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Small (<110 residues), single-domain proteins often fold in a
two-state kinetic process indicative of a smooth energy landscape
lacking discrete traps and heterogeneous roughness. To probe the
energy landscape for a very large single-domain protein, we used
Borrelia burgdorferiVlsE as a model. Flexible loops surround the
predominantlyR-helical core of this 341-residue, single-domain
protein. Equilibrium unfolding of VlsE is two-state and corresponds
to a low thermodynamic stability. Remarkably, time-resolved
folding and unfolding processes also follow two-state behavior.
VlsE is by far the largest protein characterized that folds by a two-
statekinetic mechanism. In contrast with smaller helical proteins,
the folding speed for VlsE is slow (5( 2 s-1, pH 7, 20°C) and
does not agree (by 4 orders of magnitude!) with the speed predicted
on the basis of its native-state topology.

The B. burgdorferi spirochete expresses an abundant surface
lipoprotein, VlsE (Variable major protein-Like Sequence, Ex-
pressed) that is thought to play a major role in the immune response
to Lyme disease.1 In vivo, an N-terminal cysteine residue links the
protein to a lipid, which allows for membrane attachment: without
the cysteine, VlsE is highly soluble. In accord with the recent crystal
structure,2 a preliminary analysis of pure recombinant VlsE (without
N-terminal cysteine; 341 residues) showed that the protein adopts
a single-domain, globular structure dominated byR-helices.3 Six
flexible loops, constituting variable regions (25% of total primary
sequence), link to the invariable core including 11R-helices and 4
smallâ-strands.2 In solution of low ionic strength and in the crystal
structure, VlsE forms a weak homo-dimer. In accord, thermal
unfolding (pH 7) probed by calorimetry involves two transitions:
dimer-to-monomer conversion (around 40°C) followed by protein
unfolding (∼55 °C).3 Upon addition of chemical denaturants (20
°C, pH 7), however, dissociation into monomers occurs readily and
the unfolding transition as monitored by far-UV circular dichroism
takes place in a single transition.3

More than 30 single-domain proteins have been reported to fold
via two-state kinetic mechanisms with speeds defined by the folded
proteins’ gross structural properties (as measured by relative contact
order).4 This results in helical proteins, with many short-range
interactions and low contact order, folding faster thanâ-sheet
proteins, with more long-range contacts and high contact order,
together spanning a 6 orders of magnitude range of folding speeds.4

Length is usually a determinant of two-state versus non-two-state
kinetic folding behaviors: proteins less than 110 residues usually
exhibit two-state kinetics whereas larger proteins often populate
intermediates.4,5 However, experimental folding studies on single-
domain proteins larger than 150 residues are sparse and it is not
clear if there is a size limit for being a two-state folder. We here
use VlsE to reveal if a single-domain protein that is dramatically
larger in size than those previously studied adopts to the same rules
as found for smaller proteins.

Equilibrium unfolding of VlsE was induced by chemical denatur-
ants GuHCl and urea and monitored by tyrosine emission (VlsE

has two tyrosines, Tyr18 and Tyr87, but no tryptophan3) and far-
UV CD (pH 7, 20°C).6 With both denaturants, unfolding is 100%
reversible. The negative far-UV CD signal, reporting on the large
content of helical structure, decreases in magnitude at higher
denaturants and the tyrosine emission decreases upon solvent
exposure in the unfolded state. For both chemical denaturants, single
transitions are observed when the spectroscopic signals are plotted
as a function of denaturant (Figure 1). CD and fluorescence-
monitored transitions overlap, and there is no protein-concentration
dependence in either transition. The transition midpoints occur at
0.4( 0.05 M and 1.5( 0.3 M GuHCl and urea, respectively. The
equilibrium-unfolding data were analyzed in terms of a two-state
mechanism7 resulting in a free-energy of unfolding in water,
∆GU(H2O), of 19 ( 3 kJ/mol (independent of denaturant; see
Supporting Information). VlsE is one of a few large proteins
exhibiting reversible two-state equilibrium-unfolding mechanisms.
Escherichia colimaltose binding protein (MBP), 370 residues, and
Alteromonas haloplanctisR-amylase, 453 residues, are the only
other demonstrated examples.8,9

The thermodynamic stability of VlsE is very low for a protein
of this size. In general, single-domain proteins (100-150 residues
long) have stability around 20-50 kJ/mol;7 the 370-residue MBP
has a stability of∼40 kJ/mol.8 We speculate that since the in vivo
environment for VlsE is to be packed among other proteins on the
spirochete’s surface, and (one of) VlsE’s function(s) is to present
variable regions to the host’s immune system,10 low stability is
advantageous. Low protein stability will allow for rapid turnover
and contribute to high antigenic variation and, therefore, to
spirochete survival and growth.

Time-resolved folding and unfolding experiments were monitored
by changes in tyrosine emission at 320 nm and by far-UV CD at
220 nm.11 At each denaturant (GuHCl and urea) concentration, both
detection probes gave identical kinetic traces and there is no missing
CD or emission amplitude within the instrument’s dead time (2-4

Figure 1. Equilibrium-unfolding transitions (fraction folded versus denatur-
ant) for VlsE using urea (filled squares) and GuHCl (filled triangles) [pH
7, 20 °C]. Open symbols are refolding data; solid lines are two-state fits.
Inset: VlsE structure (pdb.1L8W), invariable regions are gray.
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ms). Unfolding and refolding processes are both single-exponential
processes and there was no protein-concentration dependence in
the first-order rate constants. In addition, the semilogarithmic plot
(Chevron plot) of folding and unfolding rate constants versus de-
naturant concentration exhibits the characteristic V-shape,6 indica-
tive of two-state kinetic behavior (Figure 2). The folding speed for
VlsE in the absence of denaturant (pH 7, 20°C) is 5( 2 s-1. The
∆GU(H2O) value that can be derived from the unfolding and folding
rate constants extrapolated to water is 23( 4 kJ/mol (independent of
denaturant; see Supporting Information), which is in excellent agree-
ment with the equilibrium experiments. Taken together, it is clear
that the two-state equilibrium-unfolding mechanism for VlsE holds
true also for the kinetic reaction. To date, the largest protein found
to fold by two-state kinetics is flavodoxin, anR/â protein of 146 resi-
dues.12 VlsE with its 341 residues is thus by far the largest protein
characterized, folding by a simple two-statekinetic mechanism.

The quantitative correlation between native-state topology (mea-
sured as relative contact order) and folding speed for proteins
folding with a two-state mechanism can be used to predict the
folding speed of VlsE. The relative contact order (based on the
crystal structure) of VlsE is 8.1%,13 corresponding to a predicted
folding rate constant of 150 000 s-1 (1/kf ) 7 µs).4 Thus, the
experimental folding speed in water for VlsE is 4 orders of
magnitude slower than the topology-based prediction, making it
the first two-state folder to be significantly off the prediction. The
relative contact order for VlsE is similar to that of cytochromeb562,
another highly helical protein (but only 106 residues long) that was
shown to fold in∼5 µs in water, in excellent accord with the
contact-order-based prediction.14 The effect of polypeptide length
has not been directly tested since the proteins included in the
original contact-order correlation are all within the range of 50 to
150 residues.4 Flavodoxin with its 146 residues is so far the largest
protein observed to fold in a two-state kinetic process with a rate
that matches the contact-order prediction.12

The contact-order correlation (an empirical measure) was recently
explained in terms of the topomer-search model, a theory that
stipulates that the search for those unfolded conformations with a
grossly correct topology is the rate-limiting step in folding.15

Relative contact order and the number of sequence-distant contacts
(QD, the metrics used in the topomer-search model) are highly
correlated.15 Thus, few systems can be used to distinguish which
model predicts folding rates better. The extreme length of the VlsE
polypeptide (and the accordingly large number of sequence-distant
contacts) makesQD high (predicting slow folding), although the
relative contact order is very low due to the helical topology
(predicting fast folding). In fact,QD for VlsE predicts a folding
speed of 0.00001 s-1 (Kevin Plaxco, personal communication), 5

orders of magnitudes slower than the experimental value. If length-
dependence is taken into account, the topomer-search model predicts
(counterintuitively) that longer proteins will fold more rapidly.15

Using the correlation including length dependence,15 a folding speed
of 1700 s-1 is now predicted for VlsE. Thus, VlsE is a rare case
for which the various models give dramatically different predictions,
unfortunately none of which agrees with the experimental data.

We propose that the presence of long flexible loops in folded
VlsE slows down the folding speed as compared to the contact-
order and length-dependent topomer-search predictions. According
to the crystal structure of VlsE, there are six loops 10-20 residues
long and additional disorder in the N-terminal part.2 Although not
included as a variable in the current version of the topomer-search
model,15 the probability of achieving a given topomer in the un-
folded state should be a function of the chain-length separating the
residues that need to form pairs. In accord, recent theoretical work
suggests that steric effects in the unfolded ensemble can affect protein
folding.5,16Experimental evidence for the importance of loop lengths
comes from a study of the Arc repressor: the two-state folding
speed decreased 4 orders of magnitude when the linker length
between two monomers was increased from 13 to 47 residues.17

In summary, we here show that a single-domain protein of 341
residues can have a smooth folding-energy landscape lacking
heterogeneous roughness and discrete traps. Thus, the common rule
of thumb, that proteins larger than 110 residues fold by complex,
multistate kinetic mechanisms, must be used with caution. In
addition, it is questionable if the barrier height for folding is defined
by gross topology for large proteins folding by two-state kinetics.
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Figure 2. Semilogarithmic plot of lnk versus denaturant concentration
for VlsE folding and unfolding using urea (squares) and GuHCl (triangles)
[pH 7, 20 °C]. Solid curves are two-state fits to the data.
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