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Abstract

� helices, � strands, and loops are the basic building blocks of protein structure. The folding kinetics of �
helices and � strands have been investigated extensively. However, little is known about the formation of
loops. Experimental studies show that for some proteins, the formation of a single loop is the rate-
determining step for folding, whereas for others, a loop (or turn) can misfold to serve as the hinge loop
region for domain-swapped species. Computer simulations of an all-atom model of fragment B of Staph-
ylococcal protein A found that the formation of a single loop initiates the dominant folding pathway. On the
other hand, the stability analysis of intermediates suggests that the same loop is a likely candidate to serve
as a hinge loop for domain swapping. To interpret the simulation result, we developed a simple structural
parameter: the loop contact distance (LCD), or the sequence distance of contacting residues between a loop
and the rest of the protein. The parameter is applied to a number of other proteins, including SH3 domains
and prion protein. The results suggest that a locally interacting loop (low LCD) can either promote folding
or serve as the hinge region for domain swapping. Thus, there is an intimate connection between folding and
domain swapping, a possible cause of misfolding and aggregation.

Keywords: Total contact distance; loop contact distance; protein folding; domain-swapping; loop forma-
tion; fragment B of protein A

This study focuses on the role of the loop regions in the
folding kinetics of a model of fragment B of Staphylococcal
aureus protein A (BpA), a three-helix bundle protein (H1,
H2, and H3) connected by two loops (L1 and L2). The
free-energy landscape of this protein has been obtained by
an all-atom model that employs the CHARMM empirical
force field in an explicit solvent (Boczko and Brooks 1995;
Guo et al. 1997). BpA was also studied by high-temperature
all-atom unfolding simulations in explicit solvent (Alonso
and Daggett 2000), as well as by folding simulations using
simple reduced models (Kolinski et al. 1998; Shea et al.

1999, 2000; Zhou and Karplus 1999; Berriz and Shakhnov-
ich 2001; Favrin et al. 2002). Some studies indicated that
loop formation is the rate-determining step (Shea et al.
1999; Berriz and Shakhnovich 2001), whereas others high-
lighted the importance of the stability of H3 (Guo et al.
1997; Alonso and Daggett 2000). Still others found on-
pathway intermediates consisting of a two-helix microdo-
main (either H1-H2 [Boczko and Brooks 1995; Kolinski et
al. 1998] or both H1-H2 and H2-H3 [Zhou and Karplus
1999]). Experimental studies have revealed some important
information on the folding of BpA (Bottomley et al. 1994;
Bai et al. 1997; Myers and Oas 2001) but were not detailed
enough to provide the specifics of the folding mechanism.

All-atom folding simulations using empirical force fields
are not yet possible using available computing power. We
overcome this limitation by using a structure-based, all-
atom (except nonpolar hydrogen atoms) model in which the
atoms interact by discontinuous Gō potentials (Zhou and
Linhananta 2002a,b). The goal is to determine the folding
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kinetics from the native structure. Thermodynamic analysis
of the model (Zhou and Linhananta 2002a) found that the
inclusion of side chains eliminates the molten-globule-like
state often encountered in the C�-based model (Zhou and
Karplus 1997; Pande and Rokhsar 1998). The same all-atom
model has also yielded a collapse-initiated folding mecha-
nism for the second �-hairpin fragment of the Ig-binding
domain B of Streptococcal protein G and revealed the es-
sential role of both hydrophobic and hydrophilic residues.
The results are highly consistent with available experimen-
tal data, as well as with other all-atom unfolding and equi-
librium simulation studies of the same �-hairpin (Zhou and
Linhananta 2002b).

The new model allows us to fold the 46-residue, 459-
atom BpA. At a reduced temperature (T*) of 2.5, 80 out of
197 (41%) independent trajectories folded to the native state
in ∼16 �sec or ∼50 h each on a 1-GHz pentium PC. Folding
kinetic results suggest two folding pathways mediated by
loop formations. In the dominant, fast-folding pathway, L2
forms first, resulting in an H2-H3 intermediate that rapidly
folds to the native state. In the slower pathway, L1 initiates
the formation of an H1-H2 intermediate, leaving L2 un-
formed. The long lifetime of H1-H2 suggests that it is a
possible template for a domain-swapped dimer in which L2
is the hinge loop. These remarkable properties are attributed
to the fact that L2 interacts weakly with the rest of the
protein. To generalize, we quantify the topological connec-
tivity between a loop and the rest of protein by a parameter
called loop contact distance (LCD). Applications of LCD
reveal that the different roles of a weakly interacting loop
(low LCD) in the folding of the model BpA are also ob-
served in many other proteins.

Results and Discussion

The probability distribution of the fractions of H1-H2 and
H2-H3, nonlocal (i − j > 3), native atomic contacts gener-
ated from 197 folding simulations is shown in Figure 1a
(see Materials and Methods). In addition to the native and
coil-like states, there are two peaks that correspond to in-
termediates with well-formed H1-H2 and H2-H3 microdo-
mains, respectively. The greater height of the peak corre-
sponding to the H2-H3 microdomain to the peak of the
H1-H2 microdomain indicates the dominance of this inter-
mediate.

The folding mechanism of BpA is summarized in Figure
1b. BpA folds by parallel pathways via a diffusion–collision
mechanism (Karplus and Weaver 1976). The folding is ini-
tiated by the partial, and strongly fluctuating, formations of
H1, H2, and H3, with H3 as the most stable and first-formed
helix (Linhananta and Zhou, in prep.). This is followed by
the formation of an on-pathway intermediate. The dominant
pathway (126 out of 197, or 64%) folds via an intermediate
with a well-established H2-H3 microdomain (I23). In con-

trast, only 34 out of 197 trajectories (17%) involve an in-
termediate with a H1-H2 microdomain (I12). The rest (37
out of 197, 19%) remain in a coil-like structure for the entire
simulation. The isolated H2-H3 microdomain has 31 more
nonlocal native atomic contacts than the H1-H2 microdo-
main and hence I23 has a lower energy than I12. In addition,
the structure of the H1-H2 microdomain fluctuates strongly,
and the microdomain often dissociates back to the coil-like
state. Once formed, the rate of folding to the native state
from I23 (71 out of 126, 56%; Fig. 1b) is higher than from
I12 (9 out of 34, 26%; Fig. 1b). This indicates that the
free-energy barrier between the native and I12 states is
higher than between the native and I23 states. This has been
shown to be associated with the low stability of I12 (Lin-
hananta and Zhou, in prep.). A typical folding trajectory in
the dominant folding pathway is shown in Figure 2.

The dominant folding pathway found in this study is
highly consistent with available experimental data. Hydro-
gen exchange data indicates that H3 is the most stable iso-
lated helix (30% helical content; Bai et al. 1997). The domi-

Fig. 1. (a) Probability distribution of the fractions of native H2-H3 and
H1-H2 contacts obtained from 197 simulation trajectories. (b) A schematic
plot for the folding pathway of BpA. The pathway via H2-H3 is dominant
(126 of 197, 64%) over the one via H1-H2 (34 of 197, 17%). The free
energy barrier for folding to the native state is greater from H1-H2 (9 of 34,
26%) than from H2-H3 (71 of 126, 56%).
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nant role of I23 is also consistent with the fact that a H2-H3
microdomain fragment contains 50% helix, compared to
12% for the H1-H2 fragment (Bai et al. 1997). Moreover, in
an experimental denaturation study of BpA, Bottomley et al.
(1994) stated that “H1 unfolded first, followed by H2 and
H3 together”. This is exactly the reverse of the average
folding pathway observed here. Furthermore, the diffusion–
collision-like folding mechanism found here agrees with the
fact that experimental kinetic data of BpA can be interpreted
quantitatively by a diffusion–collision model (Karplus and
Weaver 1976; Myers and Oas 2001) with experimentally
measured fractional helicity (Bai et al. 1997) as input. The
folding time (16 �sec at 40% folded) is also to the same
order of magnitude of the measured value (6 �sec; Myers
and Oas 2001).

Although this study suggests a specific pathway that dif-
fers from other theoretical works, some important aspects
have been previously observed. For example, I12 was also
found in the equilibrium free-energy surface analysis based
on an all-atom CHARMM model in explicit solvent (Boc-
zko and Brooks 1995; Guo et al. 1997). The faster formation
of H3 in our model is consistent with the slower unfolding
of H3 in an all-atom unfolding simulation study of BpA in
explicit solvent (Alonso and Daggett 2000). In addition,
loop formation as a rate-determining step was found in other
theoretical studies of BpA as well (Shea et al. 1999; Berriz
and Shakhnovich 2001). However, the focus of this paper is
not on the accuracy of our results, but rather on the under-
standing of the high-resolution details obtained from the
folding simulations of the model BpA. We will show that

our interpretation of the results has important general im-
plication to the folding and misfolding of proteins.

The all-atom folding simulations reveal that L2 forms
first most of the time. To interpret this, we define loop
contact distance as the total contact distance (TCD) between
the loop and the rest of the protein (see Materials and Meth-
ods). Similar to the observed correlation between high fold-
ing rates and low TCD values, loops with lower LCD values
are expected to form earlier. Indeed, we found that the LCD
value for L2 of BpA (0.22) is 4.3 times less than the value
for L1 (0.94). This explains the dominance of the I23 path-
way by a factor of 3.7 over the I12 pathway. L1 has many
nonlocal long-distance contacts (i − j > 3) with H2 and H3,
whereas L2 has only two short-distance, nonlocal contacts
(Pro 39 with Ser 34 and Leu 35). A loop with a large
number of nonlocal contacts (high LCD) must overcome a
large entropic barrier, associated with the conformational
search to make the contacts, and hence will take longer to
form. The early formation of L2 was also observed in a
C�-based model of BpA that has an orientationally depen-
dent native potential (Berriz and Shakhnovich 2001).

To further prove the utility of LCD, one needs to know
the rates of the formation of different loops in a protein.
Such information is not yet directly available. The role of
loop formation in protein folding has been mostly derived
from protein engineering experiments (Fersht 1995). In pro-
tein engineering experiments, the transition-state ensemble
of a protein-folding reaction is characterized by � values.
For any residue, � ∼1 means that native contacts involving
the residue are mostly formed at the transition state, whereas
the opposite is true for � ∼0.

To address the question of whether or not a loop with the
lowest LCD value is most likely to have the highest � value,
we compiled a list of proteins with high � ∼1 values in the
loop regions (Table 1). That is, we only surveyed proteins
with a loop that is known to be formed at the transition state.
We should emphasize that only a qualitative comparison
can be made because a � value is not a direct indicator for
the rate of folding. The results are mixed.

For all-� proteins, the loop with � ∼1, indeed, has the
lowest LCD value (WW domain, � spectrin SH3, src-SH3)
or a value close to the lowest (Sso7d-SH3 domain). There is
no experimental result for all-� proteins. For �/� proteins,
however, LCD values are predictive for loops with � ∼1
with the stipulation that the comparison of LCD values is
between the loops connecting � strands only (EE loops of
Table 1). For example, the LCD values of the loop regions
of �-hairpins 1 and 2 of protein L are 0.89 and 1.63, re-
spectively. In other words, the first �-hairpin folds first, as
observed experimentally (Kim et al. 2000). On the other
hand, the LCD values of the loop regions of �-hairpins 1
and 2 of protein G are 0.98 and 0.74, respectively. Thus,
consistent with experiments (McCallister et al. 2000), it is
the second �-hairpin that folds first in protein G. More

Fig. 2. The folding events of a typical trajectory that folds by the dominant
pathway: the coil state (t* � 0); the formation of helices (t* � 1000); the
formation of the H2-H3 microdomain (t* � 36,170); the contact between
loop 1 (L1) and helices H2 and H3 (t* � 47,990); the final docking of H1
onto the H2-H3 domain (t* � 48,870). Drawn using MOLSCRIPT (Krau-
lis 1991). L1, L2, H1, H2, and H3 are as labeled.
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significantly, the respective roles of the two �-hairpins of
protein G, which were reversed by engineering the turn
region (Nauli et al. 2001), are also reflected by the reversal
of the LCD values (NuG1 and NuG2 of Table 1). The
probability that the observed correlation between the loop
with the highest � value and the EE loop with the lowest
LCD value occurred by chance is 0.003.

It is not clear why LCD values are predictive only for the
loop between two � strands (and possibly between two �
helices for which there is no data). It could be that the
transition state is more structured than indicated by �-value
analysis (Bulaj and Goldenberg 2001; Ozkan et al. 2001).
Or, more likely, it suggests the limitation of the LCD pa-
rameter. After all, the TCD parameter (see Materials and
Methods), from which the LCD parameter is derived, is an
empirical parameter that has an approximate correlation
with folding rate (Zhou and Zhou 2002). It cannot accu-
rately describe the mutation-induced change in folding rate.
Nevertheless, the results verify the concept that for many
proteins, �-sheet proteins in particular, the loop with the
lowest LCD value plays a key role in folding.

The results presented above also highlight the important
role of the detailed native structure in determining folding
pathways (Zhou and Linhananta 2002b), even for proteins
with identical topology. For example, both proteins G and L
are made of a four-stranded �-sheet that packs with an �
helix. The difference in their folding pathways was attrib-
uted (McCallister et al. 2000) to the difference between the
internal stabilities of the two �-hairpin loops. This is con-
sistent with our findings here. A loop with a low LCD value
is somewhat isolated from the rest of the protein and thus is
likely to be more stable in isolation.

Another interesting observation regarding the folding
simulations of BpA is that the structures of I12 and I23 have

domain-swapped forms, similar to those found in simpler
C�-based model (Zhou and Karplus 1999). Domain-swap-
ping (Schlunegger et al. 1997) refers to the exchange of a
domain of a protein with the same domain of a second
identical protein. An interesting question is, what would be
the most probable dimeric domain-swapped structure for the
model BpA if it exists? Clearly, a longer-lived intermediate
would have a higher probability of colliding with another
intermediate to form a domain-swapped dimer. Because I12
has a higher barrier for folding (see Fig. 1b), it is more
likely to serve as a template for a domain-swapped dimer.
Physically, it can be understood as the lack of strong driving
force for the formation of the weakly interacting L2 in the
late stage of folding. This picture is consistent with the view
that in the early stage of protein folding, an unfolded protein
must overcome entropic barriers, whereas in the later stage,
the barriers are more energetic (Šali et al. 1994).

The above interpretation suggests that a loop with low
LCD may serve as the hinge region for domain swapping.
To verify this hypothesis, we performed a literature search
for proteins that have both monomeric and dimeric domain-
swapped structures. Proteins with dimeric domain-swapped
structures but without corresponding structures for same-
sequence monomers are not included in the database. For
these proteins, we decided not to use monomer structures
from homologous proteins or mutants because LCD values
may be significantly different even for proteins within the
same structural family, as shown in Table 1. For example,
the domain-swapping human cystatin C (Janowski et al.
2001) is not included in the database because only the
monomer structure of chicken cystatin C is available.

The LCD values of proteins with both monomeric and
domain-swapped dimeric structures are shown in Table 2.
The LCD values correctly predict the hinge regions of prion,

Table 1. The values of loop contact distance versus loops (in boldface) that have a � value close to 1

Protein PDB ID nr Loop:LCDa

All-� proteins:
WW Domain 1PIN 34 EE 16–21b: 0.32 EE 27–31: 0.72
�-SH3 1SHG 57 EE 16–21: 0.52 EE 26–69: 0.79 EE 36–40: 0.45 EE 47–48c: 0.21
src-SH3 1SRL 56 EE 13–30: 1.1 EE 35–41: 0.34 EE 48–51d: 0.30 EH 58–60: 1.9
Sso7d-SH3 1SSO 62 EE 7–10: 0.37 EE 16–20: 0.92 EE 26–27e: 0.30 EE 34–40: 0.27 EH 46–54: 1.1

�/� proteins:
Protein G 1GB1 56 EE 9–12: 0.98 EH 20–22: 0.66 EH 36–41: 0.69 EE 47–50f: 0.74

NUG1 56 EE 9–12g: 0.66 EH 20–22: 0.58 EH 36–41: 0.61 EE 47–50: 1.0
NUG2 56 EE 9–12g: 0.90 EH 20–22: 0.58 EH 36–41: 0.74 EE 47–50: 1.0

Protein L 2PTL 62 EE 26–31h: 0.89 EH 39–40: 1.2 EH 54–60: 0.59 EE 67–70: 1.63

a EE: loop between two � strands; EH: loop between a � strand and a helix. For src-SH3 and Sso7d-SH3, EH: is the loop between a � strand and a 310

helix. An underlined number denotes the lowest LCD value among EE loops.
b Jäger et al. 2001.
c Martı́nez and Serrano 1999.
d Riddle et al. 1999.
e Guerois and Serrano 2000.
f McCallister et al. 2000.
g Nauli et al. 2001.
h Kim et al. 2000.
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D9k, EPS8-SH2 domain, and Grb2-SH2 domain. For RNase
A, the loop with the lowest LCD value corresponds to the
hinge region of the major domain-swapped dimer (Liu et al.
2001). For protein Cyanovirin-N, the hinge region has the
second lowest LCD with a value close to the lowest value.
One exception is the hinge region of the minor domain-
swapped dimer of RNase A (Liu et al. 1998) that has an
intermediate LCD value. This may be due to the fact that
one of the hinges becomes helical in the dimeric form. A
more serious exception is protein L V49A mutant, for which
the EH loop (the loop between the helix and strand 3) has
the lowest LCD value but the second EE loop (the second
�-hairpin) is the hinge region. Nevertheless, the analysis
shows that in most cases (subject to the limitation of the
availability of experimental data), a loop with the lowest
LCD value is prone to domain swapping. The probability
that the observed correlation between the hinge loop and the
loop with the lowest LCD value occurred by chance is
0.0003 (excluding the minor domain-swapped dimer of
RNase A).

This study is the first that predicts the hinge loop of
domain-swapped dimer from the monomeric native struc-
ture of a protein. In some cases, however, other factors can
result in the failure of LCD to predict the correct domain-
swapped form. For example, nonnative interaction can give
rise to conformational changes, such as observed in the
minor domain-swapped form of RNase A (Liu et al. 1998).
In other words, nonnative interprotein interaction involving
hinge regions can be important. This was seen in a recent
protein-design study in which the monomeric form of pro-
tein L is converted to an obligated dimer by mutations that
favor interprotein interaction between hinge loops (Kuhl-
man et al. 2001).

Hence, a weakly interacting loop can play dual, and op-
posite, roles. It can promote folding by bringing connecting
secondary structure units together to form a transition state.
Alternatively, it can participate in misfolding by serving as
the hinge region for a domain-swapped dimer if it did not
fold in the initial stage. More remarkable is the fact that
these specific behaviors are encoded in the native structure
and can be predicted in most cases by a simple structural
parameter even for proteins with identical native topology.
Moreover, the evidence reported in this work suggests that
the mechanism of misfolding, as manifested in the forma-
tion of domain-swapped dimer, is also largely determined
by the native structure.

Materials and methods

Model

The detail of the model has been described elsewhere (Zhou and
Linhananta 2002a). The model BpA is composed of 459 heavy
atoms and polar hydrogens (residues 10–55). The initial coordi-
nates were obtained from the PDB databank (ID No. 1BDD). Two
bonded atoms, any 1,3 angle-constrained pair and 1,4 aromatic
carbon pair, as well as improper dihedral angles were constrained
by infinitely deep square-well potentials. Nonbonded atoms inter-
acted by square-well potentials. A Gō model in which the square-
well depth is −� for atomic pairs with overlap in the native struc-
ture and 0, otherwise was used. The hard-core and square-well
diameters were 0.8 and 1.2 times the Van der Waals diameters
obtained from the CHARMM parameter set 19 (Neria et al. 1996).

Kinetics

Discontinuous molecular-dynamics techniques were used for the
simulations. There were 197 folding simulations started from the

Table 2. The values of loop contact distance calculated from monomeric structures are compared with the loops (in boldface) that
serve as the hinge loop for the corresponding domain-swapped dimers

Protein
Monomer
PDB ID nr Loop: LCDa

Prion 1QLX 104 EH 131–144: 1.1 HH 154–172: 0.97 HH 195–199b: 0.20
D9k 1CB1 78 EH 18–24: 0.68 HH 39–50c: 0.38 HH 56–63: 0.94
protein L (V49A)d 1K50 62 EE 12–16: 0.94 EH 40–46: 0.63 EE 53–563: 0.93
Cyanovirin-N 2EZN 101 EE 24–28: 0.56 EH 50–53f: 0.37 EE 65–67: 0.72 EE 75–79: 0.30
EPS8-SH3 1I0C 59 EE 12–21: 0.84 EE 26–29: 0.75 EE 34–39g: 0.47 EE 45–49: 0.50
Grb2-SH2 1QG1 104 EH 9–11: 0.68 EH 19–26: 1.4 EE 32–40: 0.46 EH 58–68h: 0.33 EH 83–93: 0.94
RNase A 2AAS 124 HH 14–24i: 0.77 EH 33–42: 0.83 EH 48–50: 1.1 EE 56–60: 0.85 EE 64–71: 0.53

EE 75–78: 0.60 EE 87–96: 0.71 EE 112–115j: 0.38

a The lowest LCD value is underlined. HH: loop between two helices.
b Knaus et al. 2001.
c Hakansson et al. 2001.
d The residue index in 1K50 differs from that in 2PTL (Table 1) by 14.
e O’Neill et al. 2001.
f Yang et al. 1999.
g Kishan et al. 2001.
h Schiering et al. 2000.
i Liu et al. 1998.
j Liu et al. 2001.
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equilibrated coil-like state at T* � kBT/� � 4 and quenched to
T* � 2.5. (The folding transition temperature Tf

* is 3.3, obtained
by a weighted histogram analysis of equilibrium simulation data at
different temperatures [Zhou and Linhananta 2002a]. No signifi-
cant changes in folding kinetics were observed at T* � 3.) The
physical time unit was obtained by setting 100 reduced time units,
the approximate contact time between any two residues that are
two residues apart, to be equal to the experimentally measured
time of ∼20 nsec (Bieri et al. 1999). Structures were saved every
100 reduced time units, for a total of 800 recorded structures for
each simulation. The fractions of native H1-H2 and H2-H3 atomic
contacts (i.e., the ratio between the number of native contacts in
the structure to the number of native contacts in the native struc-
ture) were calculated for each structure. The two-dimensional
probability distribution in Figure 1a was calculated by binning the
fraction values of the 197 × 800 configurations into bins with
widths of 0.05.

Loop contact distance

Loop contact distance LCD is derived from total contact distance,
(TCD; Zhou and Zhou 2002) which improves over contact order
(Plaxco et al. 1998) in predicting folding rates. TCD is defined as
the contribution to the average sequence separation by contacting
residues within a cutoff distance Rcut.

TCD =
1

nr
2 �

k=1
|i−j|�lcut

nc

|i − j|, (1)

where the summation is over all nc contacts between residues j and
i and nr is the number of amino acid residues of a protein (exclud-
ing disordered regions). A contact between two residues is defined
by the existence of any heavy atom pairs within a cutoff distance
of Rcut and separated by a residue separation cutoff of lcut. The
term nr

2 is related to the number of pairs of residues in a pair
distribution function (Zhou and Zhou 2002). TCD was found to be
the most accurate parameter in predicting folding rate for a wide
range of lcut and Rcut values (Zhou and Zhou 2002). It differs from
contact order (Plaxco et al. 1998) by a factor of nr/nc. LCD is
defined as the total contact distance (Zhou and Zhou 2002) be-
tween the residues of a loop and the rest of the protein.

LCD =
1

nrnl
�
k=1

|li−j|�lcut

nc

|li − j|, (2)

where the summation is over all contacts between residue j
and loop residue li and nl is the number of residues in the loop.
Here, we use lcut � 0 and a residue–residue cutoff distance of
Rcut � 6Å because these values yielded the best result in studies
of total contact distance (Zhou and Zhou 2002). Other values were
used but did not affect the results presented here. A loop is iden-
tified with the Kabsch-Sander algorithm (Kabsch and Sander
1983). For domain-swapping, because hinge loop lengths are 4–22
residues (Schlunegger et al. 1997), only loops with more than three
residues are considered. Two loops are merged if they are sepa-
rated by only two residues. For predicting high-� loops, no such
restriction was applied.
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