 75-PRO 8.4961 not specific

9 53-GLU 103-THR 8.2496 not specific
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cohesin corresponding to 1AOH experimentally, one
obtains a characteristic force for mechanical unravel-
ling, Fmax, which is close to 480± 14 pN at the constant
pulling velocity, vp, of 400 nm s−1 [22]. Previously, we
have stretched 1AOHwithin a structure-based coarse-
grained model [8, 22, 25] constructed by fixing the
structure file by introducing a 7.5 Å cutoff in lijs if at
least one of the AA involved had missing side chains.
This procedure has resulted in the introduction of sev-
eral tens of extra contacts. In [22], we did not include
the first four missing residues—we took the structure
file of chain A as it was. The model incorporated an
overdamped molecular dynamics involving only the
α-C atoms. The stretching simulations for the recon-
structed structures have been accomplished at several
values of vp. By extrapolating to the experimental
speed, Fmax has turned out to be equal to about 3.7 ϵ/Å,
where ϵ is the energy parameter—it is the depth of the
potential well associated with a native contact. By
using the calibration of ϵ/Å being approximately equal
to 110 pN [25], the theoretical extrapolated result is
410 pN. At vp of 0.005 Å/τ ∼ 500 000 nm s−1 it is
4.2 ± 0.2 ϵ/Å, i.e., about 460 pN. The error bars are
determined based on 100 trajectories.

We now repeat these simulations for the case with
the reconstructed side chains and when the 1–4 resi-
dues are included and, therefore, with one of the
mechanically important contacts 4-ASP–136-LYS.
The simulations were performed by using a stochastic
dynamics in order to mimic random kicks by mole-
cules of the implicit solvent. The dynamics of the indi-
vidual α-Cs was governed by a Langevin equation:

γ Γ= − + +mr r F¨ ˙ c , where Fc is the total force on an
atom due to molecular potentials and Γ is a Gaussian
noise term with dispersion γk T2 B (kB is the Boltz-
mann constant). The friction coefficient γ is taken to
be equal to τm2 , where τ is the characteristic time
scale in the model. It is expected to be of order 1 ns, as
it is associated with the diffusive (instead of ballistic)
coverage of molecular distances. The molecular
potentials involve [8] the native contacts of the Len-
nard-Jones form, repulsive non-native contacts, and
the local backbone stiffness represented by a chirality
potential [7] that effectively takes into account the
dihedral terms. The equation of motion is solved by a
fifth-order predictor–corrector scheme. In the

stretching simulation, the native contacts are con-
sidered to be broken only if the distance rij between
AAs i and j involved in the process is larger than 1.5σij

(close to the inflection point of the Lennard-Jones
potential) for the last time.

The inset of figure 3 shows typical force–displace-
ment ( −F d) patterns for the two choices of position-
ing of the side group on 9-LYS at vp = 0.005 Å/τ. (The
two traces are obtained for the same string of random
numbers in the Langevin noise that controls thermal
fluctuations.) After averaging over 50 trajectories, the
correct orientation OUT yields 4.2 ϵ/Å (the black line,
also repeated in the main part of the figure), whereas
orientation IN yields 4.4 ϵ/Å (the blue dotted line). If
the missing side chains are not reconstructed (the
green line), we get 3.7 ϵ/Å. Thermal fluctuations are of
order 0.1 ϵ/Å at the temperatureT=0.3 ϵ/kBusedhere.

If the 1–4 segment is removed, the IN-solution
yields Fmax of 4.2 ϵ/Å (as shown by the magenta line in
the main part of figure 3), and the OUT-solution
yields 4.0 ϵ/Å. We conclude that one can mimic the
mechanical effect of contact 4-ASP–136-LYS in the
truncated A chain by adopting the IN-orientation and
thus incorporating the three extra contacts that come
with this choice.

4. Properties of the contactmap—
comparisons toCSU

Figure 4 compares the contact maps in the fully fixed
native structure of 1AOH (orientation OUT) obtained
by using the overlap criterion (denoted as OV) to that
derived through the CSU approach. The overlap-
based method introduces 382 contacts, including
those derived by the statistical method, and the CSU
procedure adds 25 specific contacts. In the CSU
approach, the contacts are considered specific if they
correspond to the hydrogen bonds, hydrophobic
couplings, and stacking interactions. The ionic bridges
count as non-specific, but they are typically captured
by the OV-based approach (which is not concerned
with the sizes of the water molecules). The CSU
method gives rise to 270 specific contacts. Of these,
5-ALA–138-GLN, 9-LYS–42-TYR, and 9-LYS–141-
ASP are predicted by our statistical method, whereas
44-TYR–50-GLU and 46-PRO–50-GLU are absent.

Table 5.Average values of the energies for chainA in 1AOH for two orientations of the 9-LYS side chain. The
energies are in the units of kcalmol−1. The upper half of the table refers to the situation inwhich theN-
terminal segment 1–4 is included and themonitoring run is 0.2 ns long. The lower half refers to the situation
inwhich the segment is not included and the run is 0.4 ns long: the IN state appears to be stable. The error
bars are the standard deviations obtained over the duration of the runs.

side chain 〈 〉Enb 〈 〉Epw 〈 〉Econf N-terminal segment

9-LYSIN −2064.63 ± 58.21 −5476.77 ± 94.99 301.17 ± 64.32 with 1–4

9-LYSOUT −2319.66 ± 76.74 −5344.85 ± 140.83 37.76 ± 75.63 with 1–4

9-LYSIN −2079.03 ± 57.98 −5227.18 ± 120.21 217.30 ± 60.53 without 1–4

9-LYSOUT −2047.98 ± 55.15 −5215.46 ± 116.81 240.70 ± 63.36 without 1–4
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The overlap criterion adds 20 contacts to those found
throughCSU.Overall, both contactmaps look broadly
similar. We think that molecular dynamics simula-
tions within the structure-based coarse-grained mod-
els should employ either the overlap contact map

combined with the extra specific CSU contacts or the
CSU maps with the extra contacts obtained through
overlap. The contacts responsible for the large
mechanostability are marked off by the dotted rectan-
gle infigure 4.

Figure 3.Typical force–displacement traces for chainA. Solid black line: an example of an −F d trace for stretching the corrected
1AOH structure at constant speed. The side group of 9-LYS is in theOUTposition. The first peak is the largest, and its height defines
Fmax. Dottedmagenta line: the −F d patternwhen 9-LYS is in the INposition but the 1–4 amino acids aremissing—as a result the
force peak ismoved to the left. The inset compares the solid trace of themain figure (theOUT situation) to the one corresponding to
position IN in the immediate vicinity of themajor force peak (blue dotted line) and to the situation inwhich themissing side groups
are notfixed (the green solid line).

Figure 4.The native contactmap for 1AOH.Contactmaps are expected to be symmetric. (There are exceptions that arise when using
the CSU.) In the upper part, the open squares show the 270 contacts obtained using theCSU-based approach and the blue solid
squares—20 contacts that are additionally predicted by the overlap (OV) criterion. In the lower part, the blue open squares show the
382 contacts predicted by the overlap criterion and the black squares—25 contacts that are additionally predicted byCSU. The dotted
rectangles indicate contacts that are responsible for the large value of Fmax.
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It is interesting to ask what kind of contact map
arises as a result of replacing all AAs, not only the
defective ones, by the spheres of radius αR C. Figure 5
shows such a map—it is denoted as CA. It is seen that
it captures the pattern of the overlap-based contact
map of figure 4, but it has 43 more contacts. This con-
stitutes about 11% of the contacts generated through
the overlaps of the effective van der Waals spheres
associated with the heavy atoms of the repaired struc-
ture. The CA map comprises 425 contacts, out of
which 119 are not in the original OV map, and 76 of
the underlyingOVmap aremissing in theCAmap.

5. Conclusions

Wehave shown that considerations of contact-making
in a protein can influence the refinement process in a
meaningful and constructive way. Any arising ambi-
guities coming from the existence of possible but less
optimal solutions can be resolved by performing
small-scale, all-atommolecular dynamics simulations.
For chain A of the cohesin domain of type I discussed
here, this procedure yields results that are consistent
with the structure of chain B (for which the repaired
contact map turns out to be almost the same as the
repaired contactmap for chain A) and also compatible
with the experimental results onmechanostability.

We have focused on one procedure that defines the
contacts and found that the overlaps of spheres asso-
ciated with the α-C atoms placed on the defective
atoms work better than those associated with the β-C
atoms.

The modifications in the contact map CA relative
to OV are substantial and lead to a 19% increase in
Fmax: from 4.20 ϵ± 0.15 /Å to 5.00 ϵ± 0.17 /Å. We
observe that for each of the two contact maps, and
between the maps, all −F d patterns look similar,
indicating the presence of just one pathway. A sample
of 25 trajectories is shown in figure 6 in the SI. Despite
the difference in Fmax, it appears that using the α-C-
centered spheres may still be a sensible strategy to
apply in situations where structural information is
missing. One example is multi-protein complexes,
such as cellulosomes, where only some substructures
are resolved and interactions between them are
unknown. Another is large conformational changes,
arising either during stretching or folding, which gen-
erate non-native attractive contacts as a result of time
evolution.

It would be interesting to generalize our statistical
method to other definitions of contacts, such as those
based on the CSU approach or on introducing a length
cutoff. The overlap-based method used here is a com-
promise between the simplicity of use and the possibi-
lity of accounting for the physical differences between
the AAs.

It should be noted that, generally, the absence of
AA fragments in crystallographical structures may
indicate experimental difficulties or the presence of
segments with no unique stable conformations, such
as disordered loops and flexible linkers. 1AOH is an
example of the former, as evidenced by making com-
parisons between chains A and B. However, our
method can also find applications of the latter, as it can

Figure 5.The upper part shows 425 contacts obtained by replacing all AAs by spheres of radius αR C and centered on theα-C atoms.
The contactmap is for the fullyfixed chain Aof 1AOH.The black squares in the lower part show those contacts in theCAmap that are
not present in the underlyingOVmap. The open hexagons in the lower part show those contacts in theOVmap that are not present in
the CAmap. The dotted rectangles indicate contacts that are responsible for the large value of Fmax.
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pin down possible fixed choices while leaving the con-
tactless regions free tomove.
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