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The closed-loop (loop-n-lock) hypothesis of protein folding suggests that loops
of about 25 residues, closed through interactions between the loop ends
(locks), play an important role in protein structure. Coarse-grain elastic network
simulations, and examination of loop lengths in a diverse set of proteins, each
supports a bias towards loops of close to 25 residues in length between residues
of high stability. Previous studies have established a correlation between total
contact distance (TCD), a metric of sequence distances between contacting resi-
dues (cf. contact order), and the log-folding rate of a protein. In a set of 43
proteins, we identify an improved correlation (r*= 0.76), when the metric is
restricted to residues contacting the locks, compared to the equivalent result
when all residues are considered (+*= 0.65). This provides qualified support
for the hypothesis, albeit with an increased emphasis upon the importance of
a much larger set of residues surrounding the locks. Evidence of a similar-
sized protein core/extended nucleus (with significant overlap) was obtained
from TCD calculations in which residues were successively eliminated according
to their hydrophobicity and connectivity, and from molecular dynamics simu-
lations. Our results suggest that while folding is determined by a subset of
residues that can be predicted by application of the closed-loop hypothesis,
the original hypothesis is too simplistic; efficient protein folding is dependent
on a considerably larger subset of residues than those involved in lock formation.

1. Introduction

Among the theories on protein folding, Berezovsky et al.’s controversial hypo-
thesis, that the basic protein-folding unit is a closed loop (loop-n-lock) with a
length of about 25-35 amino acid residues, formed by non-local hydrophobic
interactions between the loop ends, is of particular interest [1,2]. This hypothesis,
which builds on the non-radiative excitation energy transfer measurements
of Ittah & Haas [3], is immediately attractive, as it offers the prospect of a
molecular-level understanding of protein structure and folding, shedding light,
for example, on the possible nature of the funnels on folding pathways. The
hypothesis can be accommodated into the currently accepted mechanisms of
protein folding, such as framework, hydrophobic collapse and nucleation—
condensation [4-7]. Furthermore, it has potential relevance well beyond the
scope of protein folding, for example in matters of protein or drug design.
Current evidence for closed loops (defined in part by a close approach in space
of residues some distance apart along the polypeptide chain) comes from several
observations, all of which point to a common unit of approximately 25 residues.
These observations include a peak in the distribution of the length of protein
chain-returns [1,2], a peak in the number of amino acid neighbours as a function
of sequence distance [2], the autocorrelation function of hydrophobic residues [8],
and of specific hydrophobic tripeptides [9,10], and the presence of minimally dis-
ruptive protein fragments or ‘schemas’, that can be exchanged without loss of
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function [11]. Once the locks have been determined (the lock is
formed from residues at both ends of the loop), it is observed
that hydrophobicity plots show the maximum at the lock resi-
dues [8,12] and that these lock residues tend to be conserved
[13]. Elsewhere, we have shown that the closed-loop folding
hypothesis is consistent with the data derived from mis-
incorporation proton—alkyl exchange experiments and from
hydrogen exchange experiments [14] that have been used to
derive foldons. Thus, closed loops may provide a preferable
interpretation of these exchange data because they are contigu-
ous, unlike the foldons, which may be disjointed [15-17].

To date, support for the closed-loop hypothesis has largely
been based on sequence analysis and equilibrium protein struc-
tures and has received less attention in mainstream protein-
folding studies. Here, we challenge the hypothesis using results
from in vitro protein-folding experiments and from observations
of dynamic protein structures. It is known from kinetic exper-
iments that the folding rate of a protein correlates well with
total contact distance (TCD) [18]; evaluating this metric across
a subset of residues, including derived lock residues and their
contacts, we note a marked improvement in this correlation,
suggesting that that the lock residues and their neighbours
together form the folding core of the protein. To address chal-
lenges in identifying lock residues, we consider two alternative
approaches for identifying this core. Methods based upon the
structural and chemical properties of residues, and upon high
temperature molecular dynamics (MD) simulations each pro-
duce significant overlap with the sets of locks plus contacts.
We next consider evidence for loop structures of length close
to 25-30 residues. Coarse-grain elastic network studies show
that protein residues with high force constants (and hence
greater stability) tend to have a spacing of about 24 residues,
compatible with the closed-loop hypothesis. In earlier work,
we found an association between sites of ligand binding and a
measure of increased residue stability [19]; we here show that,
across a set of diverse protein structures, loops of length of
15-30 residues are more prevalent for cases in which at least
one end of the loop is in a ligand-binding site. Taken together,
the results confirm that the residues predicted to mediate
closed-loop formation play an important role in protein folding,
but it is also reasonable to conclude that the role of the lock resi-
dues has previously been overemphasized as residues
neighbouring the lock residues are also important. The scope
of the hypothesis and its relevance to protein stability and to
drug design is discussed.

2. Material and methods
2.1. Determination of closed loops

All loops of length of 12-50 residues with minimum heavy-atom
distance of 6 A were determined. The contact region was scored
according to the number of contact neighbours, conservation and
hydrophobicity [13], evaluated over a window of one, three or
five adjacent residues. The highest scoring loop was determined
first, and subsequent loops were identified such that there was
minimum overlap between loops (but a given lock region fre-
quently participated in two separate closed loops). The locks
contained between two and eight residues, with most having
four to six residues (this is the full set of lock residues). For the
TCD calculations, restricted to the 43 proteins where NMR struc-
tures were available, two further refinements were made. Firstly,
lock residues that did not form persistent interactions across the
ensemble of NMR structures were eliminated, generally leaving a

set of two to four NMR-refined lock residues. Secondly, a mini-
mal pair of two residues was selected to form the lock based on
(i) good interactions, as observed using molecular graphics and
(ii) having a large number of neighbours (see the electronic sup-
plementary material, table S1 and figure S1). The lock residues
are found in all types of secondary structure, i.e. within helices,
sheets, loops and B-turns, and may overlap the junction between
any two such secondary structures. Further details of the method
for deriving loops are given in Chintapalli et al. [14].

2.2. Distribution of loop length

In order to analyse the distribution of chain return lengths in pro-
teins, 270 proteins, with lengths of at least 100 residues, and with
well-characterized ligand-binding residues, as reported in the
LPC database [20] were taken from the PDBSelect 25% list
[21,22]. For each protein, all loops were found where the ends
contacted to within 6 A. The LPC database was used to identify
loops for which at least one of the two loop end residues was
contained within a ligand-binding site.

2.3. Rigidity profiles

The rigidity profiles composed of residue-by-residue force constants
were calculated from the conformational fluctuations observed for a
set of 98 proteins taken from the set of Yang & Bahar [23]. Each force
constant characterizes the difficulty of displacing the residue in ques-
tion within the overall protein structure. The proteins were
represented as coarse-grain elastic networks with two to three
pseudo-atoms per residue. We use an elastic network model
where all the harmonic springs connecting pseudo-atoms less than
9A away have the same Hooke’s law force constant y=
0.6 keal mol ' A2, The elastic system is initially, by definition, in
its equilibrium state and will undergo deformations around the equi-
librium during the simulations because of the random displacement
term in the Brownian dynamics equation of movement. In order to
compare proteins of different sizes, the force constants were re-
expressed in units of standard deviation with respect to the mean
for each protein (Z-scores) [24,25]. An autocorrelation was carried
out of both the re-expressed force constants, k, and of 99999 sets
where the re-expressed force constants were randomized within
each protein. The significance of the peak in the autocorrelation
was assessed by evaluating the ratio of the average value of k; x k;
over the range 22-27 to that of the combined preceding range 15—
20 and the following range 30—35. This was compared with that aris-
ing from the corresponding randomly generated values.

2.4. Total contact distance

The relationship between protein structure and folding rate has been
well established with the observation that the log of the folding rate,
In ky, correlates with contact order, CO [26], which is defined as

1 .
CO—W;V*]L (2.1)

where N is the number of pairs of residues (i,j) that are in contact
with one another, the metric |i — j| describes the separation of the
residues i and j in the chain and L is the length of the protein.
Alternatives to contact order, namely absolute contact order [27],
long-range order [28,29] and TCD have been proposed. Here, we
have used TCD (equation (2.2)), because TCD is insensitive as to
whether immediate neighbours are included or not [18]. This
makes TCD ideal for use in calculations based on selected subsets
of residues and contacts. The use of CO or TCD with a subset of
residues can also be justified by reference to the work on the
relationship between loop length and contact order [5].

1 o
TCD:§2N3|1—]|. (2.2)
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There are several sources of kinetic data for both two-state and
multi-state proteins for use in such correlations [18,28,30-33], pro-
viding data for about 90 proteins. The kinetic data used in the
correlation between the log-folding rate and TCD were selected lar-
gely from Zou & Ozkan [33], for the 43 unique two-state proteins
where NMR structures are available (NMR structures give some
indication of the fluctuations present in the protein, and hence
the more important contacts within a lock). Two different sets
of interactions were used in equation (2.2). These were (i) all
residue—residue contacts and (ii) the interactions between the mini-
mal pairs of lock residues plus interactions of the residues that
contact the minimal pairs (other combinations are discussed in
the electronic supplementary material).

In each case, a control was carried out by determining TCD
for an equivalent number of contacts chosen by selecting the resi-
dues randomly; the significance of the real correlation was given
by determining the proportion of cases that had a more extreme
value of 2. In common with other similar studies, we have pri-
marily omitted two intervening residues in determining |i — j|
(i.e. we have excluded 1,2 and 1,3 contacts) but we have also
studied the correlation between TCD and In k for omission of
between three and 80 residues.

2.5. Residue property-based approach to core
identification

As an alternative approach to determining the protein core, the
correlation between TCD and In ks was determined following
the removal of different percentages of the residues according
to their connectivity or hydrophobicity values; residues were
ranked according to their connectivity or hydrophobicity and
the residues with the lowest rank were removed first. The con-
nectivity of a residue was defined as the number of other
residues, at a distance of at least two residues in the chain,
within a heavy-atom distance of 6 A. Hydrophobicity was calcu-
lated according to the octanol-water partition coefficient [34].
Where multiple residues had the same rank, random sets of resi-
dues fulfilling the criteria were removed, the mean correlation for
1000 repetitions of this process being output. In order to investi-
gate whether clusters of moderately hydrophobic residues were
more important than isolated highly hydrophobic residues, resi-
dues were also removed according to the product of connectivity
and hydrophobicity (where connectivity and hydrophobicity
were scaled to between 0 and 1, with 1 representing the highest
connectivity or hydrophobicity). We thus evaluated what percen-
tage of residues could be eliminated while still retaining a good
correlation between TCD and In k; (a good correlation being
similar to that of previous published work [18,26,28,35,36]). The
optimal percentage of residues to be removed was determined
by comparison with 1000 random removals at each percentage
point, to generate statistics by a Monte Carlo approach. The
calculations were carried out using MATHEMATICA.

2.6. Molecular dynamics simulations

In order to investigate the participation of lock pairs and neigh-
bours in initiating folding events, we analysed MD refolding
simulations of four of the proteins, as described in the electronic
supplementary material.

3. Results
3.1. Rigidity profile and the distribution of loop lengths

Evidence was found to support a preference for loop lengths
in protein structures of close to 25 amino acids. We examined
the distribution of chain return lengths from a diverse set of

(@)
2571
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Figure 1. Further evidence for loops of length of approximately 25 residues.
(a) The distribution of loop lengths in protein structures in general (dashed
line) and the distribution of loop lengths where one end of the loop is in a
ligand-binding site (solid line). The notable feature of the graph is the
marked increase in the height of the peak at 26 (solid line), corresponding
to the proposed mean length of the closed loops. The analysis is over 250
proteins from the PDBSelect25 set. Ligand-binding sites were identified
from the LPC database. (b) Autocorrelation C, for reduced force constants,
K, greater than zero, is defined as > k' x k/, where k| represents the
value of k" L residues further along the sequence (C is normalized according
to the number of residues at distance L apart in each protein). The notable
feature is the marked increase in the height of the peak at a residue separ-
ation of 24, corresponding to the proposed mean length of the closed loops.

270 proteins taken from PDBSelect25 [21,22]. Considering all
such chain returns, our results reproduce those of Berezovsky
et al. [1] (dashed red line, figure 1a). However, where one end
of the loop is part of a ligand-binding site, the distribution of
loop lengths shows a more marked peak (solid black line,
figure 1a), with the peak of this broad distribution corre-
sponding to loops of length of approximately 26 amino
acids. The relevance of this to protein folding lies in the obser-
vation that residues in the folding nucleus tend to have a high
number of residue-residue contacts [37,38], while recent
work has shown that this property is shared by residues in
ligand-binding sites [19]. The common theme linking these
two observations is entropy, because there is less loss of
entropy on binding of a molecule to a rigid-binding site
[19]. It therefore appears that substrate binding and protein
folding tend to use the same low-entropy regions, a principle
that can be exploited in drug design by tailoring drugs to
bind to lock residues and the associated core residues.

If the lock residues were part of the folding nucleus, they
would be expected to have a greater number of residue—residue
contacts and to be held more rigidly within the protein structure.
Examination of residues with a high degree of stability, as
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determined by coarse-grain simulations, indicated a preference
for mutual separation distances of around 24 residues. Thus,
the rigidity profiles were determined using Brownian dynamics
simulations in which each protein was modelled as an elastic
network. A force constant was then assigned to each residue
according to the magnitude of the fluctuations in the protein
conformation; this force constant indicates the rigidity of a resi-
due within the overall protein structure. The autocorrelation of
residues with positive reduced force constants, k! are given in
figure 1b (negative force constants were set to zero to avoid
false positives). A clear broad peak was again observed for an
interresidue separation (i.e. loop length) of 22-27, giving similar
results to those in figure 14, and contributing to the evidence that
loops of length of approximately 25 residues are significant in
protein structure. Monte Carlo analysis showed the peak to be
highly significant (p < 1079).

3.2. Relationship between total contact distance and

folding rate

We have shown that the correlation between TCD and the log-
folding rate of a set of proteins, In ks, was improved when the
metric was applied to a reduced set of protein residues derived
through application of the closed-loop hypothesis. In the past,
much interest has been focused upon identifying specific resi-
dues that play a key role in protein folding [37,38] and upon the
prediction of folding rates from protein structure [18,26-28,36].
Thus, a number of experimental studies have noted a strong
correlation between the log of the protein-folding rate, In kj,
and certain protein structure-derived metrics, namely length
and structural class [30,39], number of contacts [40], contact
order [26,27,36], absolute contact order (ACO = CO x L)
[27,41], ACO with corrections [39], long-range order [28] and
TCD [18]. The correlation arises because both the number of
contacts and the sequence distance per contact are important
contributing factors to the kinetics of folding for two-state pro-
teins, which, with some exceptions [42], have no intermediates
between the denatured state and the folding state. For two-state
proteins, while the folding rate correlates well with the top-
ology (contact order), it correlates poorly with length, and so
ACO does not work as well as CO, but for three-state proteins
or a mixture of peptides, two-state and multi-state proteins,
ACO works better than CO [27]. The correlation between In k¢
and TCD for our set of 43 two-state proteins is shown in
figure 2a. The correlation coefficient squared, ¥, is 0.65, a little
smaller than the value of 0.77 reported by Zhou & Zhou [18]
forasimilaranalysis onasmaller set of 28 proteins. Our43 proteins
were selected as two-state folders and included peptides; for
this relatively diverse collection neither CO nor ACO works as
well as TCD (see electronic supplementary material, figures S2a
and S3a). By analogy with ACO, we also tested ATCD (defi-
ned here as TCD x L) but this does not work as well as TCD
(see electronic supplementary material, figure S4a).

When the evaluation of TCD was restricted to the inter-
actions between the NMR-refined lock residues, ¥ decreased
considerably; reducing each lock to a minimum pair of just
two residues also gave insignificant results (not shown). In
these simple applications, given in the electronic supplementary
material, table S2, the closed-loop hypothesis fails because the
lock residues alone are insufficient to yield a good correlation.

An improved correlation was obtained by evaluating TCD
across the lock residue minimum pairs and those residues
in contact with them, with an r* of 0.76 (p<1x 1074

(@)

10+

Ink
)]

(b)

10+

Ink
)]

0 0.2 0.4 0.6 0.8 1.0
TCD

Figure 2. The relationship between the log of the folding rate, In k;, and TCD
for a set of 43 two-state proteins (a) evaluated over all residues and (b) eval-
uated over the minimal pair of lock residues plus residues that contact them.
For (a), the outliers (for no obvious reason) are 1BAS5, 1K80, 1PSE, 1YZA,
1N88, 1PKS and 2AX5; for (b) the outlier is 1K80.

(figure 2b). The protein locks-and-neighbours derived core
identified by this result contained a mean of 101 contacts and
30 residues per protein, representing close to 38% of all contacts
and 43% of all residues (table 2; the electronic supplementary
material, figure S1). Thus, although this core represents a con-
siderably reduced subset of the total residues, performing the
analysis over this core gave a substantial improvement in the
correlation between TCD and the log-folding rate, suggesting
that these residues play a key role in determining protein-
folding rates. (ATCD, ACO and particularly CO also gave
improved correlations over this reduced subset, as shown in
the electronic supplementary material, figures S2b-S4b.)
With just seven exceptions, the sets comprising lock residue
pairs and their contacts included all of the originally identified
NMR lock residues. The majority of contacts in the sets were in
the same secondary structural elements as the lock residues.

Conversely, evaluation of TCD over interactions that did
not include the NMR-refined lock residues or the lock pairs
and their contacts resulted in insignificant correlations, as
shown in the electronic supplementary material, table S2.
The failure to obtain a significant correlation in the absence
of the lock residues indicates that these residues contribute
to protein folding.

Our results in this section concur with those of Trifonov &
Berezovsky [2] regarding the prominence of loops of length
of approximately 25 amino acids. However, it could be
argued that this result merely reflects an artefact, for example
the stiffness of the protein chain, rather than any property of
locks related to protein folding. To address this issue, we
monitored the variation of > from figure 2a with loop length.
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0 20 40 60 80 100
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Figure 3. Variation of the correlation coefficient, r?, between TCD and In kras
the percentage of residues progressively removed increases. The red, blue and
black solid lines indicate the values of r* when residues are removed according
to their octanol partition coefficient, connectivity and the product of the two,
respectively. Black dotted lines at increasing vertical values indicate 1%, 5%,
50%, 95% and 99% percentile r* values, respectively, obtained by random
removal of given percentages of residues from each of the set of proteins.
Thus, the 95% significance region lies above the light grey area. The point cor-
responding to figure 2b is shown as a green circle. The red octanol line almost
reaches 99% significance at 61% removal.

In these calculations, the minimum loop length used in the TCD
calculations varied from two to 54 intervening residues. The
results in the electronic supplementary material, figures S5
and S6 show that the correlation coefficient varies more closely
with the distribution of the lengths of closed loops than with
the distribution of loops in general. (Similar results, shown in
the electronic supplementary material, figure S7, show that
loops of length of 25-40 residues are absolutely essential for
a good correlation between TCD and In kg but they also
show that loops longer than approximately 45 residues make
a significant contribution to the correlation.)

We note that, although clear criteria have been determined
for identifying lock residues, and hence the core, there are
nevertheless some subjective decisions involved in determining
and applying these criteria. We therefore consider alternative
methods for finding the core, involving structural and chemical
properties of residues.

3.3. Identifying the core from structural and chemical

properties of residues
An approach based upon residue hydrophobicity identified
protein cores which significantly overlapped the lock pair
plus contact sets. The correlation between TCD and In k¢ result-
ing from the removal of a given percentage of residues from
each protein using a given measure (hydrophobicity and or
connectivity) was calculated, and compared to statistics of
the correlations arising from the random removal of the same
number of residues. The removal of between 53 and 65% of
residues by hydrophobicity resulted in a correlation superior
to that calculated for 95% of the random sets. The first point
gave a value of r*=0.54 while the latter gave a value of
1* = 0.46; the latter point (figure 3) was chosen, resulting in a
small core of residues. Neither removal of residues according
to connectivity nor the product of connectivity and hydropho-
bicity yielded significant correlations (figure 3); this is in line
with ideas on hydrophobic collapse [7] and downplays the

Table 1. Molecular contacts (i.e. lock residues) for acyl-coenzyme A-binding [}

protein (pdb codes 1NTI/2ABD). The @-values are given where these
are available.

INTI full NMR-refined highest d-values
loop 1 5 5 5(0.74)

30,31,32 30,31 32 (0.96)
loop 2 28,29,30 30 —

73 73 73(0.7)

importance of highly connected nodes in folded proteins
[37]. As in the TCD v In k; correlations (figure 2b and table 1;
electronic supplementary material, table S2), we required the
presence of a larger set of residues that was generally about
four times larger than the set of lock residues.

The mean size of the core that remains from the hydropho-
bicity method (referred to as the TCD-based core; figure 3) is,
at 35% of the total number of residues (see electronic supple-
mentary material, table S3), similar to the mean proportion of
locks and neighbours, of 42 + 11%. Here, however, the core
was constrained to be of a similar proportion in each pro-
tein. The residues common to the TCD-based core and the
locks and neighbours of electronic supplementary material,
table S1 together comprise about 58 + 11% of the residues
and are recorded in the electronic supplementary material,
table S3. A comparison of the two alternative cores is difficult
because they were generated using different criteria, giving
rise to different sizes: the TCD core was constrained to contain
35% of the residues and was based primarily on hydrophobi-
city, whereas the locks” and neighbours’ core varied between
24 and 65% and was determined by considering other fac-
tors in addition to hydrophobicity. Nevertheless, we assessed
whether the TCD-based cores included pairs of residues for
each lock (but not necessarily all the lock residues) and whether
the TCD-based cores reproduced more of the lock residues than
would be expected at random. The only proteins that did not
satisfy either of these criteria were 1gab, 2hqi and 2jwt and
for these proteins TCD-derived core neighbours could play a
similar role. For some proteins, such as 1w4j and 1ryk, the
lock residues disappeared at 57%, 62% and 64% removal,
respectively, i.e. just below the 65% threshold (details are
given in the electronic supplementary material, table S3).

3.3.1. Molecular dynamics refolding simulations
The simulations provided no evidence that nucleation involved
a small set of residues (cf. the number of lock residues) but
rather that nucleation involved a larger number of residues
(cf. the number of locks and neighbours). Moreover, the lock
residues and their neighbours were prominent in this nuclea-
tion. For each pair of residues, the fraction of snapshots from
the simulations in which the pair was in contact was calculated.
This was compared to the same statistic averaged over all pairs
at the same contact distance; a resulting log ratio identified pairs
that were statistically more likely to form contacts than would
be expected from their distance apart in the protein chain.

In acyl-coenzyme A (PDB code 1NTI), around half of the 73
contacts identified as being more likely to form contacts in the
simulations (log likelihood < —0.3) were contacts between
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Table 2. The extent of the protein core as defined by residues neighbouring the lock residues. The table shows both the number of contacts and the number  [JJjj
of residues involved in the correlations given in figure 1 (cf. electronic supplementary material, figure S1).

full set of contacts (cf. figure 2a) lock pairs + contacts (cf. figure 2b)

protein residues contacts residues contacts

196 66 260 2 59 630
1gab 53 189 17 m 127
Thdn 8 369 44 153 270

o610 11 g 05y 1 B Busiqndkaposefos

. 1yza 105 PR 352 e, 28 OO OO OO SO OT OO U TP P PO

2ait 74 306 34 420
e o s e S
2bth 5 146 15 39 nms
o i et i S S
2wt 54 191 13 16 1053
R e et e e o
2t 62 a5 36 108 410
R o T i e S
i 126 559 66 293 6.80
— e et e T S
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residues also observed in both the lock pairs plus neighbours
and in the TCD-derived core, as indicated in the electronic sup-
plementary material, figures S8—S10. Given that the lock pairs
plus neighbours represent only 38% of contacts in the original
protein, this is a significant result (p < 0.05; electronic sup-
plementary material, table S3). Similar results were identified
for proteins G and L (see electronic supplementary material,
table S3, and figures S9 and S10). We would not expect exact
agreement between the different cores as the fine details of
the folding pathway may be force-field dependent [43].
In addition, p-values calculated for the reproduction of the
lock residues are less than 0.05 for each of the three proteins.

4. Discussion

4.1. Evidence for 25mers

The loop length data and the data on the spacing of high
force constant residues (figure 1) tie the observation of
closed loops of around 25 residues more closely with protein
folding because it associates the ends of the approxima-
tely 25mer loops with regions of high connectivity and/or
rigidity, which are themselves linked with protein folding
[37,38]. The study on the variation of the TCD v In k¢
correlation with loop length (see electronic supplementary
material, figure S7) indicates that the factor of 25 is not
merely an artefact of protein structure and of peptide per-
sistence length. Additionally, there is an interesting link
between protein folding and ligand binding which is implicit
in figure 1a. The link is implicit via the involvement of connec-
tivity, because the folding nucleus and ligand-binding sites are
associated with regions of high connectivity [19,37]. Thus,
because ligands are able to bind to regions involved in stabiliz-
ing the fold, they may also in some cases assist with fold
stabilization. This has been seen very powerfully in the use
of tightly binding ligands to stabilize flexible structures, for
example G protein-coupled receptors (GPCRs), and hence
facilitate crystallization [44]. Similar principles may underlie
the mechanism of pharmacological chaperones (small mol-
ecules that assist with the folding of proteins), as in the
binding of SR49059 to the vasopressin receptor [45]. In both
of these GPCR-based examples, the lock region and the
ligand-binding region occur within the same region of the
transmembrane helical bundle. Evidence for closed loops of
around 25 residues is also implicit in the TCD studies (figure
2b) because the mean length of the closed loops in this small
sample of 43 proteins is 27 residues.

As the lock residues and their neighbours are predicted to
play some role in protein folding, these lock residues are
given in table 1 for acyl-coenzyme A-binding protein (pdb
code 1NTI), indicating that this approach is able to generate
useful molecular-level information that is relevant to the
folding process.

4.2. Total contact distance correlations

The significance of the strong correlations between TCD and
the log of the experimental folding rate in figure 2b is twofold.
Firstly, the correlation in figure 2b involving subsets of residues
predicted to form locks gives as strong a correlation as those
previously observed [18,26-28,36] even though these new cor-
relation results are based on approximately 60% fewer
residues. The improved correlation over a reduced set of

residues supports the idea that protein folding is driven by a
subset of residues. Secondly, because the key residues were
identified through application of the closed-loop hypothesis,
this suggests that the hypothesis may provide a valuable para-
digm for understanding protein folding. Some support for the
role of a subset of residues centred on the locks also
comes from the TCD-based correlations/eliminations (figure 3;
and from the MD simulations, electronic supplementary
material, figures S8—S10, as these distributions were shown to
overlap with the lock pairs and neighbours, electronic sup-
plementary material, table S3). The different percentages of
residues used in each method and the need to randomly elimin-
ate residues with equal rank in the TCD-based approach may
have contributed to some of the differences observed between
the two alternative cores (cf. figures 2b and 3). In addition,
the MD-based core (see electronic supplementary material,
figures S8-S10) will to some extent be dependent upon the
force field, even though the overall picture to emerge from
the MD simulations should be reliable [43].

Some additional support for expanding the closed-loop
hypothesis to include neighbouring residues also comes from
®-value analysis, as discussed in the electronic supplementary
material. By contrast, the closed-loop hypothesis places much
emphasis on the lock residues: the weight of evidence suggests
that this is somewhat simplistic.

4.3. The relative importance of non-lock residues
Although we set out to investigate the role of lock residues, it
is very clear from the techniques applied here that knowledge
of the lock residues alone does not provide a clear and suffi-
cient description of protein folding. Several of the techniques
used, as exemplified by the data in figure 2b (TCD v In k¢ cor-
relations), figure 3 (TCD v In k¢ correlations/eliminations),
electronic supplementary material, figures S8-S10 (MD
simulations) and figure S11 (®-value analysis) strongly impli-
cate a much larger protein core that is four or five times larger
than the set of lock residues, but that is nevertheless much
smaller than the set of all residues. This protein core has simi-
larities to the concept of the extended nucleus described by
Fersht [5]. The overlap between the locks and neighbours,
the TCD-based core (figure 3) and the core derived from
the MD simulations (see electronic supplementary material,
figures S8—510) indicates a common set of important residues
that includes the lock residues.

Thus from this work and previous studies [5], it seems that
the lock residues are not the only residues with near-native
structure in the transition structure for folding or comprising
the protein core. For example, in the WW domain (code
1EOL), the largest ®-values are for residues in B-turns (residues
14, 15 and 26), which are not part of the locks. These two
B-turns are strategically placed to facilitate the folding of
loops 8-22 and 20-36, which we have identified as closed
loops. Thus in 1EOL, the B-turn may be more sensitive to sub-
stitution than the locks with regard to the formation of the
closed loop, especially as the loop closure is not driven by a
single residue. However, in the MD simulations on 1EOL,
B-turns residues 14, 15 and 16 make a few short-range contacts,
whereas lock residues 8, 20, 22 and 36 make significant long-
range contacts, results not shown. A similar effect is observed
in protein G (pdb code 3GB1) [46], protein L (pdb code
2PTL) [47] and phosphotransferase (pdb code 1FYN) [48].
Thus, despite a slight preference for lock residues to have
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high median ®-values (see electronic supplementary material,
table 56), a high ®-value does not necessarily imply a key role
in nucleation [48,49]. In other proteins, high @-values are
recorded for residues in the vicinity of the locks, particularly
those in the same secondary structural element as the lock,
indicating that for the lock to form, the secondary structure
in which it resides may also have to form [6,50,51]. A similar
conclusion was drawn from a re-evaluation of the native-
state hydrogen exchange experiments in the light of the
closed-loop hypothesis [14].

Rustad & Ghosh [39] found that absolute contact order
could be significantly improved by explicit corrections for
nested (this could include omega loops [52]) or linked
(i.e. overlapping) loops. While such loops do not feature signifi-
cantly in the original closed-loop hypothesis, as formulated by
Berezovsky et al. as the closed loops should be non-overlapping
(bar a small overlap of about five residues), we find that a
reasonable number of nested and linked loops are taken into
account in our approach via the lock-neighbours, as illustrated
in the electronic supplementary material, figure S12 for protein
2rpn, a yeast SH3 domain; this may be one reason why it is
necessary to supplement the locks with their neighbours.

In a similar vein, local contacts have no formal place within
the closed-loop hypothesis, and indeed non-local contacts are
known to dominate the barrier-crossing process [33]. Local
contacts nevertheless play a role in folding [33,53] and the
electronic supplementary material, figure S7 shows that ‘local
TCD’ correlates with In k¢ (a similar correlation with ‘local con-
tact order” was shown by Zou & Ozkan [33]). Indeed local
contacts have been discussed above with regard to high
®-values and native-state hydrogen exchange experiments.
The inclusion of lock-neighbours automatically introduces a
number of local contacts into TCD or related metrics, at least
in the vicinity of the locks, as shown by the neighbouring
circles in the electronic supplementary material, figure S12.
Thus, our modification of the closed-loop hypothesis includes
local interactions, overlapping loops and nested loops that
interact with the lock residues, possibly giving increased
prominence to the lock residues.

Elsewhere we have observed that it is not yet possible to
determine the lock residues precisely, because different authors
using slightly different methods may only agree to within one
or two residues [14]. Electronic supplementary material, table
S6 indicates that d-values may offer an indication as to whether
residues participate in lock regions but the data are far from
definitive. Thus, although we have identified a significant set
of residues, the precise functional distinction between lock resi-
dues and non-lock residues is not clear at the present time.
Based on the current TCD calculations, for some dynamic appli-
cations it may therefore be more useful to distinguish between
core (cf. extended nucleus) and non-core residues. Here, the
core could be derived from the lock pairs and neighbours
[14], from the elimination of residues during TCD-based simu-
lations (figure 3) or from MD simulations. For some proteins,
for example 2jwt, the locks” and neighbours’ core is a relatively
low percentage (24%) of the total number of residues (13 resi-
dues out of a total of 54), whereas for others (e.g. Iwiu), it is a
relatively high percentage (65%), as shown in table 2.

There are long-range contributions to folding. Electronic
supplementary material, figure S7 shows that loops as long
as 80 residues make a significant contribution to the correlation
shown in figure 2a. This is consistent with the observations
that locks from different closed loops tend to cluster together

Figure 4. The protein cores for (a) Inti and (b) 1rfa, as determined from the
minimal pairs of lock residues (opaque, spacefill) and their equally important
contacts (transparent, spacefill). The first closed loop is coloured red, the
second green.

[14]. Thus, while the closed-loop hypothesis is important for
determining the lock residues, the folding process is certainly
not local to the interactions within the closed loop.

4.4, Protein stability

As there is much interest in modifying protein stability, e.g.
as an aid to crystallization [44,54], the concept of identifying
the protein core from the closed loops could be very useful,
(i) for ensuring that the core is maintained under mutagenesis
and (ii) for identifying areas of low stability (e.g. non-core
regions) where an increase in stability could be most beneficial.
Increases in stability can be engineered through mutation
[54-56] or can come from a molecular chaperone binding to
the lock residues/protein core [45]. The protein cores for acyl-
coenzyme A-binding protein and the Ras-binding domain of
c-Raf-1 (PDB codes INTI and 1RFA, respectively) are shown
in figure 4; the cores for the 43 proteins are shown in the
electronic supplementary material, figure S1.
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5. Conclusion

We find additional new evidence for the importance of approxi-
mately 25mer closed loops from both the autocorrelation of
residues with high force constants, as determined by the elastic
networks, and from the distribution of loop lengths where one
end of the loop is part of the ligand-binding site. However, we
find that the closed-loop hypothesis is somewhat lacking
in that the locks themselves are certainly not sufficient for
obtaining a good correlation, but rather that the locks need to
be supplemented by considerably more residues. This additio-
nal requirement is not evident from analysis of structure or
sequence alone but arises when the protein dynamics is

considered. However, the closed-loop hypothesis may never- n

theless be a useful tool for guiding experiments to determine
the nature of this core, which surrounds the lock residues.
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