
Identification and insertion of 3-carbon bridges in
protein disulfide bonds: a computational approach
Mire Zloh1, Sunil Shaunak2, Sibu Balan3 & Steve Brocchini3

1Department of Pharmaceutical and Biological Chemistry, University of London, 29/39 Brunswick Square, London WC1N 1AX, UK. 2Faculty of Medicine, Imperial
College London, Hammersmith Hospital, Ducane Road, London W12 0NN, UK. 3Department of Pharmaceutics, The School of Pharmacy, University of London, 29/39
Brunswick Square, London WC1N 1AX, UK. Correspondence should be addressed to M.Z. (mire.zloh@pharmacy.ac.uk).

Published online 26 April 2007; doi:10.1038/nprot.2007.119

More than 42,000 3D structures of proteins are available on the Internet. We have shown that the chemical insertion of a 3-carbon

bridge across the native disulfide bond of a protein or peptide can enable the site-specific conjugation of PEG to the protein without

a loss of its structure or function. For success, it is necessary to select an appropriate and accessible disulfide bond in the protein for

this chemical modification. We describe how to use public protein databases and molecular modeling programs to select a protein

rationally and to identify the optimum disulfide bond for experimental studies. Our computational approach can substantially reduce

the time required for the laboratory-based chemical modification. Identification of solvent-accessible disulfides using published

structural information takes approximately 2 h. Predicting the structural effects of the disulfide-based modification can take 3 weeks.

INTRODUCTION
Disulfide bonds influence the physico-chemical and biological
properties of proteins in many subtle ways1. Free Cys are rare in
proteins with disulfides and, if present, are usually buried. Small
proteins contain more disulfide bonds than large proteins because
the former need to compensate for the low number of hydrophobic
contacts2. Most disulfide bonds are intra-chain rather than inter-
chain3. It is generally accepted that the removal, modification or
addition of disulfides in proteins using recombinant technologies
will result in a loss of function4. Their simple chemical modifica-
tion can also impair function5,6, albeit with notable exceptions7,8.

We have recently described a method for the site-specific conjuga-
tion of PEG to proteins, peptides and Ab fragments by the chemical
modification of their accessible disulfide bonds. It involves the
insertion of a 3-carbon bridge between the two sulfurs of a native
disulfide bond9–11. Our strategy relies upon the reduction of an
accessible disulfide bond followed by bis-alkylation to insert the
3-carbon bridge to which PEG has been covalently attached. The
bridge reconnects the two sulfur atoms from the original disulfide
bond (Fig. 1). Despite this local change in structure, the protein’s
tertiary structure is not altered and biological activity is preserved9,10.

Exploitation of the site-specificity and the chemical efficiency of
the two sulfurs from an accessible disulfide with a single reagent
contrasts with most other types of chemical modification. For
the most part, each sulfur undergoes separate and independent
chemical modification. In general, disulfides are located either in
the buried regions of the protein’s folded structure or on its solvent-
accessible surface. As our approach focuses on the modification of
the disulfides that are accessible to solvent11, it is important to
identify them at the start of the study. These accessible disulfides are
more likely to contribute to the stability of a protein than to its
structure or function12. As a result, it is possible to re-bridge some
of them without altering the protein’s structure or function. In the
course of our studies, we have used a variety of computational tools
to identify these ‘bridgeable’ disulfides and to model the structural
consequences of inserting a 3-carbon bridge. Using therapeutically
relevant proteins, we have established that it is possible to insert a
3-carbon bridge across a native disulfide bond and retain the
protein’s tertiary structure and biological activity9,10.

Publicly available protein databases and molecular modeling
programs can be easily accessed via the Internet and used to
examine a protein’s structure and estimate the relative surface
accessibility of each protein disulfide bond. With this information,
it is possible to calculate the structural effects of inserting a
3-carbon bridge into each of a protein’s disulfide bonds9,10. As a
native disulfide has to be reduced to free the Cys sulfurs for the
chemical reaction, our computational approach makes it possible
to estimate the propensity of a protein to maintain its tertiary
structure when its disulfide bonds have been reduced. The effect of
inserting a 3-carbon bridge across the original disulfide bond on
the protein’s tertiary structure can then be defined (Fig. 1).
Although we have shown that the 3-carbon bridge can be used to
conjugate PEG efficiently in aqueous solution10,13, insertion of the
bridge also offers the potential to enable the site-specific conjuga-
tion of pharmacological and imaging agents to the protein14–16.

The Protein Data Bank (PDB) at http://www.pdb.org contains
more than 40,000 publicly available 3D structures of proteins and
peptides whose structures have been experimentally solved. Using
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Figure 1 | Native (yellow) and 3-carbon-bridged disulfide bond (green) of

interferon a-2a. R represents the functionality attached to the 3-carbon

bridge.
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this structural information, other publicly available molecular
graphics programs can be used to find the disulfide bonds and to
determine their suitability for modification with a 3-carbon bridge.
Our experience indicates that this protocol can be used to
determine whether a protein is suitable for modification before
embarking on laboratory-based experiments. Over a period of
time, the original model can also be refined using the experimental
data generated. In addition, there are more than 350,000 entries for
human proteins in the protein sequence data bank whose sequences
are known but for which there is insufficient tertiary structural
information (Entrez Protein, http://www.ncbi.nlm.nih.gov/entrez/
query.fcgi?db¼Protein). If the complete structure of a protein is
not known, then homology modeling or ab initio protein modeling
can be used to predict its 3D structure17. Depending on the amount
of structural information available, these particular modeling
strategies may require additional specialist expertise.

Strategy layout
This protocol is divided into two parts. Part 1 describes the strategy
for identifying whether a protein is suitable for the insertion of a
3-carbon bridge across its disulfides. It aims to locate the position
of the disulfide bonds in a protein and can be undertaken by a
scientist without molecular modeling experience, using free molec-
ular graphics software packages. Slight modifications of the proce-
dure described can also be used to examine the position of other
residues and their accessibility to solvent.

Part 2 of the protocol describes a procedure for predicting
potentially adverse changes in a protein’s structure as a result of
inserting a 3-carbon bridge. Publicly and commercially available
graphics and modeling tools can also be used to perform these
prediction studies. It is useful to have some expertise in modeling
studies when carrying out this part of the protocol. The results
obtained with different modeling tools should be similar if the
strategies described are followed. Although our protocol was
developed and tested in detail for the site-specific PEGylation of
interferon a-2b, we have shown that it can be modified and applied
to other proteins and peptides13.

To provide a broader perspective, we provide a brief overview of
the two parts of the protocol.

Strategy for part 1 of the procedure—identifying the presence
and location of disulfides
The suggested procedure for identifying whether a protein and its
disulfides are suitable for the insertion of a 3-carbon bridge is
shown as a flowchart in Figure 2.

Although the PDB can be searched for the protein structure of
interest, it is important to note that the structure obtained may be
incomplete because of the absence of flexible loops and domains.
In such cases, some of the disulfide bonds may not be shown.

The general procedure that should be used is as follows:
� To account for all of the Cys in a protein, we recommend that the

protein’s sequence is used. When a sequence is found in the PDB,
it may be associated with literature citations that describe the
protein—for example, active site or physico-chemical properties.
It is useful to save the LOCUS number and the sequence for
future reference (Fig. 3).

� Determining whether a disulfide bond is present and whether it
could be a target for the insertion of a 3-carbon bridge requires
additional structural information. The PDB then needs to be
searched to determine whether the experimentally determined
3D structure of the protein has been published. If the structure
is available, the atomic coordinates of the protein should be
saved in a ‘PDB’ file format. This format is described on the web
page http://www.pdb.org/pdb/file_formats/pdb/pdbguide2.2/
guide2.2_frame.html.

If the structure is available, it is possible to determine (i) the
presence of disulfide bonds, (ii) the location of the disulfides
[hydrophobic (interior) versus solvent accessible (surface)] and
(iii) the position of the accessible disulfide bonds relative to the
protein’s receptor/substrate binding surface(s). At this point, it is
important to check the protein’s structure for the correct number-
ing and sequence completeness. When 3D data are available for
only some sections of the protein, the missing structural features
can be built into the protein using a combination of homology
modeling and molecular dynamics simulations (Fig. 4).
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Figure 2 | Strategy to identify a protein’s accessible disulfide bonds, and

suitability for modification with a 3-carbon bridge.

1
61

121
181

Figure 3 | The sequence of interferon a-2a (LOCUS number: NP_000596)

from the Entrez Protein database (http://www.ncbi.nlm.nih.gov/gquery/

gquery.fcgi). Cys residues (c) are shown in red. The signal sequence is shown

in blue. There are two Cys residues in the signal sequence. They are shown

in blue.
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When an experimentally determined structure cannot be found or
is incomplete, the following two databases can be searched for
theoretically modeled structures: Protein Model Database (http://
a.caspur.it/PMDB) and SwissModel repository (http://swissmodel.
expasy.org/repository). Although these two databases will not
provide an exact structure of the protein, they can provide an
insight into the protein’s topology. If a model structure cannot be
found, it is still possible to define the theoretical structure of the
protein using homology modeling or ab initio protein modeling
approaches17. The effective use of these approaches requires
considerable specialist expertise and, as such, is beyond the scope
of this protocol.

There are more than 30,000 entries in the PDB with Cys residues
and 1,160 entries when the keyword ‘disulfide’ is used. As a
‘disulfide’ is not always defined explicitly in the PDB file, the
protein structure obtained should be tested to determine whether
any disulfide bonds are present. This can be achieved by visualizing
the Cys residues. If the Cys residues are in close proximity to each
other (2–3 Å) in the folded structure, they are likely to form a
disulfide bond. A particularly useful tool that enables disulfides to
be determined with accuracy is the software Disulfide by Design,
where paired Cys residues can be identified by the geometric
constraints on the sulfur atoms in disulfide bonds (Table 1).
For example, in disulfides of known protein structures, the
torsion angle formed by the Cb–Sg–Sg–Cb bonds and the rotation
about the Sg–Sg bond is bimodal with sharp peaks at +1001
and �801. The distribution of the Ca–Cb–Sg angles in known
disulfides has a peak of approximately 1151 and a range of 1051 to
1251 (ref. 18).

Many disulfide bonds are not accessible to solvent because they
are buried in the protein’s hydrophobic regions. Consequently, it is
difficult for reagents to reach them under non-denaturing condi-
tions. In addition, reducing these disulfides can significantly impair
the protein’s ability to refold to its original tertiary structure19.
Therefore, a lack of solvent-accessible disulfides means that the
protein is unlikely to be suitable for the insertion of a 3-carbon
bridge. Disulfides that are close to or on the protein’s surface are
more likely to be available for chemical reactions under non-
denaturing conditions and with minimal stoichiometries of
reagents. The solvent-accessible surface area (SASA) can be defined
and used to estimate the accessibility of these disulfides. MOL-
MOL20 is an example of a software tool that can be used to examine
the accessibility of a disulfide to chemical reagents. For example,
Table 2 shows the MOLMOL-calculated SASAs of the Cys residues
of the proteins that we selected for the insertion of 3-carbon bridges
after the reduction of disulfide bonds. Please note that the results
obtained using this approach should be confirmed by visual
inspection using a molecular graphics package such as Jmol or
Rasmol. It is also important to remember that 3D models provide
only a static picture of the protein; a protein and its side chains are
constantly in motion, with partially hidden sulfur atoms being

constantly exposed to solvent. Some of the PDB files of proteins
whose structure has been determined using NMR contain multiple
conformations that could reflect the conformational mobility of the
protein. With specific reference to this point, the SASAs reported in
Table 2 for interferon a-2a were calculated from a set of confor-
mations that were determined by NMR. It should also be noted that
when several solvent-accessible disulfide bonds are present,
it may be possible to insert more than one 3-carbon bridge.

A protein that fulfills the conditions shown in Figure 2 (i.e., has
one or more accessible disulfide bonds) should be suitable for the
insertion of a 3-carbon bridge across its disulfide bonds. Informa-
tion on the surface of the protein that interacts with its receptor/
ligand has to come from the protein’s crystal structure or from
biological data (e.g., mutagenesis studies) if the complex is yet to be
crystallized. In general, if the disulfide bond is a part of, or close to,
the protein’s active binding surface, this also needs to be taken into
account when considering the overall change in a protein’s tertiary
structure.

It now becomes possible to determine the effects of reducing the
disulfide bond(s) to liberate the two Cys sulfur atoms for the
insertion of a 3-carbon bridge. Chemical reduction will increase the
distance between the two sulfur atoms and it may also change the
local and/or global structure of the protein. This can lead to
changes in the protein’s tertiary structure and to significant changes
in the conformation of its active surface. In addition, when two
or more disulfides that are in close proximity are reduced, the
possibility of 3-carbon bridge formation between sulfurs that were
not originally paired as a disulfide also needs to be considered. The
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Figure 4 | Sequence and 3D model of leptin (PDB file 1AX8). It shows that

part of the 3D structure of the protein is missing. (a) Text representation;

(b) ribbon representation. The segment in blue is the part of the protein

that is not connected to the segment in red.

TABLE 1 | Summary of the geometrical parameters of disulfide bonds
detected in the PDB18.

Parameter Value Range

Distance between S atoms in two Cys — 2–3 Å
Angle Ca–Cb–Sg 1151 ±101
Torsional angle Cb–Sg–Sg–Cb +1001 or �801 ±101
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procedure for determining the amount of structural change as a
consequence of the chemical modification of the disulfides is
described in the next section.

Strategy for part 2 of the procedure—modeling the effects of
modifying the disulfide bond on the structure of the protein
The aim is to define the effect of inserting a 3-carbon bridge into
each of the accessible disulfides of a protein. Evaluation of the
structural behavior of the protein after modifying its disulfide
bonds and PEGylation of the protein (if appropriate) can be
conducted using the flowchart shown in Figure 5. Ideally, the
disulfide into which the 3-carbon bridge will be inserted will be
the most accessible disulfide bond. Its modification should result in
the smallest possible change in the protein’s tertiary structure
(Fig. 5). The first modeling study should be conducted by inserting
a single 3-carbon bridge into the disulfide of a monomeric protein.
In the case of multimeric proteins, our experience suggests that the
best approach is to insert a single 3-carbon bridge into each of the
monomers that make up the protein13.

As the insertion of a 3-carbon bridge requires the reduction of a
disulfide, we start by determining the effect of reducing a disulfide
on a protein’s structure. The molecular modeling studies described
in this protocol9,21,22 were conducted using the integrated
molecular modeling packages Maestro version 6.5 and Macromo-
del version 9.1. They are distributed by Schrödinger (http://
www.schrodinger.com). The advantage of these two packages is
that the graphical user interface ensures an easy setup for the
calculations required, and the builder menu provides tools for the
modification of disulfide bonds and for building novel structures.
Although the topology and parameters for non-standard residues
are automatically sorted, we recommend that the user recheck
the structures and the parameters generated. Several different
force fields are available and the solvent can be taken into
account implicitly using the generalized Born surface area method.
The additional effect of solvent collisions with the protein can
be considered using stochastic (Langevin) dynamics23. Compara-
tive studies of molecular dynamics simulations with the
explicit solvent and of stochastic dynamics simulations with the
implicit solvent have shown that the results of these simulations
are comparable9,24.

Macromodel has some limitations when used for these kinds of
studies. The current version is not suitable for running simulations
in parallel, and the software is not suitable for simulation of systems
with explicitly defined solvent molecules. In addition, we have
encountered some problems with the number of atoms when we

tried to simulate PEGylated asparaginase using an all-atom force
field. This led us to use a united atom force field.

Many free molecular dynamics software packages are available and
they can also be used to achieve a similar result. However, with these
software packages, it can be difficult for inexperienced users to set up
the calculations for (i) new structures, (ii) novel topologies,
(iii) parametrization of the atom types and (iv) connectivities
between atoms. However, it is possible to select software that is
suitable for the hardware available to the user. Using these programs,
simulations can be run in parallel mode on cluster systems such as
AMBER, NAMD or GROMACS. Simulations can also be carried out
on fully solvated systems using NAMD, GROMACS or CNS-SOLVE,
or using either implicit or explicit solvation methods in AMBER.
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TABLE 2 | The solvent-accessible surface area (SASA) of Cys residues for interferon a-2a, leptin and the Fab. PDB codes are given in brackets. Chain
names are given in square brackets. The range of SASA is given for the set of conformations found in the 1ITF PDB file for interferon a-2a.

Protein Cys-1 SASA (%) Cys-2 SASA (%) Classification

Interferon a-2a (1ITF) 1 8.0–23.9 98 0–3.3 Accessible
29 0–12 138 3.2–14.4 Accessible

Leptin (1AX8) 95 17.4 146 18.4 Accessible
23 [L] 0.3 93 [L] 0 Buried

139 [L] 0 199 [L] 0 Buried
FAB (1CBV) 22 [H] 1 98 [H] 0 Buried

148 [H] 0.3 203 [H] 0 Buried
219 [L] 66.5 136 [H] 50 Accessible

Start with the 3 D model
of the protein obtained

from procedure 1

Validate the molecular
dynamic simulation

protocol

Examine the
conformational flexibility

of the native protein

Examine the
conformational flexibility
of the reduced protein

Modify the disulfide bond

Carry out the simulation of
the modified protein

Examine the
conformational flexibility
of the modified protein

Examine the effects of
modifying the disulfide

bond on the protein's 3 D
structure and its active site

Compare the structure
of the modified protein

with the structure
of the native protein

Compare the
theoretical results
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Figure 5 | Strategy for evaluating a protein’s structure after the insertion of a

3-carbon bridge across a disulfide bond.
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A schematic procedure for part 2 of the protocol is now
described; it is a prerequisite that a complete 3D model of the
protein is available from part 1.

When using other software packages, it is necessary to validate
the molecular dynamics simulation protocol. Start by running a
simulation whose result is already known. Our validation proce-
dure examines the effect of two types of simulation on the structure
of a protein. The first simulation, performed using CNS-SOLVE
software, is carried out with the protein fully solvated with explicit
water molecules. The second is a stochastic dynamics simulation
carried out with implicit solvent representation. This is implemen-
ted in Macromodel. The resulting structural simulation trajectories
need to be comparable. These types of experiments will indicate
whether stochastic simulations using implicit water representation
(implemented in Macromodel) are suitable for modeling the
protein in its (i) native, (ii) disulfide-reduced and (iii) 3-carbon-
bridged forms. When other software is used, we recommend that a
simulation is also conducted with interferon a-2a using the
PDB entry ‘1ITF’.

Another important internal control of the present methodology
consists of running a structural simulation of the native
protein. This strategy can also be used to compare the structure
of the native protein with that of the modified protein. Such an
analysis provides additional information about the conformational
flexibility of the native protein, which, typically, should not unfold
or change its conformation at the end of the simulation.

At this time, it is also possible to run the simulation of
the protein with the two sulfur atoms of a reduced disulfide
bond; that is, the sulfurs are not connected. The protein’s structure
should not change significantly. If it does, special care may be
required during the experimental work to ensure that there is
minimal propensity for the protein to aggregate when the protein’s
disulfide is reduced. This can be achieved using additives (e.g., Arg)
or by the careful selection of buffers11. Knowing that special
chemical conditions will be required to reduce a protein’s
disulfide can save experimental time and effort. In this context,
it should be noted that most of the literature about the reduc-
tion of protein disulfide bonds focuses on their complete reduc-
tion; that is, including the non-accessible disulfides in the
protein’s interior that require protein denatuation6. Far less has
been published about the site-selective reduction of accessible
disulfide bonds.

Once it becomes clear that a disulfide bond can be
broken without altering the protein’s tertiary structure or that
experimental conditions can be defined that continue to
preserve its structure, the 3-carbon bridge can be inserted in the
structure and the simulation repeated. The simulation condi-
tions used should be the same as those used for the native protein.
This step can be followed by adding PEG, if required. Insertion
of the 3-carbon bridge is achieved using a molecular builder
(Maestro). If PEG is to be added, its initial structure is deter-
mined using a conformational search. As our experimental
data suggest that the size of the PEG does not affect the
protein’s biological activity10,13, we use a small PEG for
our modeling studies to minimize the time required for the
simulation.

Structural snapshots of the modified protein from the simu-
lation can be overlaid and the root mean square deviation
(RMSD) calculated. Overlaid structures can be visualized as rib-
bons (i.e., traces of the backbone) and can be used as an indicator
of motion in those parts of the protein that have undergone
change with time. High RMSD values indicate that the protein is
flexible and that its structure has changed significantly during
the simulation. It is also possible to calculate the RMSD for
selected regions in the protein during this analysis. The resultant
trajectory can be converted into PDB files and a variety of software
used to analyze the dynamic and structural properties of the
protein. Software examples are MOLMOL, VMD, VEGA ZZ and
gOpenMol.

The global changes in a protein’s structure after its PEGylation
can be evaluated by comparing the structural snapshots of the
modified structure with the structural snapshots of the native
protein. The structural snapshots of two different simulations can
be overlaid and any global changes in secondary structure inspected
visually. In addition, the RMSD values can be calculated for regions
of interest (e.g., active site).

Overall, the structure of the active surface of the 3-carbon-
bridged protein has to be compared with the same surface in the
native protein. This comparison will determine whether significant
change has occurred. In the case of PEGylation, the active surface
may appear to be obscured by the PEG moiety. However, if the
protein’s tertiary structure is maintained, our experimental data
show that the PEGylated protein continues to have biological
activity10,13.

MATERIALS
EQUIPMENT
.Personal computer with an Internet connection and Java-enabled web

browser (see EQUIPMENT SETUP)
.Internet Explorer or Firefox software (http://www.mozilla.com/en-US/firefox/)
.Linux cluster with Suse 10.0 operating system and Sun Grid Engine (SGE)

queuing software; as an alternative, Microsoft Windows XP/2000 or Linux
Suse 10.0 or workstation or MacOS X personal computer

.Jmol (http://jmol.sourceforge.net/) (see EQUIPMENT SETUP)

.MOLMOL (see EQUIPMENT SETUP); as an alternative, Deep View (http://
www.expasy.org/spdbv/program/spdbv37sp5.exe) or VMD (http://www.ks.uiuc.edu/
Development/Download/download.cgi?PackageName¼VMD) or Rasmol (http://
www.openrasmol.org/)

.Disulfide by Design

.Schrödinger suite including Maestro and Macromodel (see EQUIPMENT
SETUP); as an alternative, AMBER (http://amber.scripps.edu/) or
CNS-SOLVE 1.1 or GROMACS (see EQUIPMENT SETUP)

EQUIPMENT SETUP
Personal computer Any modern computer that is connected to the Internet
can be used for part 1 of the procedure. It requires a Java-enabled web browser.
For simplicity, the setup procedure is described for a computer with a Windows
operating system. If the browser is not Java enabled, the Java Runtime
Environment (JRE) (Sun Microsystems; http://java.sun.com) has to be down-
loaded and used to Java-enable the browser. For some versions of Internet
Explorer, select ‘Tools’ and then choose ‘Internet Options’. In the ‘Security’ tab,
choose the ‘Custom Level’ button. If the ‘Java Permissions’ section exists, choose
Low, Medium or High safety. In the same window, ‘Active Scripting’ and
‘Scripting of Java Applets’ should then be enabled.
Jmol The Jmol software can be downloaded from http://jmol.sourceforge.net/
by following links for the download and choosing the file for the appropriate
computer platform (zip file extension). The current stable version is
Jmol-11.0.RCX, where X depicts the version update. Software is under regular
development, so changes in the version number can be expected. The file
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‘jmol-11.0.RCX.zip’ can be saved in a new directory denoted ‘c:\xxxx’. The term
‘xxxx’ is a string without spaces, because some modeling software may not
support spaces in filenames. This is primarily due to historical reasons and
compatibility issues with the Unix/Linux operating systems. Windows Explorer
is used to find the downloaded files at the saved location, and with a right-click
of the mouse, choose ‘Extract All’. Specify the directory to which the file should
be saved as ‘xxxx’. The files are extracted and placed into the specified directory
‘c:\xxxx\jmol-11.0.RCX’. The software can be started by double-clicking on the
file called ‘jmol.bat’ or a shortcut can be created on the Desktop. This is done by
right-clicking on the Desktop and selecting the ‘New/Shortcut’ option, and then
browsing through the file system to select ‘c:\xxxx\ jmol-11.0.RCX\jmol.bat’.
Then click OK to finalize the creation of the shortcut. Detailed instructions on
using Jmol can be found on Wikipedia (http://wiki.jmol.org/index.php/
Main_Page).
MOLMOL The MOLMOL software can be used as molecular graphics software
to visualize the protein’s structure. However, it does not depict non-protein
moieties with ease. In our protocol, the use of MOLMOL to calculate the
solvent-accessible surface is described. The software can be downloaded from
ftp://ftp.mol.biol.ethz.ch/software/MOLMOL/win/ as three executable files.
They can be saved in the new ‘c:\xxxx\molmol’ directory. Executing all three files
will extract all the necessary files for MOLMOL to run. The program can be
executed by double-clicking the ‘molmol.exe’ file in the ‘c:\xxxx\molmol’
directory. Alternatively, a shortcut can be created on the Desktop; that is, right-
click on the Desktop and select the ‘New/Shortcut’ option.
Disulfide by Design software Probable disulfide bonds can be confirmed
using Disulfide Bond by Design. This free software can be downloaded from the
http://www.ehscenter.org/dbd/ website after registration. The downloaded

‘DbDInstall.zip’ file should be decompressed, and the ‘DbDInstall.exe’ file
is used to install the software into its default location (c:\Program Files\
WSU\Disulfide by Design). Follow the on-screen instructions provided
during the installation. The software is started by clicking ‘Start/Programs/
DisulfidebyDesign’.
Computing platforms Our preferred platform to run molecular
modeling software is the Linux operating environment. Windows versions
are also available for most packages, but we have not used them. The setup
of the molecular modeling programs requires some knowledge of
information technology and of the Linux environment, or of Windows
if it is used.
Schrödinger suite including Maestro and Macromodel Macromodel is used
for molecular mechanics calculations, conformational searches and stochastic
and molecular dynamics simulations. It is part of the Schrödinger modeling
suite and can be run though the graphical user interface Maestro. It also includes
a molecule builder and is needed to insert the 3-carbon bridge. This software is
commercially available and a trial version can be obtained through the http://
www.schrodinger.com website. The software has comprehensive installation
instructions, a user guide and tutorials. The procedure described here requires
licenses for the use of the Maestro and Macromodel packages.
CNS-SOLVE 1.1 and GROMACS Publicly available and freely offered mole-
cular modeling software can be found on the home pages of developer research
groups such as Gromacs (http://www.gromacs.org) and CNS-SOLVE (http://
cns.csb.yale.edu/v1.1/). Although this software can be used for most of the
calculations described in this protocol, the lack of a graphical user interface for
the calculation setup can present some difficulties for the non-expert trying to
perform these calculations.

PROCEDURE
Part 1: identifying and locating disulfides � TIMING 1–3 h depending on experience
1| Use a good site to browse a protein’s sequence and its 3D model, such as the National Center for Biotechnology
Information (NCBI) web page (http://www.ncbi.nlm.nih.gov/gquery/gquery.fcgi). A search can be carried out across several
databases starting from this web page.

2| Enter a keyword or protein name into the search box. After you click on the ‘GO’ button, the results are presented in a table
on the next screen.

3| Check whether a 3D model is available by observing the number of hits next to the ‘Structure’ link. Provided it is not zero,
click on that link. The results are given as the PDB entry and its title. Although it is possible to follow the link on the PDB entry
and observe the protein’s 3D structure, the visualization software embedded in the PDB web pages is more powerful for this
analysis. Jmol software can be used for off-line visualization as described later.
m CRITICAL STEP Read the description of the PDB file carefully as the appearance of the protein’s name in the title does not mean
that the PDB entry will have a 3D structure for the protein.

4| If the protein of interest is found, note the PDB entry. Then proceed to Step 10 of this procedure. If it is not found, use
the search facilities of the PDB as described in Steps 5–9.

5| Open the PDB web page (http://www.pdb.org) in the web browser.

6| In the search box, type the name of the protein and click the ‘SEARCH’ button.

7| View the results displayed on the next page (ten results per page), which are sorted by their relevance.

8| If the protein of interest is not located owing to lack of hits, or if there are too many hits, narrow the search using the
‘Advanced Search’ feature. This allows several query criteria to be combined to widen or narrow the search. This type of query
can be defined using the dropdown menu. The keyword-style query can contain a protein’s name and it can be evaluated before
adding the next query using the ‘+’ button.

9| If many protein structures are found, it is possible to narrow the search by defining the species of the organism from which
the protein was purified. For detailed help on searching and an explanation of the options available, see http://www.pdb.org/
pdbstatic/tutorials/tutorial.html.

10| Once the 3D model of the protein is found, download the PDB file for an off-line analysis using Jmol. It is also possible to
visualize the protein’s structure online, but we will not describe this option. Click the ‘Download Files’ link that is located on
the left-hand side of the screen for the selected protein entry. The menu will expand. Right-click on the ‘PDB file’ link. This will
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offer a Windows menu with the ‘Save Target As’ option.
Left-click on that option and save the file in a directory on
your hard disk. The PDB files with NMR-based structures may
have several different models that fulfill NMR restraints. The
file should be edited and the models saved in separate files
for a successful analysis.

11| Using the shortcut for Jmol, start the visualization
software. Using the ‘File/Open’ menu item, find the saved
PDB file and open it. The default view is ‘Ball and Stick
representation’. Rotate the molecule by holding down the
left mouse button and moving the cursor.

12| To visualize the Cys residues and to locate the disulfide
bonds, use the ‘Select’ command. Right-click in the molecule’s
window and expand the menus by moving the mouse cursor
over to the menu items. Select ‘Protein/by residue Name’ and
left-click on ‘CYS’. Change the representation of the selected
atoms by a right-click and expand the menus into ‘Style/
Atoms’. Click on ‘75% Van der Waals’. The atoms of the Cys
residues will be seen as spheres and will be distinguished
from the rest of the protein’s atoms. The sulfur atoms are
represented in yellow. If a disulfide bond exists between two
sulfur atoms, the atoms will be seen in close proximity to
each other (Fig. 6). Using this approach, visualization of
the Cys residues allows the detection of (i) the presence
of disulfide bonds, (ii) their spatial arrangement within
the protein’s 3D structure and (iii) their accessibility to
solvent and reagents.

13| As some parts of the protein may be absent from the PDB file because they have not been experimentally
determined, assess which segments are missing. Look at the protein’s backbone representation and search for breaks in
its structure, or examine the PDB file using a text editor; that is, determine whether some residue numbers are missing in
the ATOM rows of the PDB file. If this is the case, the missing parts can be modeled using loop modeling or homology
modeling. The modeling of missing sequences can be carried out using the homology modeling servers at the web addresses
http://www.expasy.org/swissmod/SWISS-MODEL.html and http://www.bmm.icnet.uk/people/paulb/3dj/form.html. The loop
modeling servers are found at http://mordred.bioc.cam.ac.uk/~rapper/ and http://protein.cribi.unipd.it/lobo/. Although
a detailed description of how to model the missing parts of the protein’s structure is beyond the scope of this protocol,
instructions and tutorials are provided at these websites.

14| Use additional tools to confirm the disulfide bonds detected in Step 12, if desired. These optional tools use the
quantitation of the geometric parameters given in Table 1. Disulfide bonds can be detected using the Disulfide by Design
software package. Start the program by clicking the menu item ‘Start/Programs/DisulfidebyDesign’. Recall the previously saved
PDB file by clicking the ‘Load Structure’ button and start the analysis by clicking the ‘Run’ button. This program searches for the
relative proximity of any Cys residues, assesses their arrangement and checks whether pairs of residues have the geometry and
the angles typical of a disulfide bond. The program will report several pairs of residues that may or may not be Cys. A disulfide
bond is most likely to form if there are two paired Cys residues (Fig. 7).

15| Evaluate the accessibility of disulfide bonds to solvent using the MOLMOL software. Start the software by double-clicking
the molmol desktop icon (if created in software setup) or by using Explorer to double-click the ‘molmol.exe’ file in the
‘c:\xxxx\molmol’ directory. Load the PDB file by selecting the menu item ‘File ReadMol PDB’ and finding the file at the saved
location. To calculate the SASA, select the menu item ‘Calc Surface’. A new dialog window will open. This is used to define the
parameters for the calculation. The default values are acceptable. If a detailed report is required, the box called ‘by atom’ can be
ticked. The software will then estimate the solvent accessible and the total surface area of the protein residues, followed by a
percentage for the accessibility of each residue to solvent. Residues with a high percentage will have the greatest likelihood of
being exposed to solvent. On the basis of our experience, we have classified a disulfide bond as ‘buried’ if the accessible surface
of both of the Cys residues is less than 5%. If the SASA of one of the Cys residues in a disulfide bond is more than 10%, then
it is reasonable to conclude that the disulfide bond is sufficiently accessible to solvent for it to be available for chemical
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Figure 6 | Screen capture of Jmol software. This shows interferon a-2a with

the Cys residues represented as Van der Waals surfaces.

1076 | VOL.2 NO.5 | 2007 | NATURE PROTOCOLS

PROTOCOL



reduction. The Cys residues that cannot
be simply classified as being accessible
to solvent will have to be examined
using a combination of visualization
and analytical tools.
m CRITICAL STEP Keep in mind that the
PDB file is a static snapshot of a dynamic
protein structure that is constantly
moving and changing with time. This is
especially true of the residues that are
close to the surface. They have fewer
stabilizing intra-protein interactions
and they are more exposed to collisions
with the solvent and other surrounding
molecules. This means that some Cys
residues that appear to be inaccessible
might become intermittently exposed
to the solvent and would therefore
be available for chemical modification
over a period of time. This dynamic
situation can be investigated using
molecular simulation of native
proteins as described in part 2 of this
protocol.

16| After establishing that a protein has disulfide bonds, determine the change in its structure after the insertion of a 3-carbon
bridge. A literature search for the ligand or receptor binding surface should aim to define the residues involved in receptor–
ligand interactions. Using Jmol, it is also possible to examine the position of the modified disulfide bonds with respect to the
active surface. Predicting the effects of the modifications on the protein’s structure, with specific reference to its potential
receptor or ligand binding interactions, is described in part 2 of this protocol.

Part 2: modeling the structural effects of modifying disulfide bond(s) � TIMING Approximately 3 weeks—an experienced
modeler could set up all of the calculations in 3 h
17| For software validation if software other than Macromodel is utilized (optional), perform the following simulation on
interferon a-2a in the first instance.

18| Transfer the saved PDB file of the protein and resave it in a new location using the Linux file system.

19| Open a Unix shell and change the directory’s location to the file in which the protein’s structure is saved. Start the Maestro
package by typing ‘maestro’ in the Unix shell.

20| Start a new project by selecting the ‘Project/New’ menu item and type a new name followed by clicking the ‘Create’ button.
Use the ‘Project/Import’ menu item to insert the protein’s structure into the workspace. A new window will appear in which you
have to select the PDB format by clicking on the ‘Format’ dropdown menu; the default is Maestro. Select the filename with the
protein’s structure and click the ‘Import’ button.

21| As atoms in the protein imported from the PDB format are usually gray in color, to distinguish different types of atoms,
change the color of all the atoms using the menu item ‘Display/Atom Coloring’ and select ‘Element’. Click on the ‘All’ button.

22| Check if the hydrogen atoms are included in the PDB file, because most of the structures are derived from X-ray
crystallographic studies and, as such, do not include hydrogen atoms. Therefore, the explicit hydrogen atoms have to be
added to the structure (Step 25). In addition, the disulfide bonds are not created automatically. The simplest way to address
these issues is to execute a sequence of scripts that have to be installed separately.

23| Execute the script from the menu ‘Scripts/Connect Disulfides’. It will connect all the S atoms from the Cys residues that are
less than or equal to 3.2 Å apart.

24| Confirm that the correct disulfide bonds have been created using the information found in the literature or from the results
obtained using Disulfide by Design.
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Figure 7 | The output of the analysis for the potential disulfide bonds that can form in the 3D model of

interferon a-2a. This prediction was carried out using Disulfide by Design software. ‘Chi3’ refers to the

torsional angle formed by Cb–Sg–Sg–Cb atoms. ‘Energy’ reports the interaction between the two Cys

residues in kcal mol1. This makes it possible to compare the potential of several Cys residues to form a

disulfide bond.
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25| Prepare the protein for the simulation by using the script ‘‘Scripts/Protein Preparation Wizard’’ which offers several options.
They can be used to prepare the protein for the simulation. The additional functions in the script will be available only if you
have licenses for Epik and Glide. Click on the ‘Fix Structure’ button to assign the bond orders and to add the hydrogen atoms.

26| To evaluate whether there are any ligands in the structure or unusual residues, click the ‘Find Hets’ button. As these
residues or ligands may be important to preserve the correct structure of the protein, an informed decision has to be made
about whether they can be removed from the structure before carrying out the simulation. For example, three zinc ions are
essential for the folding of the CBP/TAZ1 domain into a functional conformation (PDB entry 1U2N and references therein).

27| Click the ‘Run Protein Assignment’ button to optimize the states of the hydroxyl, Asp, His and Gln residues.

28| Use Epik to set the protonation states of the residues at the desired pH (optional).

29| If a Glide license is available, run a constrained refinement using ‘Run Impref Minimization’ to remove the initial steric
clashes and to optimize the positions of the hydrogen atoms that were added in Step 22.

30| Save the resulting structure of the unmodified protein in the Maestro file format using ‘Project/Export’ and give it a new
name. This structure can be used to run a simulation protocol and the results are used to determine whether the protocol is
suitable for the protein. In the following steps, we describe the procedure that we used for the simulation of interferon
a-2 by stochastic dynamics9. The same setup can be applied to all other simulations of the reduced and the modified protein.

31| Select the ‘Applications/Macromodel/Dynamics’ option from the menu. A new window will open that offers several different
pages under tabs.

32| Select the tab named ‘Potential’. Using the dropdown menus, set up calculations using the OPLS_2005 force field and
WATER solvent. This will, in turn, set up appropriate parameters for the dielectric constant charges (1.0) from force field,
and extended cut-off values for Van der Waals (8.0), electrostatic (20.0) and H-bond interactions (4.0) Å.

33| If the simulation does not require constraints, select the ‘Constraints’ tab and press both ‘Reset All’ buttons. If simulation
of the protein’s substructures is not required, select the ‘Substructure’ tab and clear the selection by pressing the ‘X’ button. The
substructure feature should be considered if the size of the molecule exceeds the atom limit of Macromodel and the simulation
fails. The atom limit is not clearly defined in the manual; for example, we could not carry out a simulation of asparaginase
(a multimeric protein with more than 9,000 atoms) using all-atom force field. In such cases, we recommend that the PEG
moiety and the region around the disulfide bond that requires modification be selected as a substructure.

34| On the ‘Mini’ page, select the ‘PRCG’ method and 2,500 as the maximum number of iterations. Set the convergence on
‘Gradient’ to a threshold of 0.05. This combination should provide a stable starting structure for the molecular simulation.
Other values can be considered; however, a low number of iterations (fewer than 500) and a high convergence gradient (greater
than 0.5) might not provide a stable starting structure for the dynamics—which can then fail. Otherwise, a small convergence
gradient (less than 0.01) during the optimization step might not be achieved and the simulation step will not start.

35| On the ‘Monitor’ page, set the number of structures to be sampled to 200. Higher numbers are possible, but handling the
structures becomes less practical. Another option is to set up additional monitors that will record selected distances, angles and
hydrogen bonds.

36| On the ‘Dynamics’ page, use the dropdown menus to select the ‘Stochastic dynamics’ method for simulation and ‘Bonds to
hydrogens’ SHAKE method. We have carried out simulations on 300 K with a timestep of 1 fs. The system was equilibrated for 10 ps
with a simulation of 2,000 ps. It is important to note that the timestep of 1 fs in combination with a SHAKE constraint ‘Bonds to
hydrogens’ is sufficiently small to prevent stretching bond lengths to unrealistic values. The 10 ps equilibrium is a period during
which a system can equilibrate when it is heated from 0 to 300 K. If the protein is unstable (i.e., loses its tertiary structure) during
this initial period of simulation, the equilibrium period can be set to longer values. For AMBER software, this equilibrium period can
be up to 1,000 ps. We experimented with the duration of the simulation for reduced interferon a-2a and found that the RMSD value
plateaus before 2,000 ps. For simulations with leptin, a shorter period of 1,600 ps was needed to achieve the plateau values of the
RMSD. Therefore, our recommendation is to increase the duration of the simulation of the RMSD until a plateau value is reached.

37| Depending on the queue system used and personal preference, it is possible to proceed according to either option (A) or
option (B) as described below. Schrödinger software provides support for the portable batch system, a load sharing facility and
SGE queuing systems. The installation is described in the Maestro documentation. In either case, the results of the simulation
are recorded in several different files. Of primary interest are the files ‘selected_name-out.mae’, which contains the 200
structures (i.e., snapshots of the simulation), and ‘selected_name.log’, which contains information on the progress of the
minimization and simulation and records of total energies and temperatures every 10 ps during the simulation.
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(A) Using the batch job submission
(i) Press the ‘Write’ button and open a new window. The initial structure and batch (command) file will be written under the

‘selected_name’, which, in turn, can be submitted as a batch job as the command ‘$SCHRODINGER/bmin selected_name’.
The simulation cannot be monitored using Maestro. The Linux batch queue has to be interrogated to find out whether the
job has finished.

(B) Using the queue system within Maestro
(i) Press the ‘Start’ button. A new window will open and the simulation can be submitted under ‘selected_name’ to a

queue that is defined in the dropdown menu for ‘Host:’. The simulation can be followed through the ‘Monitor’ window
(Applications/Monitor).

38| Analyze the simulation using freeware molecular graphics packages (option A) or Maestro (option B).
(A) Analysis using freeware packages

(i) As freeware packages (VMD, VEGA ZZ) do not read the Maestro file format, convert the file into a PDB file format. Import
the ‘selected_name-out.mae’ file with the ‘Import all structures’ and ‘Replace Workspace’ boxes checked. They are red in
color. To save the files, use the ‘Export’ feature. From the dropdown menu, select the ‘PDB’ format. Check the box ‘Selected
entries’, which is red in color. From the dropdown menu, select ‘Export each entry as an individual file’ with ‘File name +
automatic number’ selected for the ‘File names are’ option. Give the file a name and press the ‘Export’ button. This will
create 200 new PDB files that can be analyzed separately or concatenated into a single file for analysis.

(ii) As the automatic numbers given during the export will result in the listing of the files being in non-numerical order,
modify the filenames by adding ‘00’ in front of each structure number for structures 1 to 9, and by adding ‘0’ to the front
of each structure number for structures 10–99. Packages such as VEGA, VMD and MOLMOL can be used for this analysis and
for producing graphs of the RMSD.

(B) Analysis using Maestro
(i) Use ‘Project/Show Table’ to open a new window in which structure names and their corresponding properties are shown in

a table. Select a structure by clicking the diamond in the ‘In’ column in the corresponding row. The selected structure will
be displayed in the graphics window. Selection of multiple structures can be achieved using the Shift or Ctrl keys on the
keyboard and then clicking on the diamonds for the structures of interest. For example, the conformation of the protein
at the start and at the end of the simulation can be compared by selecting the first and the last structure.

(ii) Follow the dynamic behavior of the structures using the ePlayer options and by playing the trajectory forward or backward.
If the first snapshot from the simulation is shown on the screen, the snapshots of the conformations taken at different
time points during the simulation can be viewed by pressing ‘Play’ on the ePlayer. This will lead to a review of the changes
in the protein’s conformation with time.

(iii) Follow the changes in protein structures and other properties that occur during simulation by calculating selected properties.
In particular, RMSD and the distance between selected atoms are usually of greatest interest. For example, monitoring RMSD
makes it possible to track the displacement of the atoms during the simulation as well as the deviation in an atom’s position
at specific times. To monitor RMSD values, select all of the structures in the trajectory. From the menu ‘Tools/Superposition’,
select the atoms for which the RMSD will be calculated, for example a whole protein or only certain parts of the protein (e.g.,
active site) or a selected group of atoms (e.g., backbone). If the change in structure is of interest, the box ‘Calculate in place
(no transformation)’ should not be selected because this will lead to the translation and rotational movements of the protein
also being considered. For RMSD to be included in the ‘Project Table’, select the ‘Create Property’ box. The calculation of RMSD
is carried out when the atoms are selected either by clicking the ‘All’ button or after selecting atoms using the ‘Select’ button.
The numerical values of the RMSD for each conformation are reported in the bottom of the RMSD window.

(iv) In a similar fashion, the distance between pairs of molecules for snapshots of the structure can be inserted into
the ‘Project Table’. From the menu, select ‘Tools/Measurements’, open the tab ‘Distances’ and tick the ‘Create Property
for Selected Entries’ box. Pick a pair of atoms such as the two sulfur atoms for the disulfide bond. This will create a new
column in the ‘Project Table’.

(v) The change of a particular property with time can be followed by creating a graph. Open the ‘Project/Project Table’ menu
item. In the new window, select the ‘Table/Plot’ menu item. In the ‘Plot XY’ window, select the ‘Plot/New Plot’ menu item.
This will open a ‘New Plot’ window. Write plot and series name in the appropriate boxes and then select the properties
required—time for the x-axis and, as an example, RMSD for the y-axis. The drawing style on the graph can be further
customized by selecting the desired options from the dropdown menus. The new graph will be created by clicking on the
‘New’ button, and the image can be exported in tiff format by selecting ‘Plot/Save PlotXY Image’.

39| Also carry out simulation of the reduced protein. To reduce the disulfide bond, delete the bond between the sulfur atoms
of the Cys residues of interest. The starting structure of the native protein is imported using the file created in Step 30.
The disulfide bond that should be reduced can be located by hiding all of the atoms in the first instance (by selecting the
‘Display/Undisplay Atoms’ item on the Display menu) and clicking the ‘All’ button that corresponds to the ‘Undisplay’ row. To
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visualize the required Cys residue, click the ‘Select’ button that corresponds to the ‘Also Display’ row. A new window will appear.
Under ‘Residue’ tab, choose the Residue number selection criteria. In the Residue number, type the number of Cys residues that
correspond to the disulfide bond requiring reduction. Click the ‘Add’ button and ‘OK’. The selected atoms will be displayed with
the disulfide bond(s) in yellow. Click on the button ‘X’ on the left-hand side of the graphics window and hold the mouse button
down until the menu appears. Drag the mouse pointer to the bonds and release the mouse button. The click of the mouse
button will change the function to deleting bonds. Click the bond between the two yellow sulfur atoms and it will disappear.
Double-click on the ‘H’ button on the graphics menu to add hydrogen atoms to the whole molecule. This will also add hydrogen
atoms to the sulfur atoms. The modified molecule will correspond to the protein with the reduced disulfide bond. Repeat this
for all the disulfide bonds that have to be reduced. Save the reduced structure as a new file in Maestro format (‘Project/Export’).

40| Carry out the simulation protocol defined in Steps 31–37 and analyze the trajectory as described in Step 38.

41| Using builder, delete hydrogen atoms on the sulfur atoms of the reduced disulfide bond. Use the freehand drawing tool
‘Draw Structure’ on the build window to connect the sulfur atoms with a 3-carbon bridge. Click on the first sulfur and then
click another three times to draw three connected carbons. Finally, click on the second sulfur atom. Save the structure under
a new name.
m CRITICAL STEP Since the view on the screen is a 2D representation of a 3D conformation, care is required to ensure that the chain
connects the correct atoms. Mistakes will lead to defective topologies. View all atoms by selecting the menu item ‘Display/Undisplay
Atoms’ item on the Display menu and in the new window click the ‘All’ button in the section ‘Also Display’. By holding down the
middle button (or wheel) and the right button on the mouse, zoom the view of the modified disulfide bond and make sure
that the new carbon chain is connected to the correct sulfur atoms. It is also important to make sure that it is along the same line
as the original disulfide bond. In addition, it should not clash with other atoms in the protein.

42| Carry out the simulation protocol defined in Steps 31–37 and analyze the trajectory as described in Step 38.

43| If PEGylation is desired, start by using the molecular builder to model the PEG molecule on its own. PEG is already folded
when it undergoes reaction with a protein. Start with an empty workspace. Select ‘Edit/Build’ and from the ‘Fragments’ dropdown
menu select ‘Organic’. Pick ‘Place’ box and click on the methyl fragment structure. This will add a methane molecule, and it is
the starting point for building a PEG chain with a terminal methyl group. Pick the ‘Grow’ box and click on the ‘hydroxyl’ fragment
to add oxygen atoms to the chain. This is followed by two clicks on the ‘methyl’ fragment. This will complete the addition of a
glycol monomer. Repeat the process by adding one hydroxyl and two methyl fragments until the PEG has grown to the desired
size. We have used PEGs of 1–10 kDa. Finish with the final hydroxyl group and one more methyl group. This will create an
extended chain that has to be folded before it can interact with the protein.

44| Generate the conformation of the PEG moiety to be connected to the protein. Having tested several different simulation
and conformational search protocols, we have found that a PEG moiety exhibits similar structural features irrespective of
whether the folding studies have been carried out using explicit or implicit solvent (water) representation. The most efficient
way of generating a PEG conformation is to use a modified simulation protocol for the protein as defined in Steps 31–37. Use
the molecular dynamics simulation instead of stochastic dynamics. After the simulation, use one of the conformations obtained
during the last few picoseconds of the simulation to model the PEGylating moiety. A linker has to replace the terminal methoxy
group. Choose the end that is not buried inside the PEG and delete the terminal methoxy group and the oxygen atom. Define a
grow bond by selecting the last two carbon atoms. Add an amine fragment followed by a carbonyl group, phenyl ring and then
one more carbonyl group. This will complete the PEG with an amine linkage. Save the structure using the ‘Export’ function.

45| To model a PEGylated protein, use the structure of the protein with the modified disulfide bond into which a 3-carbon
bridge has been inserted as described in Step 42. Either use the initial modified structure of the protein or import one of
the conformations obtained during the simulation (Step 43). Do not use an average structure from the set of snapshot
conformations because it may not have realistic coordinates.

46| Import the PEG linkage (without replacing the protein structure) into the workspace. Click the ‘Local transformation’ button
on the graphical menu and click the PEG. This will allow the PEG to be rotated and translated without moving the protein. Use
rotation and translation to dock the PEG onto the protein in such a way that the linkage on the PEG is in close proximity to
the 3-carbon methylene chain. Ensure that steric collision between the PEG and the protein does not occur. This will allow
connection of the middle carbon atom of the bridge to the carbon atom on the terminal carbonyl group on the linkage.
Double-clicking on the ‘H’ button will add the required hydrogen atoms and complete the structure. Save the PEGylated
protein under a new name and then submit it to simulation using the protocol as defined in Steps 31–37.

47| After the simulation, analyze the trajectory using the tools described in Step 38. Also, use these tools to compare the
structure of the native protein, the protein with reduced disulfide bonds and the PEGylated protein.
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48| Examine the effect of PEGylation on the structure of the active surface by calculating the RMSD [Step 38B(iii)] for the
atoms that make up the active surface of the native protein and the modified protein.
? TROUBLESHOOTING

� TIMING
Steps 1–3: 0.5 h
Steps 4–10: 0.5 h
Steps 11–13: 0.5 h unless additional modeling is required
Step 14: 0.5 h
Step 15: 0.5 h
Step 16: 0.5 h
Note: The timing for the rest of the procedure will depend on the hardware, the software setup and previous experience. The times
given below are for a Suse Linux 9.3 system running Maestro version 6.5 and Macromodel version 9.11 on an Opteron 2.2 GHz
processor. These timings will change if the parameters of the simulations are changed from the values given in this protocol.
Steps 17–19: 0.5 h
Steps 20–30: 1 h
Steps 31–37: 5 d for 146 aa residues; that is, the time taken will depend on the size of the protein
Step 38: analysis will depend on experience and the detail required
Steps 39–41: as Steps 31–38
Step 42: 0.5 h
Step 43: as Steps 31–38
Steps 44–45: time required for this step will depend upon the size of the PEG built; allow 3 h for each 1 kDa of PEG
Steps 46–47: 7 d for a 146-aa protein and a 10-kDa PEG
Steps 48: analysis will depend upon experience and detail of information required

? TROUBLESHOOTING
Troubleshooting advice can be found in Table 3.

ANTICIPATED RESULTS
Part 1: structural analysis
After completing part 1 of the procedure, the user will have information about the existing knowledge base for the structure of
the protein being studied, the number of Cys residues and their mutual interaction as disulfides. In many cases, it will be
possible to determine and visualize the location of the disulfide bonds in the protein.

As an example, the sequence of interferon a-2 is shown in Figure 3. Six Cys residues are present. Two Cys are in the precursor
leader sequence. From the references cited, it is known that biologically active interferon a-2 has two disulfides: Cys1–Cys98
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TABLE 3 | Troubleshooting table.

Problem Possible reason Solution

No structural information is available for
the protein

Protein is not crystallized or too large for
NMR, etc.

Consider homology or ab initio protein modeling
using the known sequence. This will require
specialist molecular modeling expertise

Some parts of the structure of the protein
are missing in the PDB file

Some segments of the protein chain are
flexible. This prevents their experimental
determination

Consider adding the missing parts by loop modeling
or homology modeling

Macromodel specific
Molecular simulation fails to run Size of the protein exceeds the program’s

atom limit
Run dynamics on relevant substructures
Use AMBER-united atom force field

The starting structure for dynamics
simulation is not stable

Increase the number of iterations in the Mini tab of
the Dynamics setup
Use a shorter time step
When setting the dynamics, select the ‘Bonds to all
atoms’ option in the Shake method

Native structure unfolds in the early
steps of the molecular simulations

System not equilibrated Increase equilibrium period
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and Cys29–Cys138, with the numbering excluding the signal
sequence shown in Figure 3. In the case of proteins for which
information does not exist about which Cys residues are
involved in disulfide formation, computational strategies can
be used to predict (with varying degrees of accuracy) whether
each Cys could pair to form a disulfide bond25,26. It is a good
practice to recheck that the entire sequence of the desired
protein is reported in the PDB file because some sections of
the protein may be missing. For example, Figure 4 shows the
available X-ray structure of leptin (PDB entry 1AX8). It does
not include the flexible parts of the protein.

Part 2: the modeling of the reduction and the rebridging of disulfide bonds
The simulation protocol should provide the user with sufficient information about the structure and dynamic behavior of the native
protein, the reduced protein and the modified protein. With this knowledge, it becomes possible to make an informed decision
about the suitability of the protein for site-specific modification by the insertion of a 3-carbon bridge across the two sulfur atoms
of a reduced disulfide bond. Such a protein has the potential to be a target for site-specific PEGylation using our protocol11.

Our modeling experiments have shown that reducing disulfides in different proteins can have a variety of effects on their structure9.
Other published studies have also described the effects of reducing disulfides on a protein’s structure. For example, a 2-ns molecular
dynamics simulation of azurin indicated that its overall structure was not affected by removing the disulfide bond27. This was in
contrast to the 5-ns molecular dynamics simulations of a 47-residue peptide, thionin, which has four native disulfides. Its tertiary
structure was significantly affected by the reduction of just one disulfide28. Our experimental studies have shown that the structures
of interferon a-2 and an anti-CD4 Ab do not change significantly after the reduction of an accessible disulfide bond10. We were able
to run nanosecond simulations to confirm that the structures of these proteins were retained after the reduction of a disulfide9. When
calculating RMSD values, consider the parts of the protein that have well-defined structural features. In the first instance, exclude
flexible loops at the C- or N-terminus. The RMSD values of the native conformation and the modified conformation of interferon
a-2a during our simulations did not exceed 4.5 Å. As such, they were within the limits of the RMSD values calculated using the various
experimental NMR models of interferon a-2a. It is important to realize that movement of the protein subunits (or domains) that are
connected by flexible loops can result in large changes in the RMSD without significantly affecting the protein’s secondary structure.
Although it is difficult to define with precision the changes in RMSD that will correlate with a disruption of a protein’s tertiary structure,
we have attempted to do so for our observations in Table 4.

When studying a protein for which experimental results are not available, we recommend that the simulations are run for
longer periods of times than the literature-based cases mentioned above. The running times for proteins for which little
information is available can range from tens of nanoseconds to several milliseconds29. Note that these longer simulations
will require access to substantial computational power.

We have already described how parts of the 3D structure of leptin were missing from the PDB (entry 1AX8; Fig. 4). After
modeling these missing parts and carrying out the simulation, we found that the protein’s structure was not significantly
affected by the reduction of a disulfide bond (i.e., the RMSD of the reduced protein was less than 3.5 Å when compared with
the native conformation of leptin), but there was increased flexibility of the C-terminus of the protein, in which one of the
Cys residues was present. The distance between the two sulfur atoms was 4 Å greater than the distance between the sulfur
atoms in the disulphide bond. Experimental data confirmed that reduction of the accessible disulfide bond did not lead to
denaturation of the protein (S. Balan and S. Brocchini, unpublished results).
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