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Improving the stability of proteins is an important goal in many biomedical and industrial applica-
tions. A logical approach is to emulate stabilizing molecular interactions found in nature. Disulfide
bonds are covalent interactions that provide substantial stability to many proteins and conform to
well-defined geometric conformations, thus making them appealing candidates in protein engi-
neering efforts. Disulfide engineering is the directed design of novel disulfide bonds into target pro-
teins. This important biotechnological tool has achieved considerable success in a wide range of
applications, yet the rules that govern the stabilizing effects of disulfide bonds are not fully charac-
terized. Contrary to expectations, many designed disulfide bonds have resulted in decreased stability
of the modified protein. We review progress in disulfide engineering, with an emphasis on the issue
of stability and computational methods that facilitate engineering efforts.
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1. Disulfide bonds in proteins

A protein disulfide bond is a covalent link between the sulfur
atoms of the thiol groups (-SH) in two cysteine residues. The disul-
fide (also called an SS-bond, disulfide bridge, or crosslink) is
formed upon oxidation of the two thiols, thus linking the two cys-
teines and their respective main peptide chains by the covalent
disulfide bond. Conversely, a disulfide bond can be disrupted by
a reductive reaction (e.g. using dithiothreitol).

Ri-SH + R,-SH < R;-S—S-R, + 2H" +2 e~

Disulfide bonds are found predominantly in secreted extracellu-
lar proteins. The redox environment within the cytosol preserves
cysteine sulfhydryls in a reduced state. Disulfide bonds rapidly
form outside of the cell in the presence of oxygen.

Most disulfide bonds in proteins secreted from eukaryotic cells
are formed in the endoplasmic reticulum, which offers an oxidizing
environment as well as chaperones and disulfide isomerases to en-
sure correct protein folding and disulfide connectivity [1].

In proteins, disulfide bonds are a configuration of six atoms,
Co—Cy—Sy—S,—C;—C,, linking two cysteine residues. The seminal
work of Janet Thornton in 1981 characterized the features and
bond geometry of disulfides by analyzing the atomic coordinates
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of 55 disulfide bonds that existed in protein structures available
at the time [2]. Nearly twenty years later, disulfide bond features
were further detailed by Petersen et al. using 351 disulfide bonds
in 131 non-homologous protein structures [3]. These analyses re-
vealed the distribution of bond angles and distances found in nat-
urally occurring disulfides, and this work has provided the basis of
most models for disulfide engineering. Two important bond angles
are the Ca-Cp-Sy and CB-Sy-Sy (Fig. 1), typically found near 114°
and 105¢° respectively, although a range of values with clear peaks
are observed. Petersen et al. reported the y3 torsion angle, which
represents rotation of the Cp atoms about the S-S bond, to have
peaks at +100° (right-handed) and —80° (left-handed) based on
351 disulfide bonds. Our own analysis, recently performed on
1505 native disulfide bonds, indicates that the y3; peaks are —87°
and +97° ([69]). These values are slightly different from the of-
ten-cited +90°. This torsion angle is critical to the stability of a
disulfide bond, and deviations from optimal values can produce
an energy strain by several kcal/mol [4,5]. The y; torsion angle, de-
fined by the N-Ca-CB-Sy bonds, has peaks at +60° and +180°, and
the y- torsion angle, defined by the Co-CB-Sy-Sy bonds, has peaks
at +60°.

The contribution of disulfide bonds to the stability of proteins
was investigated in early experiments that measured the change
in protein stability upon elimination of one or more native disul-
fide bonds. By methodically disrupting the two native disulfide
bonds in ribonuclease T, it was demonstrated that each crosslink
contributed ~3.5 kcal/mol to the thermodynamic stability of the
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Fig. 1. Disulfide bond geometry. Analysis of protein structures with native disulfide
bonds reveals consistent geometric relationships that can be utilized to predict sites
for disulfide engineering. The y3 torsion angle is a key geometric consideration for
disulfide formation, with peaks near —87° and +97°.

protein, consistent with a range of 2.3-5.2 kcal/mol reported in
other experiments [6,7]. Furthermore, the increase in stability
associated with each disulfide bridge was determined to be due
to the loss of conformational entropy of the unfolded state. A disul-
fide bond restricts motion of the unfolded, random coil to a far
greater extent than restrictions imposed upon the folded protein.
Based on experimental evidence, the contribution of a disulfide
bond to the change in conformational entropy of a protein was
modeled by the expression:

AS=-21- @)Rln(n) (1)

where n is the number of residues in the loop formed by the crosslink,
and R is the universal gas constant [6]. The model provides a reason-
able approximation, consistent with experimental observations for
proteins with simple two-state unfolding, i.e. those exhibiting
reversible denaturation. Later work using “loop permutation analy-
sis” of T4 lysozyme suggests that the sequence composition of the
loop may also be a factor in determining the energy contribution of
a disulfide [8]. Additionally, evidence indicates that an introduced
disulfide bond can contribute to an enthalpic change in free energy
[9-11]. The effect of a disulfide bond on stability is more challenging
to predict in proteins that do not conform to a two-state model and
unfold along intermediate states that act as a kinetic barrier.

2. Disulfide bond engineering

Given that native disulfide bonds provide considerable stability
to proteins, it logically follows that the addition of a novel crosslink
into a protein might provide an increase in stability. There are
many biomedical and industrial applications where increased sta-
bility of a protein is beneficial. For example, it is desirable to in-
crease the stability and half-life of protein-based therapeutics.
Likewise, increasing the stability of industrial enzymes can greatly
improve their yield and expand their operational range, including
environments with temperature and pH unfavorable to unmodi-
fied enzymes. Engineered disulfide bonds have been widely used
in attempts to improve protein stability, and these efforts have fre-
quently been successful in creating novel disulfides. However, not
all engineered disulfides produce an increase in stability. Contrary
to expectations, many cases of destabilizing disulfides have been
reported. The factors that determine if an engineered disulfide
bond will increase or decrease stability of a protein are not well
characterized, but some general guidelines can be drawn from
disulfide engineering experiments. Recent computational model-
ing has attempted to further address this issue.

Early investigations to explore the stabilizing effect of engi-
neered disulfides were performed using phage T4 lysozyme, subtil-
isin, dihydrofolate reductase, and X repressor [12-14]. T4 lysozyme
is a small, 164 amino acid protein having no native disulfide bonds
and two unpaired cysteines. In 1984 Perry and Wetzel reported the
introduction of a novel disulfide bond into T4 lysozyme between
one of the native cysteines (Cys97) and an Ile3 — Cys mutant
[15]. Criteria for selecting potential sites for insertion of a disulfide
bond were: (1) “wide” linear separation along the primary se-
quence; and (2) a CB-Cp distance <5.5 A. The former constraint is
based on the concept that the entropic contribution of a disulfide
is dependent on the length of the loop formed by the crosslink. Un-
der oxidizing conditions the resultant Cys3-Cys97 disulfide bond
significantly increased the half-life of T4 lysozyme activity after
incubation at elevated temperatures. Under reducing conditions
the mutant protein had the same stability as the wild type, demon-
strating that the stabilizing effect was due to the disulfide crosslink
and not the amino acid mutation from Ile to Cys.

The initial disulfide engineering success in T4 lysozyme was
soon followed by a number of experiments that further character-
ized the effects of various engineered disulfides in the protein. The
Matthews group found that the Cys21-Cys142 disulfide spanning
the hinge-like active site cleft of the protein provided an increase
in the melting temperature (T,) of 11 °C [16]. This result and a ser-
ies of engineered disulfides in T4 lysozyme by the same group led
to the observation that disulfide bridges most effective in increas-
ing stability are those: (1) located in flexible regions of the protein;
and (2) create a large loop [17,18]. Flexibility is believed to allow
the protein backbone to adjust and accommodate the disulfide
crosslink with preferable geometry and without introducing strain.
Investigating the effect of multiple disulfide bonds, a combination
of three engineered disulfides concurrently introduced into T4
lysozyme was shown to increase the T, by 23.4 °C, and the change
was roughly additive of the individual contribution of each disul-
fide [19]. The Matthews group noted destabilizing crosslinks were
associated with rigid structure. Examples of destabilizing disul-
fides in T4 lysozyme are Cys90-Cys122 and Cys127-Cys154, and
disulfide formation in these mutants changed the T, by —0.5 and
—2.4 °C, respectively. Both are located within the most rigid region
of the protein and created short loop lengths (32 and 27) in com-
parison to stabilizing mutants (94, 122, 155) [17].

3. Disulfide engineering and kinetic stability

In addition to altering thermodynamic stability, engineered
disulfide bonds can disrupt the rate of folding and unfolding, and
this may prove advantageous in efforts to increase protein stabil-
ity. Considerable evidence indicates that disulfide bridges that in-
hibit early events in the unfolding process confer kinetic stability
to the protein. The extensive experiments of the Fersht lab with
mutants of barnase demonstrated that protein modifications to
stabilize structural elements that unfold prior to or in the rate-lim-
iting step of unfolding can reduce the rate of unfolding, thus pro-
viding kinetic stability [20]. This effect was noted in the protein
folding simulations of Abkevich and Shakhnovich [21]. Another
group reported that it is possible to stabilize a protein by immobi-
lizing the region of the protein that unfolds first [22].

The concept of kinetic stabilization has been explored more re-
cently through computational simulations of protein unfolding
where results also show that the location of an engineered disul-
fide with respect to the order of unfolding of a protein determines
if the disulfide bond will provide stability. Using the GeoFold algo-
rithm, Ramakrishnan et al. modeled the unfolding of several pro-
teins in which disulfide bonds had previously been engineered,
including T4 lysozyme, barnase, and dihydrofolate reductase [23].
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They found that disulfide bonds in regions that unfold early pro-
vide an increase in stability, while a disulfide located in a region
that unfolds late in the unfolding process destabilizes the struc-
ture. Recently, a computational approach was utilized to identify
potential sites for disulfide engineering in phytase using molecular
dynamic simulations that revealed segments of the protein associ-
ated with temperature-induced unfolding [24]. The identified re-
gions were then analyzed with a geometric model to determine
specific mutation sites appropriate for disulfide formation. Several
disulfide bonds were designed with this approach and resulted in
increased thermodynamic stability and dramatically slowed inacti-
vation kinetics. These reports illustrate the importance of kinetic
considerations and why simplified energy models limited to two-
state equilibrium thermodynamics may sometimes prove inconsis-
tent with experimental measurements of the change in stability
resulting from engineered disulfide bonds in proteins.

Ultimately, computational methods to predict the stabilizing ef-
fect of an engineered disulfide should consider both thermody-
namic contributions (entropic and enthalpic) as well as kinetic
alterations that affect folding and unfolding rates [25]. Consider-
ation of kinetic effects is challenging but warranted in proteins
where the folded and unfolded conformations are not in rapid
equilibrium and stability is governed by kinetics, i.e. those with
irreversible denaturation indicative of transition barriers. A consid-
erable number of native proteins appear to be stabilized kineti-
cally, although the portion of the proteome that fall into this
category is unclear [26,27]. An excellent review on protein kinetic
stability is available, including discussion of laboratory methods to
determine kinetic properties [26].

4. A focus on flexibility

Numerous disulfide engineering reports have followed the early
T4 lysozyme experiments, and many have characterized the resul-
tant change in protein stability. These reports have enabled com-
parison across a diverse set of proteins to further define features
that may predict if an engineered disulfide bridge will stabilize
or destabilize the target protein. Dani et al. performed an analysis
of previously engineered disulfide bonds where the effect on pro-
tein stability had been characterized and published, and the wild
type crystal structure was available in the Protein Data Bank
(PDB) [28]. A total of 47 disulfides in 24 protein structures were in-
cluded in the study. Each novel disulfide bond was classified as sta-
bilizing (30), destabilizing (14), or no change (3). The authors
investigated the relationship between several structural features
of each disulfide bond and the change in stability. In summary they
reported: (1) stabilizing mutations were most often found in re-
gions of medium to high mobility; (2) stabilizing mutations were
more likely to be near the protein surface; (3) stabilizing mutations
were associated with longer loop lengths (>25 residues); and (4)
the introduced disulfide bond should not cause steric overlap.
The authors suggested that inclusion of these criteria in disulfide
engineering would improve the likelihood of a stabilizing
mutation.

A recurring theme noted in disulfide engineering experiments is
the observation that engineered disulfide bonds linking regions of
relatively high mobility are those most likely to confer stability to
the protein. The meta-analysis of Dani et al. substantiates what
was reported by the Matthews group more than 20 years ago based
on their T4 lysozyme experiments: disulfide bonds that crosslink
flexible regions of the protein are most likely to increase stability
[17]. It should be emphasized that this general rule is not entirely
accurate, reflecting limited knowledge of the physicochemical
determinants of the stabilizing effect of a novel disulfide bridge.
However, a number of studies provide additional support for the
relationship. It is unclear if the association between flexible regions

and stabilizing disulfide bonds is because these regions can shift to
accommodate the inserted crosslink or because the regions repre-
sent structural elements involved in the early stages of unfolding.
Evidence suggests that both explanations may be valid. Disulfide
engineering experiments with T4 lysozyme have demonstrated a
considerable backbone shift in response to a disulfide inserted into
a flexible region [29]. In addition, a number of studies have stabi-
lized proteins by crosslinking a region of the structure involved in
local unfolding [24,30-33]. The approach of targeting flexible re-
gions with engineered disulfide bonds to improve protein stability
is discussed as a component of the recently reviewed concept of
rigidifying flexible sites (RFS), including a useful summary of com-
putational methods to identify flexible regions in a protein [34].

A recent disulfide engineering experiment to improve the sta-
bility of Candida antarctica lipase B (CalB) effectively utilized the
association between flexible regions and stabilizing crosslinks
[35]. Lipase B is an important industrial enzyme used in many
applications, including use as a catalyst in biodiesel production.
It is desirable to improve the thermal stability of CalB to enable in-
creased enzymatic rates at higher temperatures. The authors used
two geometry-based computational methods to select potential
sites for insertion of a disulfide bond into the protein, and then fo-
cused on regions with high mobility as reflected by the crystallo-
graphic B-factor. The B-factor (temperature factor, units of A?) is
a measure of the uncertainty of electron density for atoms in a pro-
tein structure determined with X-ray crystallography [4]. It reflects
atomic localization and can reveal dynamic motion as well as dis-
order in the crystal lattice. A high B-factor indicates low electron
density (smearing) and low confidence in atomic position, often
associated with regions of protein flexibility.

In the CalB study, potential disulfides that satisfied geometric
constraints of the computational models were then ranked by
the sum of the B-factor for the two residues involved in each cross-
link. Corresponding mutants were individually created for the top
four disulfides and one lower ranking candidate. The disulfide that
produced the greatest improvement in stability (A162C-K308C)
was the bond linking the residue pair having the greatest B-factor
sum. This disulfide improved the enzyme half-life more than four
fold. Fig. 2 shows the structure of CalB and the location of the
A162C-K308C crosslink. An interactive model is also available in
the Supplementary material. The inserted disulfide bond links a
peripheral domain having relatively high mobility to the core

Fig. 2. An engineered disulfide bond (E) increases the thermostability of lipase B.
The disulfide was inserted into a region of relatively high mobility as determined by
B factors. The mutant protein structure was created with Disulfide by Design 2.0,
based on the wild type structure (PDB: 1TCA) and the A162C-K308C disulfide bond
designed in Le et al. [35]. One of three native disulfide bonds is also indicated (N).
The protein is colored by the crystallographic B-factor. Blue represents a low B value
(low mobility), with green and red indicating higher mobility. Graphical rendering
was performed with PyMol v1.5. A 3D model is available in the Supplementary
material.
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region of the protein. Using molecular dynamics simulations to
model the rigidifying effect of the inserted disulfides, the authors
determined that the change in flexibility in the regions linked by
each bond was anti-correlated to the change in stability. In other
words, greater reduction of motion due to the disulfide bond re-
sulted in a larger increase in stability. However, this observation
is counter to the report of Pjura et al. who noted that a stabilizing
disulfide inserted into a flexible region of T4 lysozyme did not re-
sult in additional rigidity of the structure [29].

While the B-factor can reveal flexible protein regions, there are
some limitations to this approach. Because of differences in resolu-
tion, refinement procedures, and crystal contacts, B-factors can
vary greatly between protein structures [4,36-39]. Therefore, it is
preferable to use relative or normalized B-factors that reveal
mobility within a target protein. Additionally, static crystallo-
graphic B-factors may not indicate structural regions prone to early
unfolding. This is evident from disulfide engineering experiments
that used molecular dynamics simulations to reveal protein re-
gions of high mobility that were not apparent from crystallo-
graphic B-factors [30,33].

Limited proteolysis may be useful in protein engineering exper-
iments by helping to identify protein regions involved in early
unfolding or having high mobility. Studies using limited proteoly-
sis have demonstrated that protein regions of local disorder and
early unfolding can be identified with proteolytic probes [40-42].
Sites of limited proteolysis are well correlated with sites of high
flexibility, as measured by the protein B-factor. Limited proteolysis,
perhaps coupled with mild denaturation, might be a feasible strat-
egy to identify regions involved in the initial steps of unfolding for
the purpose of selecting candidate sites for kinetic stabilization.
Such regions could then be targeted using computational methods
to identify optimal residue pairs for mutation to cysteine (methods
discussed below).

The analysis of Dani et al. suggested that in addition to targeting
regions of high mobility, as indicated by the B-factor, stabilizing
disulfide bonds were also likely to occur close to the protein sur-
face. However, residue burial is correlated with residue flexibility.
An analysis of more than 100 protein structures reported a bimodel
distribution of normalized B-factors, with low values correspond-
ing to buried residues [36]. Conversely, high B-factors were associ-
ated with surface exposed residues. Other studies have found a
strong correlation between residue depth and the B-factor [8,37].
Fig. 2 is illustrative of this relationship. The periphery of the pro-
tein has higher B-factors, indicated by green, yellow, and red color-
ing, while the core region of the protein is predominantly blue
reflecting low B-factors.

5. Computational methods for disulfide engineering

Early disulfide engineering studies often used simple distance
criteria to identify potential residue pairs for mutation to cysteines
with the goal of creating a novel disulfide bond. Growing interest
in disulfide engineering spurred the development of computational
methods to assist with site selection. The effort was greatly as-
sisted by the rapidly growing repository of protein structures in
the PDB. Most computational methods for disulfide engineering
rely on a geometric model of native disulfide bonds. The general
paradigm is to analyze atomic coordinates of a large set of native
disulfide bonds to establish geometric parameters for the location
and orientation of cysteine atoms involved in disulfide crosslinks.
From these parameters an algorithm then assesses the atomic
coordinates of each possible residue pair in a target structure to
determine if they meet the geometric criteria for disulfide bond
formation, assuming they were mutated to cysteines. Typically, a
scoring or ranking method is provided to identify the best
candidates.

Perhaps the earliest computational method for disulfide engi-
neering was Proteus, developed by Pabo and Suchanek in 1986
[43]. Using backbone coordinates, the authors derived a database
from 90 native disulfide bonds. The atomic coordinates of prospec-
tive residue pairs in the target protein were compared to the data-
base to determine if they conformed to native geometry,
determined by root-mean-square deviation (RMSD). Proteus was
limited by the restriction of requiring that the mainchain atoms
of the residues in a potential disulfide must align with a relatively
small number of known examples from the PDB. To overcome this
limitation Hazes and Dykstra devised the SSBOND algorithm [44].
The method creates CB and Sy atoms for each residue in the target
structure, starting from mainchain atomic coordinates. Multiple Sy
positions are considered based on rotation around the Co~Cp bond.
The algorithm determines if the two Sy from a residue pair are
properly oriented to form a disulfide bond. An energy minimiza-
tion was included to optimize putative bond lengths and angles,
and an energy value was derived for each prospective bond. A sim-
ilar algorithm based on native disulfide geometry (MODIP) was
created by Sowdhamini et al. [45]. MODIP provides a grade (A, B,
C) for each candidate disulfide, with “A” indicating the best geom-
etry. The MODIP model was later refined using data from a larger
set of PDB structures [28]. The newer model also includes consid-
eration of steric interactions between the modeled cysteines and
surrounding residues. Additionally, the rating of candidate disul-
fides was modified to provide a discrete value from 1 to 10, with
10 representing the best grade. The MODIP algorithm has been
used successfully in wide range of applications.

Disulfide by Design (DbD) was created based on computational
methods developed for protein structure prediction [46,47]. Using
a geometric model derived from native disulfide bonds, the algo-
rithm very accurately and rapidly estimates the x5 torsion angle
based on the CR-CB distance. A test of the method achieved an
R? value of 0.995 between predicted and actual angles, and the chi-
rality is predicted correctly for 96% of disulfide bonds. Based on the
wide range observed in native disulfides, the Ca-CB-Sy angle is al-
lowed some tolerance in DbD, whereas this value is fixed in the
above algorithms. DbD calculates an energy value for each pro-
spective disulfide to enable ranking, and mutant PDB files can be
created for selected disulfides. DbD 2.0 was recently implemented
with a number of new features, including an updated energy model
based on an expanded set of PDB structures ([69]). The new appli-
cation is web-accessible and provides graphical tools for secondary
and tertiary structural analysis of prospective disulfides (http://
cptweb.cpt.wayne.edu/DbD2/). These include the ability to analyze
B-factors of candidate disulfide regions to help identify those that
may confer increased stability to the protein.

The value of a directed, computational approach to disulfide
engineering is evident in a report of a series of engineered cross-
links in alkaline phosphatase [48]. Five potential disulfides were
identified using a simple distance approach, and three disulfides
were identified using a computational method that considers side
chain and bond geometry. There was one disulfide common to the
two selection methods. After the corresponding site-directed
mutations were made, all three of the disulfides predicted by the
computational methods were confirmed with experimental meth-
ods. Only two of the five disulfides identified by simple distance
approach were confirmed, including the one bond predicted by
both methods.

The error rate of computational methods for disulfide engineer-
ing is not well characterized. An accurate estimate of the false po-
sitive rate is difficult to determine, as it would require a large
number of predictions over a wide range of proteins, followed by
experimental confirmation. In an attempt to estimate error rates
of our algorithm, we performed an informal survey of authors of
publications that used Disulfide by Design to engineer disulfide
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bonds [46]. Of 41 laboratories contacted, we received eleven re-
sponses describing twelve projects. One additional group had re-
ported the details in a publication [49]. We define “success” as
an engineered disulfide bond that has been experimentally con-
firmed to form within the target protein. Seven projects achieved
100% success out of all attempted disulfides, four had ~50% suc-
cess, and two groups reported between 30 and 40% success. The
lowest rate (33%) was obtained in a study that attempted six in-
ter-molecular disulfide bonds based on a protein-protein interac-
tion model derived in part through molecular dynamics
simulation [50]. The average number of attempted disulfides per
project was two, and the average project success rate was 75%.
Tabulating across projects, a total of 26 successful disulfides were
achieved in 41 attempts, reflecting that the groups with a lower
success rate tended to perform a greater number of attempted
disulfides. The informal survey did not take into account the pre-
dicted energy (quality) of the attempted bonds or other experi-
mental factors.

With regard to false negatives, it has been suggested that geo-
metric models employed in disulfide prediction algorithms may
be overly restrictive given the dynamic motion of protein chains
and their ability to tolerate some modifications without strain
[51]. This indeed may be the case, as there are numerous reports
of successfully engineered disulfides that violate geometric con-
straints of computational models. An estimate of the false negative
rate can be obtained from Table 1 of Dani et al. [28]. The authors
applied their geometric method for disulfide prediction (MODIP)
to analyze the sites of 47 engineered disulfide bonds that had pre-
viously been reported, covering 23 different protein structures.
Their algorithm did not predict nearly half of the disulfide bonds.
The same rate was obtained using our own computational method
(DbD). The false negatives occurred primarily due to violations of
disulfide model bond distance and angle constraints. Comparison
of crystal structures of T4 lysozome having engineered disulfides
to wild type enzyme reveals that the backbone regions joined by
a disulfide bond can move considerably closer together (~2.5 A)
to accommodate the inserted disulfide [29]. A computational ap-
proach developed to include this consideration is BridgeD [52].
This method uses multiple structural models of the target protein
to account for backbone flexibility. The model structure set can be
assembled when multiple crystal or nuclear magnetic resonance
imaging (NMR) structures are available, or from structures derived
with homology modeling. The algorithm includes optimization of
nearby residue side chains to adjust for the inserted disulfide bond.
The authors report that this method improves the ability to iden-
tify putative disulfide bonds in cases where optimal geometry is
not available.

As noted in the preceding sections, molecular dynamics (MD)
simulations have been a valuable component of some disulfide
engineering experiments. MD is a computational technique used
to simulate the motion of atoms in a molecule as a function of time
[53]. A “force field” (potential energy function) defining bonded
and non-bonded atomic interactions is used to calculate the forces
acting on each atom, and then Newton’s laws dictate the resultant
atomic motion (trajectory). The process is repeated for millions of
iterations, with each step covering femtoseconds. The total time
simulated for a protein is typically in the nanoseconds but can ex-
tend into microseconds, and recently the millisecond range, for
small proteins modeled with advanced hardware [54]. A compre-
hensive review of MD for protein simulations is available in [55].

A common strategy for the application of MD in disulfide engi-
neering is to first perform MD simulations with elevated tempera-
tures to identify flexible protein regions or segments that unfold
early. Then potential disulfide bonds intended to restrict motion
of the identified regions are designed using geometric methods,
described above. This two-step approach was used effectively by

Pikkemaat et al. to enhance the kinetic stability of haloalkane
dehalogenase [33], by Badieyan et al. to increase the stability of
cellulase C [30], and recently by Sanchez-Romero et al. to engineer
several disulfide bonds that increased the thermodynamic and ki-
netic stability of phytase [24].

6. Beyond stability: other disulfide engineering applications

While the goal of most disulfide engineering experiments has
focused on improving protein stability, the introduction of novel
disulfides can be an effective tool in a range of other studies. Engi-
neered disulfide bonds have been used to study protein dynamics
and also to create functional modifications in proteins. A number of
studies have reported using engineered disulfides to restrict pro-
tein domain motion to enable the characterization of dynamic pro-
cesses. For example, insulin-degrading enzyme (IDE) is a protease
that degrades a number of polypeptides, including insulin and
amyloid-B. IDE is composed of four domains that are structured
to open and close around a catalytic chamber. It was hypothesized
that in the absence of a suitable substrate IDE exists in a stable
closed state. To confirm this and to better understand the catalytic
mechanism of IDE, three disulfides were engineered [56]. The mu-
tant IDEs were locked in a closed conformation through oxidant-
induced disulfide bond formation. Two of the three mutant IDEs
showed inactivity (the third evidently did not form a disulfide),
which could then be restored by breaking the disulfide with a
reducing agent. In the reduced state all mutants showed a signifi-
cant increase in proteolytic activity. Beyond characterizing the
dependency of IDE on structural dynamics, this work offers hope
that a modified IDE may facilitate the clearance of amyloid
plaques.

Similarly, the hypothesized dynamics of presequence protease
PreP was confirmed by engineering four mutant versions of PreP,
each with cysteine double mutants placed at different points along
the two halves of the proposed hinged structure [49]. Again, under
oxidizing conditions the protease became catalytically inactive
when the structure was effectively locked in a closed conformation
that prevented the substrate from reaching the active site. Under
reducing conditions proteolytic activity was shown to remain in-
tact. Other examples of protein dynamics studied with the aid of
engineered disulfides are: characterization of nascent protein fold-
ing near the ribosome [57], the mechanism by which drug trans-
porters function [58], and a study of the dynamic mechanism of
ATP-dependent unfoldase [59].

Mechanistic studies of amyloid-p aggregation in Alzheimer’s
disease (AD) have been greatly advanced through disulfide engi-
neering experiments. The aggregation of amyloid-p peptide (AB)
is believed to follow several paths that include formation of soluble
oligomers, globulamers, protofibrils, and fibrils. It was hypothe-
sized that a conformational rearrangement is required for Ap to
transform from soluble oligomers to fibrils [60]. The former are
comprised of AB in a B-hairpin conformation with intramolecular
hydrogen bonds between anti-parallel B strands, while Ap in fibrils
maintain a parallel B-sheet conformation with intermolecular
hydrogen bonds. To investigate this hypothesis, Sandberg et al.
engineered a disulfide bond that locked A peptide into the B-hair-
pin conformation by linking two opposing, antiparallel B-strands
(ABcc) [60]. They demonstrated that oxidized ABcc with an intact
disulfide bond does not form amyloid fibrils, thus confirming the
mechanistic model. A number of other reports have utilized engi-
neered disulfides to assist in the study of amyloid-f and its oligo-
merization [61-64].

Engineered disulfides have also been used to modify or improve
the function of a protein. For example, the bioluminescence prop-
erties of firefly luciferase have made it ideal for a wide variety of
applications ranging from a reporter of transcription activity to
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the imaging of whole cell populations. In addition to increasing the
thermostability of luciferase, engineered disulfide bonds have re-
sulted in mutants with decreased pH-sensitivity and a shift in bio-
luminescent color [65-67]. These modifications extend the
potential application of this important protein for use as a reporter
of gene expression in high throughput screening.

Another example using disulfide engineering to create a func-
tional modification with important biotechnological implications
is the enhanced interaction of monomeric streptavidin and a bio-
tinylated peptide tag. Monomeric M4 streptavidin reversibly binds
to biotin, but is unsuitable for immobilization of the ligand, a prop-
erty previously only found in natural tetrameric streptavidin. A
computational method for disulfide engineering was used to iden-
tify a site in the binding pocket of monomeric M4 streptavidin and
a paired residue in the biotinylated peptide for mutation to cyste-
ines [68]. Upon binding the complex formed a covalent disulfide
bond, thereby immobilizing the tagged ligand and providing infi-
nite interaction affinity. The immobilization could easily be dis-
rupted with reducing agents and biotin. This novel biomaterial
has potential application in reversible and reusable immobilization
devices such as biosensors and protein chips.

7. Future directions

Disulfide engineering has proven to be valuable in a wide range
of research and has great potential in many additional applications.
It is clear that a better understanding of the determinants of the
stabilizing effect of an inserted disulfide bond will improve predic-
tion methods and facilitate expanded use of this technology. Re-
cent work has shown that kinetic effects are important and may
enable the design of disulfide bonds that provide kinetic stabiliza-
tion. Enhanced kinetic stability is an appealing property in many
biotechnological applications [26]. Considerable evidence indicates
that disulfide bonds inserted into protein regions involved in early
unfolding can provide substantial stability. While B-factors may
sometimes reveal these regions, the most reliable modeling ap-
proach entails the use of molecular dynamics simulations. These
methods require specialized computer hardware (e.g. computing
clusters) and detailed knowledge of computational methods. This
impedes practical use by many investigators. There is a need for
fast, efficient algorithms implemented in a manner that allows
use by non-specialists and are designed to enable identification
of early unfolding regions or intermediate states of proteins.
Advancements in this area will likely involve heuristic methods
and parallel those in the protein folding field.
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