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The prevailing view is that disulfide bonds have been
added during evolution to enhance the stability of pro-
teins that function in a fluctuating cellular environment.
However, recent evidence indicates that disulfide bonds
can be more than inert structural motifs. The function
of some secreted soluble proteins and cell-surface
receptors is controlled by cleavage of one or more of
their disulfide bonds; this cleavage is mediated by cata-
lysts or facilitators that are specific for their substrate.

Most proteins that work in the extracellular milieu contain
disulfide bonds, which are covalent links between pairs of
cysteine residues. Previously, these bonds have been
thought to serve two functions. First, they influence the
thermodynamics of protein folding: disulfide bonds stabil-
ize the native conformation of a protein by destabilizing
the unfolded form [1,2]; they lower the entropy of the
unfolded form, making it less favorable compared with the
folded form. However, disulfide bonds can decrease the
stability of folded proteins by restricting energetically
favorable conformational changes. Second, they maintain
protein integrity: oxidants and proteolytic enzymes in the
extracellular environment can inactivate proteins. By
stabilizing protein structure, disulfide bonds can protect
proteins from damage and increase their half-life.

Previously, the disulfide bonds present in mature
proteins were thought to be inert, that is, once formed
they remain unchanged for the life of the protein.
However, it now appears that this is not necessarily the
case; disulfide bonds are cleaved in mature proteins and
when this happens it has significant consequences for
protein function.

Disulfide cleavage in secreted soluble proteins and the
extracellular domains of cell-surface receptors will be
considered separately in this review, although the same
principles apply in both types of protein. How the
disulfide cleavage is achieved and how we might be able
to predict disulfide cleavage in proteins will be addressed
thereafter.

Disulfide cleavage in secreted soluble proteins

One of the first examples of disulfide cleavage described in
a secreted protein was in thrombospondin (T'SP)-1. TSP-1
is an extracellular glycoprotein that participates in cell—
cell and cell-matrix communication, and plays a role in
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the growth and differentiation of tissues. The TSP family
consists of five members in vertebrates [3]. TSP-1 is a
homotrimer of disulfide-linked 150-kDa monomers [4] and
each subunit contains a free thiol [5]; in Ca®"-depleted
TSP-1, this thiol can reside on any one of 12 different
cysteine residues in the aspartate-rich Ca®"-binding
repeats and C-terminal sequence [5]. Binding of Ca2* to
the aspartate-rich repeats influences the position of the
free thiol, probably by restricting the conformational
flexibility in this region of the molecule [4,6]. A complex
intramolecular disulfide interchange, therefore, operates
in T'SP-1. Different disulfide bonded forms of TSP-1 have
different Arg-Gly-Asp-dependent cell adhesive activity [6],
have different potencies for inhibition of neutrophil
enzymes [7], bind Ca?" with different stoichiometries [8]
and bind platelet-derived growth factor with different
affinities [9]. The finding that different disulfide-bonded
forms of TSP-1 exist in vivo [10] supports the idea that
disulfide interchange in TSP-1 is important for controlling
its function. The thiol-disulfide oxidoreductase, protein
disulfide isomerase (PDI), facilitates disulfide interchange
in TSP-1 [9,11,12] (Table 1). PDI, like TSP-1, is present on
the platelet and mammalian [13—19] cell surfaces.

TSP-1 is also involved in control of the subunit
structure of von Willebrand factor (vWF). vWF is a
multimeric blood protein that acts by crosslinking plate-
lets, forming plugs to stop hemorrhage from damaged
blood vessels; its multimeric size dictates its avidity for
platelets. vVWF is stored in endothelial cells and platelets
as ultra-large multimers, which are reduced in size after
secretion. Control of the size of vVWF multimers is crucial
because the presence of ultra-large multimers in blood is
associated with thrombosis. vVWF-multimer size can, in
fact, be controlled by TSP-1 in plasma [20]. TSP-1 achieves
this control by facilitating reversible cleavage of the
disulfide bonds that hold vVWF multimers together. The

Table 1. Disulfide cleavage in secreted proteins and the catalyst
or facilitator

Substrate Catalyst or Facilitator Refs
Thrombospondin-1 Protein disulfide isomerase [5,11,12]
von Willebrand Factor Thrombospondin-1 [20]
Plasmin Phosphoglycerate kinase, [25,27]
annexin |l
CD4 Thioredoxin [34]
HIV-1 gp120 Protein disulfide isomerase [38,39]
apPB3 integrin Unknown [43,46,47]
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vWF cleaving activity of TSP-1 centers around Cys974 in
the C-terminal sequence [21], which is one of the cysteine
residues involved in disulfide interchange in this protein.
It is not known whether the disulfide fluidity in TSP-1 is
important for control of vWF multimer size.

Certain disulfide bonds in plasmin — a serine proteinase
that functions in thrombolysis and cell migration — are
also manipulated in the extracellular space. Plasmin
contains five consecutive triple-disulfide-linked domains
called kringle domains, followed by a serine proteinase
module. Cleavage of two disulfide bonds in the fifth kringle
domain (kringle 5) triggers proteolysis of plasmin and
release of an N-terminal fragment called angiostatin
[22,23]. Angiostatin is an inhibitor of blood-vessel for-
mation (angiogenesis) [24]. This disulfide-bond cleavage
can be facilitated by both large and small molecules. The
best-characterized large molecule is phosphoglycerate
kinase (PGK), the sixth enzyme of the glycolytic pathway.
PGK is secreted by tumor cells in a regulated manner, and
facilitates extracellular cleavage of plasmin disulfide
bonds and angiostatin formation both in vitro and in vivo
[25,26]. Binding of plasmin to annexin II that is expressed
on the surface of tumor cells can also facilitate cleavage of
plasmin disulfide bonds [27], although the in vivo con-
tribution of this mechanism is unknown. The small
molecule facilitators are low-molecular-weight thiols
such as N-acetyl—L-cysteine or reduced glutathione [28]
and hydroxide ions [29]. There is emerging evidence that
PGK and hydroxide ions work together to cleave disulfide
bonds in kringle 5 [22,23,26].

Disulfide cleavage in cell-surface receptors

Disulfide bonds in the extracellular domains of some cell-
surface receptors are also cleaved. The best-characterized
examples to date are the immune-cell receptor CD4, the
HIV-1 envelope glycoprotein gpl20 and the integrin
receptor oyg,Ps.

CD4 is a member of the immunoglobulin (Ig) super-
family of receptors that mediates cell—cell interactions in
the immune system and is the primary receptor for HIV-1.
HIV-1 binds to CD4 via its gp120 envelope protein. This
binding leads to interaction of the complex with a
chemokine receptor, triggering fusion of the viral and
cell membranes, leading to HIV-1 entry and infection [30].

The extracellular region of CD4 consists of four Ig-like
domains, D1 to D4 [31-33]. The D1, D2 and D4 domains
each contain one disulfide bond. Cleavage of the D2
disulfide bond can occur on the T-cell surface [34], and
appears to be mediated by thioredoxin, which is secreted
by CD4 + T cells [35,36]. The two thiols in the cleaved
domain react with a trivalent arsenical, which implies that
they are close enough to reform the disulfide bond.
Cleavage of the D2 disulfide bond might be important for
conformational changes in CD4 that are required for
fusion of the viral and cell membranes [37].

PDI interacts with CD4 both in solution and on the cell
surface [38]. Binding of gp120 to CD4 + cells results in
PDI-mediated cleavage of probably two of the nine
disulfide-bonds in gpl20 [38,39]. Cleavage of disulfide
bonds in gp120 appears to occur after chemokine receptor
binding [39] — the idea is that the conformational change
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in gp120 that accompanies disulfide-bond cleavage drives
envelope-mediated cell—cell fusion.

The importance of these disulfide cleavage events in
HIV-1 entry is highlighted by the finding that mono- and
di-thiol alkylating agents — which inactivate thioredoxin
and PDI, and react with reduced CD4 and gp120 — inhibit
HIV-1 entry and envelope-mediated cell-cell fusion
[34,38,40,41]. Anti-PDI monoclonal antibodies also inhibit
HIV-1 entry and cell—cell fusion [40,41]. Notably, thior-
edoxin and PDI do not cross-catalyze: thioredoxin cleaves
disulfide bonds in CD4 but not in gp120 [34], whereas PDI
cleaves disulfide bonds in gp120 but not in CD4 [38].

Integrins comprise a large family of cell-adhesion
molecules that mediate interactions between the extra-
cellular environment and the cytoplasm [42]. Most
integrins contain an on/off switch that regulates ligand
binding. Several reports have shown that reducing agents,
such as dithiothreitol, can turn integrins on. The redox
switch in the extracellular domain of the platelet aym,P3
integrin is the best characterized; dithiothreitol cleaves
two disulfide bonds in the cysteine-rich domain of a3,
which causes conformational changes in both its subunits
leading to exposure of ligand-binding sites [43]. A role for
this mechanism of activation is supported by the obser-
vations that arpBs has unpaired thiols [44] and endogen-
ous thiol-isomerase activity [45], and that thiol-alkylating
agents inhibit ap,B3-mediated platelet aggregation [46,47].
A physiological a3 reductant has not yet been identified
and does not appear to be platelet PDI [47]. Interestingly,
the disulfide bonding in the integrin epidermal growth
factor 3 (I-EGF-3) domain of the B3 integrin is different
in its X-ray structure [48] compared with its NMR [49]
structures — this might reflect disulfide interchange in
this integrin.

How disulfide bonds are cleaved outside the cell

There is more than one way that disulfide bonds can be
cleaved in the extracellular environment: three possible
mechanisms of disulfide-bond cleavage have been ident-
ified or suggested in secreted proteins (Fig. 1).

Dithiol-disulfide exchange

The first mechanism is conventional dithiol-disulfide
redox exchange. The disulfide cleavage is typically
facilitated by oxidoreductases of the PDI superfamily.
The active-site(s) of these enzymes contain a reactive
dithiol in the common sequence Cys-Gly-Xaa-Cys [50].
One of the thiol groups of the dithiol attacks the substrate
disulfide bond, forming a mixed disufide that then under-
goes intramolecular thiol-disulfide exchange releasing
the (now oxidized) enzyme and the cleaved substrate. This
appears to be the operative mechanism in CD4 and gp120
where secreted thioredoxin and PDI are the oxidoreduc-
tases, respectively. PDI can also facilitate disulfide
interchange in TSP-1.

How thioredoxin and PDI are exported from the cell is
not known. Thioredoxin is found throughout the cell,
including the endoplasmic reticulum (ER), but does not
contain a recognizable secretory signal sequence. Never-
theless, it is constitutively secreted by plasma cells and is
secreted from other cells in response to stress [35,36]. By
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Fig. 1. Three possible mechanisms of disulfide-bond cleavage in secreted proteins. (a) Dithiol-disulfide redox exchange: one of the thiol groups of the oxidoreductase
dithiol attacks the substrate disulfide bond, cleaving off the thiolate R1—S™. The mixed disulfide can then spontaneously decompose via an intramolecular thiol-disulfide
exchange giving the more stable disulfide, in the process cleaving off the thiolate R,—S™. (b) Alkaline hydrolysis: a hydroxide ion attacks the disulfide bond, giving the sulfe-
nic acid R,—S—0H by cleaving off the thiolate R;—S™. (c) Acid-base assisted hydrolysis: the carboxylate anion R4—CO, attacks one of the sulfur atoms of the disulfide bond,
cleaving off the thiolate R;—S™ (as the thiol R;—SH) with the assistance of the nearby ammonium cation R3—~NHZ (and giving the amine R3—NH,). The intermediate sulfenic
ester R4—CO,-S-R; is spontaneously hydrolyzed by H,0, giving the sulfenic acid R,—S—-OH and the carboxylic acid R4-CO,H.

contrast, PDI assists the folding of nascent proteins in the
ER and is recycled back to the ER from the Golgi and
intermediate compartment through interaction with the
KDEL (Lys-Asp-Glu-Leu) receptor via its C-terminal
KDEL motif. However, secreted PDI retains the KDEL
anchor [15,16], which means that it can escape this
retrieval mechanism. A route to the cell surface for these
oxidoreductases is suggested by the finding that the ER
can fuse with the plasma membrane in macrophages.
Gagnon et al. [51] showed that the ER contributes to the
macrophage phagosome membrane. It might be that
thioredoxin and/or PDI are carried directly to the plasma
membrane by the ER in some cells.

It is not known whether thioredoxin and PDI function
as single turnover reductants outside the cell, or if they act
catalytically to reduce several substrate molecules. A
mechanism is required to reduce the oxidized form of the
protein for these enzymes to act catalytically; for example,
thioredoxin reductase and its cofactor NADPH reduce
oxidized thioredoxin inside the cell. It is possible that
systems similar to the NADH-oxidoreductase complex
[52], which has been implicated in reduction of extracellular
protein disulfide bonds, can reduce the oxidized enzymes.

Alkaline hydrolysis

The second mechanism is simple alkaline hydrolysis in
which a hydroxide ion cleaves a disulfide bond generating
a cysteine thiol and a cysteine sulfenic acid. This
mechanism is favored at alkaline pH, but might occur at
neutral pH when facilitated. For example, the cleavage
events in plasmin at alkaline pH are indistinguishable
from those that are facilitated by PGK at neutral pH [23].
This observation has led Lay et al. [26] to propose that
binding of PGK to plasmin triggers alkaline hydrolysis of
plasmin disulfide bonds.

Acid-based assisted hydrolysis

The third possibility is acid-based assisted hydrolysis.
Brandt et al. [563] used quantum chemical simulations to
show that the interaction of a carboxylic acid and a
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primary amine with a disulfide bond can polarize and
cleave the bond. Although this mechanism is theoretically
feasible, it has not been demonstrated experimentally. It is
possible that this might occur in plasmin; in the crystal
structure of plasmin kringle 5 [54], the primary amine of
Arg474 is within ~5 A of the Cys536 sulfur atom. The
Cysb12—Cys536 disulfide bond is cleaved in plasmin upon
incubation with PGK. It is possible that PGK positions a
glutamic or aspartic carboxylic acid near the Cys512
sulfur, thus leading to polarization and cleavage of the
disulfide bond.

Prediction of disulfide cleavage in proteins?

As more examples of disulfide cleavage in proteins are
uncovered and the mechanism of cleavage is elucidated, it
will be possible to begin making predictions about similar
events in other proteins. With this in mind, my colleagues
and I wondered whether the unusual features of the
disulfide bond in CD4 D2 are mirrored in other proteins.

Cleavage of the CD4 D2 disulfide bond was suggested by
the unusual geometry and strain of the bond [34]. The
backbone of Ig domains are defined by two B sheets, the
single disulfide bond in these domains nearly always
straddle the B sheets [55]. The disulfide bond in D2,
however, links strands in the same B sheet. This geometry
introduces a high strain on the disulfide bond — the
strands tilt towards each other, which distorts the B sheet
and results in a high torsional energy across the bond
(Fig. 2). Indeed, the dihedral strain energy of the D2 bond
is approximately twice that of the D1 and D4 disulfide
bonds [34]. The more strain there is on a disulfide bond the
more readily it is cleaved [2,56—58], so it was not that
surprising to find that the D2 bond could be cleaved on the
cell surface.

Disulfide bonds that straddle strands in the same B
sheet are relatively rare in proteins; a search of release 101
of the Protein Data Bank (http://nist.rcsb.org/pdb) identi-
fied 118 functionally distinct proteins with one or more
cross-stranded bonds (M. Wouters and P. Hogg, unpub-
lished observations). These bonds are conspicuous,
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Fig. 2. Figure of domains 1 (D1) and 2 (D2) of human CD4 and the cross-strand dis-
ulfide bond in D2. (a) The D2 disulfide bond (ball and stick) is shown straddling the
C (green) and F (red) B strands. (b) Linkage of the disulfide between the strands is
accomplished by distorting the B sheet so that the strands are tilted towards each
other. The distortion imparts a high torsional energy on the bond. When the disul-
fide straddles the sheets the strands involved are much less distorted. The grey
strands are the homologous residues from rat CD4 D4, which has a conventional
cross-sheet disulfide bond and, like D2, is a C2-set immunoglobulin domain. The
green strand from human CD4 is tilted towards the orange strand by ~30° with
respect to the rat CD4 strand, whereas the orange strand is tilted towards the
green with respect to rat CD4 by ~ 15°. The figures were drawn using the coordi-
nates from Ryu et al. [60] and Brady et al. [33], and MOLSCRIPT and Raster3D
software.

however, by their presence in proteins that have a common
function. Cross-strand bonds are found in mammalian cell-
surface receptors (e.g. tissue factor, thrombomodulin,
growth hormone receptor, erythropoietin receptor, inter-
feron vy receptor and interleukin receptors), bacterial and
viral proteins involved in membrane fusion (e.g. bacterial
toxins and viral coat proteins, including HIV-1 gp120),
trypsin-like serine proteinases and amyloid-forming pro-
teins (e.g. amyloid precursor protein, cystatin, gelsolin and
serum amyloid P). The function of some of these proteins
might be controlled by cleavage of their cross-strand
disulfide bond. For example, the three cross-strand
disulfide bonds in gpl20 straddle the variable loops:
Cys126-Cys196 straddles V1 and V2; Cys296-Cys331
straddles V3; and Cys385—-Cys418 straddles V4. Consider-
ing that V3 is the principal determinant of chemokine-
receptor specificity and that cleavage of gp120 disulfide
bonds reduces chemokine receptor binding [39], the
Cys296-Cys331 cross-strand bond is probably one of the
two disulfide bonds cleaved by PDI.

Concluding remarks
The evidence indicates that disulfide bonds have been
added to proteins not only to help hold them together, but
also as a way of controlling how they work. Identification of
the common molecular events that lead to cleavage of
disulfide bonds in extracellular proteins, whether the
cleavage is reversible and how prevalent this form of
protein regulation is in biology, are all pressing issues.
The dithiol-disulfide redox exchange mechanism for
cleaving disulfide bonds in the extracellular milieu might
prove to be the exception rather than the rule. PDI family
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enzymes have broad substrate specificity and they require
at least two additional factors to act catalytically, so it is
difficult to see how specificity and efficiency of action will
be achieved. By contrast, cleavage of disufide bonds in the
extracellular environment by the thiol-independent mech-
anisms, facilitated alkaline hydrolysis or acid—based
assisted hydrolysis, have the advantage of exquisite
substrate specificity and can act catalytically.

Cleavage of disulfide bonds might, in many instances,
be reversible. Perturbation of the balance between the
cleaved and disulfide-bonded forms could be the key to
the regulation of proteins in some cases. For example, the
disulfide cleavage in vWF [20], and perhaps also in CD4
[34], is reversible. How the disulfide bond reforms is an
important question: does the bond reform spontaneously
or does it require facilitation or catalysis? Notably, nitric
oxide is emerging as an important facilitator of disulfide-
bond formation in some proteins by reacting with and
activating cysteine thiols [59].

Whether disulfide-bond cleavage is a mechanism fre-
quently used for controlling protein function or whether it
is only a property of a few select proteins, is not known at
this stage. The technical challenges of detecting and
measuring disulfide cleavage in trace amounts of protein
has made progress on this topic slow. Bioinformatics
approaches such as the identification of cross-strand
disulfide bonds, will be useful for understanding how
important this protein chemistry is in biology.
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