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Abstract. Oxidative folding combines the formation of native disulfide bond with 
the conformational folding resulting in the native three-dimensional fold. Oxidative 
folding pathways can be described in terms of disulfide intermediate species (DIS) 
containing a varying number of disulfide bonds and free cysteine residues, which 
can also be – as opposed to the majority of protein folding states –isolated and 
experimentally studied. Each DIS corresponds to a family of folding states 
(conformations) that the given DIS can adopt in three dimensions. The oxidative 
folding space can be represented as a network of DIS states interconnected by 
disulfide interchange reactions reactions that can either create/abolish or rearrange 
disulfide bridges. Such networks can be used to visualize folding pathways in terms 
of the experimentally observed intermediates. In a number of experimentally studied 
cases, the observed intermediates appear as part of contiguous oxidative folding 
pathways. 

 
 
Introduction  
 
Levinthal’s paradox, introduced in 1968 [1], stated that the folding of a protein would last 
more than the age of the universe, if it went through looking for the native conformation by 
adapting every single conformation possible. There have been many propositions regarding 
how the conformational space is restricted so that the folding time is reduced to the 
experimental range. We know today that most single domain proteins are able to fold 
effectively in vitro to their native folds within seconds. The obvious flaw in stating the 
paradox itself is actually the fact that the search for the native conformation is unbiased 
with no stabilisation of particular conformations. Today it has been widely accepted that the 
native state is the energetically most favourable one on the potential energy surface. 
Actually, each conformational state of the protein assumes a certain position on this 
surface, which means that not all states are equal in free energy and hence the search for the 
native fold cannot be unbiased. The way this view has evolved to form theories about 
folding pathways is the following. Already Levinthal stated that there exist specific 
pathways for folding. By restricting the molecules to those pathways the polypeptide chain 
does not need to undergo an extensive search of all the conformational space. In 1973 
Anfinsen proposed that the information coded in the amino acid sequence of a protein 
completely determines its folded structure and that the native state is the global minimum 
of the free energy [2]. Later, a variety of theories emerged, for example the framework 
model, the diffusion-collision model, the nucleation model, the hydrophobic-collapse 
model and the jigsaw model. The hydrophobic-collapse and the framework models were 
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favoured over the nucleation model, because they imply the existence of folding 
intermediates, which were discovered soon after. All proposed mechanisms and models 
were able to explain particular pieces of experimental data, but none provided a clear 
explanation of the folding principles or a solution to Levinthal's paradox (for a collection of 
reviews see: [3]). 

The current, unified view of protein folding presented in some highly cited reviews 
by Dobson and co-workers [4,5], underlies the fact that protein folding is a progression in 
which both native and non-native contacts stabilise native- like structural features. The 
folding either proceeds through a hydrophobic collapse to a compact globule that has 
stabilising interactions or through a slow formation of a folding core (nucleus), which then 
rapidly proceeds towards the native state. Folding is thus seen as a step-wise behaviour, 
sampling regions of the landscape that are downhill in energy. An important element in the 
“new view” of protein folding is the folding funnel, which was first introduced by Onuchic 
and associates [6]. This is one way of representing the folding landscape with the free 
energy (enthalpy and entropy) as a function of folding progress variable, also known as the 
fraction of the native contacts. In the light of this simple surface (see Figure 1), it is 
possible to understand a number of features of the folding process. There are three kinds of 
states that can be easily distinguished in the folding funnel. 
 

 
 

Figure 1. Schematic representation of the energy landscape of protein folding. The 
energy of a protein is displayed as a function of the topological arrangement of 
atoms. Adapted from Cemazar [7]. 

 
The initial state from which the folding proceeds is extremely heterogeneous and 

encompasses a large conformational space of rapidly inter-converting states. It seems 
generally accepted that the unfolded or denatured states are not completely random as one 
would expect for a theoretical polymer. On the contrary, it has intrinsic propensities for 
native and non-native like interactions, which funnel the folding process either through 
global or local conformational preferences. Compact denatured states, commonly known as 
molten globules, are lower in energy in the folding funnel. These have been in the past 
defined with a set of well-defined features such as a set of secondary structural elements in 
the absence of tertiary structure. In contrast, at the bottom of the funnel we find a highly 
compact state, where the close packing of the side chains is essential for a well-defined 
conformation. This is the so-called native state [4,5]. 
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Figure 2. A. Thiol-disulfide exchange mechanism: in the pH range above 8, 
cysteine thiols are readily converted to thiolate anions (RS-), which are potent 
nucleophiles. RS- anions attack a disulfide bond, displacing one sulfur atom and 
forming a new bond with the other sulfur atom (nucleophilic substitution). The rate-
determining step of this concerted process is the formation of a transition state with 
a partial transfer of the negative charge (?-) over the three sulfur atoms. B. The 
formation of a disulfide bond on the polypeptide chain (solid curve) with the help of 
a small molecule reagent (thiol form: RSH, disulfide form: RSSR). The two steps 
both proceed via a thiol-disulfide exchange reaction. The first step shown is 
intermolecular and the second intramolecular. The rate of the intramolecular step is 
relevant to protein folding, since it also involves conformational changes. 

 
The particular kind of folding that this article is concerned with is oxidative folding, 

which is the fusion of native disulfide bond formation with conformational folding. This 
complex process is guided by two types of interactions: first, non-covalent interactions 
giving rise to secondary and tertiary protein structure, and second, covalent interactions 
between cysteine residues, which transform into native disulfide bridges. The process of 
disulfide formation is a simple chemical reaction in which two SH groups join to form a 
disulfide link (Figure 2A).  If the SH groups are on a polypeptide chain, the in vitro 
reaction can be promoted by an external redox system such as a mixture of oxidized and 
reduced glutathione, or cysteine and cystine, respectively. In vivo, the oxidative power 
comes from specific agents such as the molecular chaperones protein disulfide isomerases. 
The underlying mechanism is disulfide interchange (Figure 2B).  There are two kinds of 
reactions: in a redox reaction a protein disulfide bond is created (or abolished), i.e. the 
oxidative state of the polypeptide is changed. This is the case when one of the participants 
of the reaction (say RSH) is not part of the protein.  In a shuffling reaction both participants 
of the disulfide interchange are protein-bound, so the oxidative state of the polypeptide 
does not change. In view of these possibilities it becomes obvious that there are a great 
many ways in which disulfide bridges can form and rearrange during the folding process.  
Today it is generally accepted that non-covalent interactions guide the process of folding 
and formation of disulfide bridges will lock the protein into the right conformation. The 
advantage of oxidative folding as opposed to general protein folding is that disulfide 
intermediates can be chemically isolated and studied using such techniques as acid trapping 
of the intermediates and analysis of the disulfide bridges using a combination of enzymatic 
cleavage and mass spectrometry. There is a body of literature in describing the pathways of 
oxidative folding in terms of disulfide intermediates [8-10], and our goal is show how 
graph theory can be used for this purpose. 
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Graph theory has been applied to many aspects of protein research (for a review see 
[11]). Applications to protein folding followed two broad approaches. First, protein 
structure itself can be considered as a graph consisting of various interactions (such as 
covalent bonds, hydrogen bonds, spatial vicinities, contacts etc.) as edges, the nodes being 
atoms or residues of the protein.   It was found, among others, that the so-called contact 
order, i.e. the average sequence distance between residues in atomic contact, seems to be a 
key determinant of folding speed [12]. Another line of research concentrates on 
characteristic networks of interatomic contacts that may form stabilization centres in 
protein structures and can be the reason of the stability of various proteins [13,14].  It was 
found that populated conformations seen in molecular dynamics simulations contain 
characteristic networks of residues [15,16]. 

Another line of research was triggered by the finding that the robustness and 
stability of networks may be the result of simple topological properties that are invariant 
throughout various technical as well as biological systems including social organization, 
electrical networks, road networks and the Internet [17].  In the following years the network 
topology of a large number of systems have been described, and it was found that some 
topology classes, like those characterized by a scale-free distribution of the degree (number 
of links at each node), or the so called “small world models” that are characterized by 
densely connected subnetworks loosely linked between each other, are indeed found in 
various systems within and without biology (for a review see e.g. [18]). The various 
network types were described in terms of a number of simple measures borrowed from 
graph theory, such as the clustering coefficient, the diameter of the graph etc.  This 
approach was later extended to descriptions of the entire folding space, using the folding 
states as nodes, and transitions as links between them. As the folding states of native 
systems cannot be readily studied by physical methods, the investigations were first 
directed to model systems. Scala and associates [19] described the folding states of short 
peptides using Monte Carlo simulation on lattice models. They found that that the 
geometric properties of this network are similar to those of small-world networks, i.e. the 
diameter of the conformation space increases for large networks as the logarithm of the 
number of conformations, while locally the network appears to have low dimensionality. 
Shahnovitch and co-workers analysed the folding states of proteins during molecular 
dynamics simulations. It was found that the folding space is reminiscent of scale-free 
network, characterized by a majority of less populated states as well as some highly 
populated states reminiscent of “hubs” seen in other systems [20]. 

Our purpose is to describe the folding space of the oxidative folding process using 
graph theory. This is an intriguing task since the number of folding states defined in terms 
of disulfide links is relatively small, as compared to “ordinary” folding. We will approach 
the problem in two steps: i) using graph theory to describe the disulfide intermediates, and 
to enumerate the states of the folding space. ii) using a graph- like representation of the 
folding space to visualize the experimentally studied folding pathways. 
 
 
1. Graph representation of oxidative folding intermediates   
 
In proteins containing disulfide bonds, usually all cysteines form part of disulfide bridges, 
and the disulfide topology can be unequivocally described by defining which cysteines are 
connected. For example, a topology 1-3, 2-4 means that a protein with 4 cysteines has two 
disulfide bridges that connect cysteines (1,3) and cysteines (2,4) respectively.  Cysteines 
can be labelled by their sequence position, or – as in the previous example – in a serial 
order from the N-terminus (Figure 3). 
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1 - 3, 2 - 4 or  abab  topology   

N C 

 
 

Figure 3. Nomenclature for disulfide topologies.   Disulfides can be labeled by the 
sequence positions, or simply by the sequential number of the cysteine residues they 
connect (1-3, 2-4 topology). Alternatively, it is customary to alphabetically label the 
disulfide bridges, and describe the topology by assigning the bridge label to the 
cysteines, starting from the N terminus (abab topology). 

 
The number of fully connected (disulfide bonded) isomers in a protein chain with n 

disulfide bonds (2n cysteines) can be deduced from simple combinatorial considerations as  
(2n)!/(n!*2n). According to this formula proteins with two disulfide bridges have 3 fully 
oxidized isomers, 3-disulfide proteins have 15 and 4-disulfide proteins have 105. In other 
words, the number of intermediates increases very fast as a function of the number of 
constituent cysteines, and it has been hypothesized that the reason why the number of 
cysteines in autonomously folding protein domains is not very large is because the too high 
number of possible intermediates would slow down the folding process. 
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Figure 4 Adjacency matrices of two disulfide topologies of a peptide with two 
disulfide bridges 

 
For a complete description of the folding process we have to consider both fully 

oxidized intermediates and the ones with free cysteine residues. For this purpose we will 
use a formal description of the intermediates as (undirected) graphs, with cysteines as nodes 
and disulfide bridges as edges (the main chain will not be represented).  For the majority of 
naturally occurring protein structures the resulting graphs will be extremely simple 
especially if described as an adjacency matrix. Such an adjacency matrix is symmetrical, 
and contains 1 if two cysteines form a disulfide bonds and zero otherwise. As one cysteine 
can form only one disufide bridge, each column and each row of the resulting matrix will 
have atmost one value of 1. The adjacency matrix of two disulfide topologies of a 2-
disulfide proteins are shown in Figure 4. 
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2. Description of the oxidative folding space as graphs  
 
The graph descriptions introduced above can be applied both to fully and to partially 
oxidized intermediates, and the transitions between them can be conveniently described by 
comparing the adjacency matrices of the two states. The sum of the elements in the i-th 
column plus the i-th row (Si =?? j Aji???? j Aij) shows if the i-th cysteine forms a bridge. The 
sum of the differences calculated between these measures of two adjacency matrices 
describing two intermediates, (SD =?? i ? Si) shows how many cyesteins gained or lost a 
pair. If two states are connected by a disulfide interchange reaction, the number of disulfide 
bridges NB remains the same by definition, and it is easy to show that SD will differ 
exactly by 2.  For redox steps in which one disulfide bridge is established or lost, NB and 
SD will increase or decrease by one and two, respectively. On the above basis one can 
easily enumerate, for a protein with any number of cysteine residues, a) the oxidative 
folding states and b) the possible transition steps between them. In other words one can 
draw a network of all possible oxidative folding pathways. The characteristics of a few 
systems are summarized in Table 1. 
 

Table 1. Number of possible intermediates in and graph parameters of oxidative 
folding networks. 

 

 
The results show that on one hand, the clustering coefficient of the system decreases 

while on the other, the average path length increases with the number of cysteines. Both 
findings are consistent with the view that the folding space of peptides with many cysteines 
may be too complex and thus the systems may be unable to fold fast enough. 

The pathways can also be graphically represented, and in order to simplify the 
resulting picture, we chose a 3D representation wherein the states having the same number 
of disulfide bridges are placed on separate planes. In this representation, the shuffling 
transitions are within the planes, and the redox edges connect adjacent planes. 

It is noted that the experimental methods do not reveal all possible intermediates; 
some of them may be too short- lived or not abundant enough so as to be noticed an 
isolated. In spite of these limitations, the folding pathways appear as connected subgraphs 
within the network of all possible intermediates, showing that the experimental techniques 
actually identified states that can interconvert into one another. Only in EGF do we see an 
“isolated” intermediate which suggest that some intermediates of the pathway were not 
observed experimentally. 
 

N of 
cysteine
s  

N of 
intermediat
es (nodes) 

Redox 
transition
s 

Shufflin
g 
transitio
ns 

Total no 
of 
transitions 
(edges)  

Clustering 
coefficient  
C  

Average 
path 
length 

1 1 0 0 0 1.000 0.000 
2 2 1 0 1 1.000 1.000 
3 4 3 3 6 1.000 1.000 
4 10 12 12 24 0.400 1.467 
5 26 40 60 100 0.410 1.810 
6 76 150 240 390 0.247 2.293 
7 232 546 1050 1596 0.253 2.640 
8 764 2128 8736 10864 0.181 3.149 
9 2620 8352 19152 27504 0.182 3.550 
10 9496 34380 83520 117900 0.142 3.977 
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Figure 5. Three dimensional representation of the oxidative folding space of 
polypeptides with 4,5 and 6 cysteine residues (A, B and C, respectively). The nodes 
represent intermediates, the number of disulfide bridges is indicated with numbers 
on the left of each panel. The edges indicate disulfide exchange transitions. Zero 
indicates the fully reduced state, nodes in the lowest plane are the fully oxidized 
intermediates, one of which is the native state. Edges within the same plane indicate 
shuffling reactions (interchange between two protein-bound disulfides), edges 
between planes are redox transitions in which a disulfide bridge is created or 
abolished. 

 
The network representations shown in Figure 3 are three-dimensional representation 

of the entire oxidative folding space described in terms of chemically well-defined disulfide 
intermediates.  Species with the same number of disulfide bridges are placed on the same 
plane, so shuffling reactions, which do not change the number of disulfide bridges are 
represented as edges within the same plane. On the contrary, reactions in which a disulfide 
bridge is gained or lost, are represented as edges between two neighbouring planes.  The 
fully reduced state (zero disulfide bridges) is on top, the fully oxidized species, on of which 
is the native state, is on the bottom. Panel B shows a peptide with 5 cysteines, such as 
granulocyte-colony stimulating-factor [21, 22] in which the native state contains one free 
cysteine residue that is not part of a disulfide bridge. In this case the native state can in 
principle rearrange into other species, so there are shuffling edges also in the lowest plane 
in the figure.  In most of the known cases, the number of cysteines is an even number, so 
the fully oxidized DISs cannot readily interconvert into each other. In some cases this 
might be an obstacle: the propeptide of BPTI contains an additional free cysteine that seems 
to facilitate the folding of the molecule.  The propeptide is subsequently cleaved and in this 
way the structure is locked into the native disulfide configuration [23]. The oxidative 
folding pathways can be pictured as routes within the full network, starting at the fully 
reduced species and ending at the native state. In the literature there are a few well-studied 
examples in which folding intermediates have been determined. Three examples, bovine 
pancreatic trypsin inhibitor, insulin- like growth factor and epidermal growth factor are 
shown in Table 2 and Figure 6. 

BPTI's folding pathway was the subject of an intense dispute in the early 1990's, but 
later resulted in one of the most extensively studied oxidative folding pathways and a major 
protein folding model. With some differences, BPTI's pathway was characterised with the 
predominance of only a limited number of folding intermediates that adopt mainly native 
disulfide bridges and native- like structures. It is important to remember that 1- and 2-
disulfide intermediates were present, but no 3-disulfide species apart from the native 
protein was detected on this pathway. One of the most abundant intermediates is a two 
disulfide species with two native disulfide bonds and a native- like structure.  Formation of 
the third disulfide (Cys14-Cys38) is the last step of the folding process. A prevalence of the 
native- like structures and native disulfide bridges points to the conclusion that non-covalent  

A B C 
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Table 2. Disulfied intermediates experimentally observed in the oxidative folding of 
various proteins 

 

1The intermediates are described with the notation given in Figure 3. The native disulfide connectivity is 
given in bold, the fully reduced species is not explicitly included. 
 

 
Figure 6. The oxidative folding pathways of bovine pancreatic trypsin inhibitor 
(BPTI), insulin-like growth factor (IGF) and epidermal growth factor (EGF). The 
native state is marked by asterisk. 

 
interactions that are specific to the amino acid sequence can guide the initial stages of the 
folding process and hence admit a very limited number of disulfide species on the pathway. 

Oxidative folding of the fully reduced EGF [29] proceeds through 1-disulfide 
intermediates and accumulates rapidly as a single stable 2-disulfide intermediate 
(designated as EGF-II), which represents up to more than 85% of the total protein along the 
folding pathway. Among the five 1-disulfide intermediates that have been structurally 
characterized, only one is native, and nearly all of them are bridges by neighbouring 
cysteines. Extensive accumulation of EGF-II indicates that it accounts for the major kinetic 
trap of EGF folding. EGF-II contains two of the three native disulfide bonds of EGF, 
Cys(14)-Cys(31) and Cys(33)-Cys(42). However, formation of the third native disulfide 
(Cys(6)-Cys(20)) for EGF-II is slow and does not occur directly. Kinetic analysis reveals 
that an important route for EGF-II to reach the native structure is via rearrangement 
pathway through 3-disulfide scrambled isomers. Epidermal growth factor (EGF) [29] forms 

Protein   Disulfide intermediates1 Ref. 
Bovine pancreatic trypsin inhibitor (BPTI) 3-5; 1-6; 3-5, 1-2; 

3-5, 1-4; 3-5, 2-4; 
1-6, 2-4; 3-5, 1-6; 
1-6, 3-5, 2-4;  

 
[24,25] 

Insulin- like growth factor (IGF)  2-6; 2-6, 3-5; 2-6, 1-4; 
2-6, 4-5; 2-6, 1-3; 
2-6, 1-3, 4-5; 1-4, 2-6, 3-5;  

 
[26-28]8] 

Epidermal growth factor (EGF) 2-3; 1-2; 4-6; 5-6; 
3-4; 2-4, 5-6; 2-5, 3-4; 
1-6, 2-5, 3-4; 1-2, 3-4, 5-6; 
1-3, 2-4, 5-6; 

 
[29] 

 

EGF BPTI IGF 
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both non-native three-disulfide isomers as well as a predominant species with two native 
disulfides (EGF-II). 
 
 
3. Conclusions, scope and limitations  
 
The graph representations described here provide a simple method to visualise folding 
pathways as studied by experimental methods. 

The picture emerging from these representations confirm that the folding pathways 
of oxidative folding are contiguous routes that connect the fully reduced state to the native 
state. If we try to reconcile this picture with the three-dimensional energy landscape of 
oxidative folding, the energy of the protein will be a function of which disulfide bonds are 
present and of the extent of conformational folding (Figure 7). The protein molecules will 
have folded successfully when they reach the lowest energy point, which represents the 
native species, both in terms of disulfides and conformation. The non-native disulfide 
intermediates lie in the local energy minima, from where they have to be re-activated to 
reach the native state. This picture suggests a qualitative explanation for the observation 
that non-native disulfide intermediates can be the necessary steps of the folding pathways. 
The cited case of pro-BPTI is an indirect proof for that. In the analysis of a small 3-
disulfide peptide, AAI we found that a disulfide intermediate with no native disulfide bonds 
is in fact the most abundant species [30,31]. 

The current approach is limited by the fact that the 3D images of oxidative folding 
pathways cannot be generated fully automatically. (A drawing application that uses the 
Tulip package (www.tulip-software.org) is available from VA, vilagos@nucleus.szbk.u-
szeged.hu). A further plausible improvement would include colouring of the folding states 
by quantitative properties and look for correlations between the coloured areas of the 
network and the experimentally determined folding pathways. 
 
 

 

 
 

Figure 7. The energy landscape of oxidative protein folding [7]. The energy of the 
protein is displayed as a function of which disulfide bonds are present and the extent 
of conformational folding. The local minima represent non-native disulfide 
intermediates, which are kinetic traps. 
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