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INTRODUCTION

Our ability to predict how a protein folds to its native structure, and

how this occurs efficiently, avoiding misfolding and aggregation, is still

hampered by our incomplete understanding of protein folding mecha-

nisms.1,2 Many experiments have measured the refolding properties of

small, roughly globular proteins.3,4 Small proteins typically have fast

refolding kinetics, fold via two-state kinetic mechanisms, and have min-

imal propensity for aggregation. These properties facilitate refolding

studies, and detailed refolding mechanisms have been determined for

several small proteins (see Refs. 5–10 for examples). Likewise, several

approaches have been used to predict refolding rates of these small pro-

teins,11–14 including correlations with either the size of the protein

and/or its contact order, that is, the number of amino acids separating

residues that interact in the natively folded protein.15,16 However, while

contact order shows some ability to predict refolding rates for globular

proteins that fold via two-state mechanisms, it correlates only weakly

with refolding rates for proteins that refold via more complicated ki-

netic mechanisms.17

Most proteins, even for simple organisms, are larger than the proteins

commonly used for refolding studies: the average protein size is 267 aa

in prokaryotes and 361 aa in eukaryotes.18 Initial global collapse raises

a problem for larger proteins: since the number of possible non-native

interactions increases with increasing protein size, interactions formed

during chain collapse are less likely to represent native contacts than for

smaller proteins. A higher ratio of non-native to native interactions in

early refolding intermediates could significantly slow the refolding rate,

as conformational searching increases.19 Such searching could also pro-

duce a much rougher energy landscape for refolding, and with that a

more complex refolding mechanism,20 which could lead to aggrega-

tion.21 For globular proteins, formation of long-range tertiary structure

interactions is typically the rate-limiting step for refolding.17,22,23

Hence, it is not surprising that attempts to develop truly general models

for protein refolding often fail to explain the refolding behavior of
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ABSTRACT

Protein folding has been studied extensively

for decades, yet our ability to predict how

proteins reach their native state from a

mechanistic perspective is still rudimentary

at best, limiting our understanding of fold-

ing-related processes in vivo and our ability

to manipulate proteins in vitro. Here, we

investigate the in vitro refolding mechanism

of a large b-helix protein, pertactin, which

has an extended, elongated shape. At 55 kDa,

this single domain, all-b-sheet protein allows

detailed analysis of the formation of b-sheet
structure in larger proteins. Using a combi-

nation of fluorescence and far-UV circular

dichroism spectroscopy, we show that the

pertactin b-helix refolds remarkably slowly,

with multiexponential kinetics. Surprisingly,

despite the slow refolding rates, large size,

and b-sheet-rich topology, pertactin refolding

is reversible and not complicated by off-path-

way aggregation. The slow pertactin refolding

rate is not limited by proline isomerization,

and 30% of secondary structure formation

occurs within the rate-limiting step. Further-

more, site-specific labeling experiments indi-

cate that the b-helix refolds in a multistep

but concerted process involving the entire

protein, rather than via initial formation of

the stable core substructure observed in equi-

librium titrations. Hence pertactin provides a

valuable system for studying the refolding

properties of larger, b-sheet-rich proteins,

and raises intriguing questions regarding the

prevention of aggregation during the pro-

longed population of partially folded, b-
sheet-rich refolding intermediates.

Proteins 2010; 78:812–824.
VVC 2009 Wiley-Liss, Inc.

Key words: parallel b-sheet; slow kinetics;

protein folding; aggregation; b-helix; repeat

protein; contact order; topology; b-strand;
tryptophan fluorescence.

812 PROTEINS VVC 2009 WILEY-LISS, INC.



larger proteins24 or proteins with more complex multi-

exponential kinetics.17

Moreover, it is quite likely that the fundamental fea-

tures of protein refolding mechanisms will also vary

depending on secondary structure content,25 and yet

model proteins selected for refolding studies are often

rich in a-helical structure. Alpha-helical proteins tend to

aggregate less than b-sheet proteins, which can simplify

in vitro refolding experiments but provides no informa-

tion on how more aggregation-prone structural topolo-

gies might avoid aggregation during refolding. The na-

ture of b-sheet structure means that b-sheet proteins

have a higher percentage of residues that form contacts

with residues distant in the primary sequence than a-hel-
ical proteins. This higher contact order, and likewise

broader landscape for conformational searching during

refolding, could also result in slower kinetics and more

complex refolding mechanisms. Indeed, a rougher energy

landscape for the refolding of all-b-sheet proteins,

including formation of b-sheet structure in the rate-

limiting refolding step, has been observed experimen-

tally.17,26–32 As a result, refolding studies of larger all-

b-sheet proteins can provide valuable information

regarding the refolding properties of these more aggrega-

tion-prone proteins.

An additional complication in the search for funda-

mental features of protein refolding mechanisms arises

from the wide variety of ways that the basic building

blocks of protein structural motifs can be assembled into

a native protein structure. To reduce this complication,

repeat proteins have emerged as a valuable tool to deter-

mine the effects of increasing polypeptide chain length

on refolding mechanisms. Repeat proteins are comprised

of many copies of only a single structural unit, and this

linear structure results in relatively low-contact order.

Because of the lack of very long-range interactions, the

addition of repeats does not increase the structural com-

plexity of the folded protein.33,34 Interestingly, even

though complexity or contact order does not increase

with repeat number, larger repeat proteins commonly

have slower, more complex refolding kinetics than small

repeat proteins.33 In fact, many repeat proteins refold

surprisingly slowly, based on their low-contact order.35

Clearly, to deduce truly general features of protein refold-

ing mechanisms, we must study the refolding of proteins

that are at and above average size.

The b-helix is an all-b-sheet repeat structure that per-

mits a systematic approach to the study of parallel b-
sheet formation.36,37 Each repeat of a b-helix consists of

a rung with three b-strands connected by loops of vari-

ous lengths. To date, the refolding of two b-helix pro-

teins, Salmonella phage P22 tailspike, and pectate lyase C

(PelC) from Erwinia chrysanthemi, has been studied in

depth. Although these studies have identified specific res-

idues important for refolding,38–40 and permitted char-

acterization of early folding intermediates,41–43 the

refolding pathways of these proteins are complicated by

additional domains and multimerization (for tailspike),44

and rate-limiting peptidyl-prolyl isomerization (for

PelC).43

Pertactin is a large monomeric b-helical protein and a

virulence factor from Bordetella pertussis, the causative

agent of whooping cough.45 The crystal structure of the

mature protein46 reveals pertactin as a 55 kDa, single-

domain protein with a 16-rung right-handed parallel b-
helix; the b-strands within each rung are connected by

short loops or turns [Fig. 1(A)]. This monomeric b-helix
is free of cysteines and cofactors that might complicate

interpretation of refolding results. Previous studies have

shown that pertactin refolds surprisingly slowly, on the

hours time scale,47 orders of magnitude slower than

rates predicted from contact order (microseconds to sec-

onds time scale).16,48 Indeed, the size, topology, and

refolding rate of pertactin lie far outside the typical pa-

rameters used to develop contact order-based models of

refolding kinetics. Here, we report the mechanism of

slow refolding of pertactin and determine the rate-limit-

ing step for formation of the b-helix structure. Because

of its low propensity to aggregate, pertactin offers the

unique possibility to study slow refolding kinetics of a

protein with a b-sheet repeat structure. Furthermore,

pertactin allows an examination of the formation of b-
strands in a larger protein without interfering signals

from other structural motifs within the protein.

RESULTS

Pertactin refolding is extremely slow
and biphasic

We studied the overall kinetics of pertactin refolding,

exploiting the seven tryptophan residues that are spread

throughout the entire b-helix; these tryptophans vary sig-

nificantly in their solvent exposure in the native state

[Fig. 1(A)]. During refolding, the pertactin fluorescence

emission spectrum undergoes changes in both total in-

tensity and maximum emission wavelength.47 Hence, in

addition to the fluorescence emission intensity at 335

nm, we also followed pertactin refolding by measuring

the ratio of emission intensities at 335 and 350 nm, par-

ticularly for refolding reactions with half-times >10 min.

The use of a ratio, rather than absolute intensity, avoids

artifacts arising from photobleaching or fluctuations in

lamp intensity or photomultiplier tubes, which are more

significant for extremely slow refolding reactions.

As shown in Figure 1(B), pertactin refolding is surpris-

ingly slow, requiring >10 h to complete. Kinetic traces

required fitting to two exponential rates, as indicated by

the residuals in Figure 1. Both rates (4.7 3 1024 s21 and

5.9 3 1025 s21) contributed similar amplitudes to the

total observable reaction (Table I). In addition, a burst

phase was observed, accounting for about 40% of the
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total change in signal during refolding. This burst phase

could not be fully resolved in stopped flow experiments

(dead time �20 ms; data not shown) implying the fast

formation of a structured intermediate during the earliest

stages of refolding. Approximately 10% of the total am-

plitude change required more than 12 h to complete (see

Fig. 1). This extremely slow kinetic rate could not be

reproducibly quantified, presumably because, over such

long-time scales, otherwise insignificant variables such as

sample evaporation become increasingly significant.

Pertactin does not populate a classic
‘‘molten globule’’ during slow refolding

To test for a molten globule-like structure during per-

tactin refolding, we used 8-anilino-1-naphthalenesulfonic

acid (ANS) binding. ANS is known to bind to hydropho-

bic patches common to early protein refolding intermedi-

ates, with binding leading to a significant increase in

ANS fluorescence emission.49,50 For pertactin, however,

we observed only a small, 2- to 3-fold increase in ANS

fluorescence in the presence of pertactin refolding inter-

mediates [Fig. 2(A)]. In contrast, ANS binding to the

known molten globule state of bovine carbonic anhydrase

(BCA) produced a more typical >10-fold increase in

ANS fluorescence [Fig. 2(A)].50 To determine whether

differences in the conformations of refolding intermedi-

ates and/or the size difference between BCA and pertac-

tin (29 vs. 54 kDa) might alter the number of ANS bind-

ing sites on a possible molten globule state, we also

tested ANS binding to pertactin refolding intermediates

using higher or lower ANS concentrations [Fig. 2(B,C)].

These experiments produced a similar 2 to 3-fold

increase in ANS fluorescence, indicating that these per-

tactin refolding intermediates do not populate a confor-

mation with a large, solvent exposed cluster of hydropho-

bic residues.

Pertactin refolding is not limited by
proline isomerization

At room temperature, cis/trans isomerization of X-Pro

peptide bonds typically occurs on a time scale of 0.001

s21, slower than the refolding of many small, globular

proteins,51 and indeed represents the rate-limiting

refolding step for many small proteins.52 Although the

pertactin refolding rates reported earlier are slower than

reported rates for X-Pro isomerization, the pertactin

sequence includes 28 prolines, and two of the X-Pro pep-

tide bonds are in the cis-configuration in the crystal

structure (P241 and P256).46 Both of these cis-Pro pep-

tide bonds are located in the long irregular loop that

connects rungs 8 and 9 [Fig. 1(A)], and are therefore pe-

ripheral to the core of the b-helical structure. Neverthe-
less, it is still possible that their isomerization could slow

the overall pertactin refolding rate. To test the effect of

proline isomerization on pertactin refolding kinetics, we

used several common techniques. We compared pertactin

refolding kinetics with or without the addition of the

peptidyl-prolyl isomerases cyclophilin A or FKBP506

(Fig. 3, Table I). In both cases, refolding rates and ampli-

tudes were within experimental error of the uncatalyzed

refolding reaction (Table I). Enzymatic catalysis can,

however, be limited by the accessibility of the peptide

Figure 1
Pertactin refolding is very slow and multiexponential. (A) Crystal

structure of pertactin (PDB ID: 1dab).46 Tryptophans are highlighted as

red space-filling models and the location of the residues used for

site-specific labeling (S117 and T490) are shown in blue. The long loop,

containing both cis-prolines, is highlighted in purple. (B) Refolding
kinetics of pertactin are shown as a function of intrinsic tryptophan

fluorescence emission. Shown is the fit to two exponential functions.

(C) Fitting to one exponential fit produces nonrandom residuals; (D)

after adding a second exponential function, residuals have a random

distribution.
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bond. Therefore, we also used double jump experiments,

in which pertactin was unfolded in 4M GdnHCl for 10 s,

followed by immediate dilution to refolding conditions.

The double jump refolding rates and amplitudes were

within experimental error of the values measured for

refolding after full equilibration to the unfolded state

(Table I). However, the slow refolding kinetics of pertac-

tin would allow proline isomerization to occur during

the folding process itself, making it impossible to conclu-

sively rule out an effect of proline isomerization in these

double jump experiments. Hence, we also mutated both

cis-prolines to alanine. Refolding kinetics and corre-

sponding amplitudes of the single mutants and the dou-

ble mutant were within experimental error of wild-type

Table I
Summary of Pertactin Refolding Reactions at 0.4M GdnHCla

k1 (s
21) k2 (s

21) A1 (%) A2 (%)

Wild type (tryptophans) 4.7 3 1024 � 0.4 3 1024 5.9 3 1025 � 0.5 3 1025 51 � 6 49 � 6
Wild type (CD) 3.4 3 1024 � 0.2 3 1024 5.8 3 1025 � 0.8 3 1025 49 � 4 51 � 3
Wild type (double jump) 5.2 3 1024 � 0.4 3 1024 5.6 3 1025 � 0.5 3 1025 56 � 6 44 � 5
Wild type 1 cyclophilin A 4.3 3 1024 � 0.9 3 1024 5.8 3 1025 � 1.5 3 1025 55 � 21 45 � 19
Wild type 1 FKBP 3.7 3 1024 � 1.2 3 1024 4.4 3 1025 � 1.9 3 1025 54 � 34 46 � 30
P241A/P256A 4.0 3 1024 � 0.5 3 1024 5.1 3 1025 � 0.6 3 1025 46 � 8 54 � 8
S117C

Tryptophan 4.6 3 1024 � 0.3 3 1024 6.3 3 1025 � 0.5 3 1025 45 � 4 55 � 4
Fluorescein 2.9 3 1024 � 0.5 3 1024 5.9 3 1025 � 1.4 3 1025 52 � 19 48 � 17

F490C
Tryptophan 3.7 3 1024 � 0.5 3 1024 4.1 3 1025 � 2.0 3 1025 50 � 13 50 � 13
Fluorescein 3.4 3 1024 � 0.2 3 1024 7.5 3 1025 � 1.1 3 1025 60 � 9 40 � 6

aThe indicated error represents the standard error from three independent experiments.

Figure 2
The early pertactin refolding intermediate is not a molten globule-like state.

Fluorescence emission spectra of ANS added to pertactin at different

refolding times. At the indicated refolding times, pertactin samples were

mixed with (A) 10 lM, (B) 100 lM or (C) 1 lM ANS, and ANS fluorescence

emission was measured. Each spectrum represents an average of three

independent experiments. Fluorescence spectra of BCA at pH 3.6 and 8.8 (A)

demonstrate the typical 10-fold increase in ANS fluorescence intensity for a

classical molten globule. The spectra of ANS only, ANS with folded pertactin,

and ANS with BCA pH 8.8 all overlay at the lowest intensity.

Figure 3
Proline isomerization is not a rate-limiting step during refolding.

Wild-type pertactin was refolded alone (black, solid line), or with the

addition of the peptidyl-prolyl-isomerases cyclophilin A (black, dashed

line) or FKBP506 (black, dotted line). Also shown is the refolding of

the double mutant in which both cis-prolines have been replaced by

alanines (grey, dashed line) as well as a double-jump experiment in

which wild-type pertactin was unfolded for only 10 s prior to refolding,

to prevent isomerization of prolines to a non-native configuration (grey,

dotted line).
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pertactin (Table I), further demonstrating that proline

isomerization is not a rate-limiting step for pertactin

refolding.

b-Sheet secondary structure forms during
the rate-limiting refolding step

As the isomerization of peptidyl-prolyl bonds can be

excluded as the rate-limiting step, we also examined the

rate of secondary structure formation. The pertactin far-

UV CD spectrum has a single distinct minimum at 218

nm, typical for b-sheet proteins.47 We followed the de-

velopment of this spectral signature during refolding, in

a manner analogous to the fluorescence experiments

described earlier. A slow biphasic transition from

unfolded to folded protein was observed, with kinetics

similar to those measured for tryptophan fluorescence

during refolding (Fig. 4, Table I). The amplitudes of

these two rates are comparable with the amplitudes

measured in the fluorescence experiments, and a burst

phase with a similar magnitude seen for fluorescence

experiments (40%) was also observed for the formation

of secondary structure. These data indicate that second-

ary structure formation occurs during all stages of per-

tactin refolding, including the rate-limiting step. How-

ever, these results do not allow further elucidation of the

actual refolding mechanism of pertactin in terms of the

structures of refolding intermediates.

Equilibrium partly folded state is not a
kinetic refolding intermediate

Pertactin populates a partly folded state (PFS) in equi-

librium unfolding/refolding titrations. Analysis of this

PFS concluded that the N-terminus is unstructured while

the C-terminus is stably folded and resistant to proteo-

lytic digestion.47 Nevertheless, the origin of the enhanced

C-terminal stability is not apparent from the crystal

structure of native pertactin.46 At equilibrium, unfolding

from F ? PFS and PFS ? U each represent �50% of

the signal change observed by fluorescence and far-UV

circular dichroism (CD). Intriguingly, the amplitudes of

each of the two observable kinetic phases during refold-

ing also represented �50% of the total observable inten-

sity change, raising the possibility that the equilibrium

PFS might resemble a kinetic refolding intermediate.

To test the possibility of a kinetic refolding pathway

with an intermediate that resembles the PFS, that is, with

a folded C-terminus and unfolded N-terminus, we com-

pared the kinetics for refolding starting at the PFS with

reactions for complete refolding (U ? F). If the PFS is

located along the refolding coordinate between U and F,

the maximal activation barrier between PFS and U can

be no greater than the highest activation barrier between

U and F. Surprisingly, however, pertactin refolding

kinetics from the PFS are several orders of magnitude

slower than rates measured for the complete U ? F

refolding reaction [Fig. 5(A), Table II]. Hence, the activa-

tion barrier between PFS and F is significantly higher

than the barrier between U and F. Because �10% of the

refolding transition occurs slower than 12 h (see earlier),

it cannot be ruled out that some pertactin polypeptide

chains might populate the PFS en route to the native

state, but clearly the PFS does not represent a major on-

pathway intermediate for complete refolding of the per-

tactin b-helix.
We also used diagnostic differences in the proteolytic

digestion patterns of the native and PFS as a readout for

formation of native pertactin. Native pertactin is largely

resistant to proteolytic digestion, while digestion of the

PFS leads to a characteristic fragment of 21 kDa.47 Lim-

Figure 4
Formation of secondary structure occurs during the rate-limiting step

of pertactin refolding. Refolding of pertactin from 4 to 0.4M GdnHCl

followed by circular dichroism at 218 nm. (A) Shown is the percentage

of folded protein based on the CD signals for folded and unfolded

protein at 218 nm. Kinetic data were fit to two exponential functions

(grey) and the quality of fits is indicated by the residuals for fit with

(B) one exponential and (C) two exponential functions.
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ited proteolytic digestion of refolding time points [Fig.

6(A)] confirmed that the PFS can indeed refold to native

protein, as indicated by the appearance of protease resist-

ant, full length pertactin, along with minor digestion

fragments typically seen for native pertactin.47 These

characteristic digestion patterns can also be used to

determine if the PFS is a refolding intermediate during

refolding of pertactin. As shown in Figure 6(B), during

refolding, the 21 kDa digestion fragment of the PFS is

not detected, confirming that the PFS is not a significant

on-pathway intermediate for pertactin refolding.

To further analyze the location of the PFS on the

refolding/unfolding reaction coordinate, we also com-

pared unfolding kinetics starting from either 0M (F) or

1.2M GdnHCl (PFS). Although native pertactin is com-

pletely unfolded after 1 s of incubation in 6M GdnHCl,

the PFS requires more than 30 min to denature under

the same conditions [Fig. 5(B); Table II], supporting the

idea that the PFS is an off-pathway intermediate. In

addition, though complete unfolding (F?U) could be

fitted to a single exponential function, unfolding from

the PFS required two exponential functions in addition

to a burst phase within the dead time of the experiment.

The difference in refolding and unfolding kinetics shows

that the PFS is not a major on-pathway intermediate for

either complete refolding or unfolding of pertactin.

Chevron plot analysis

Ideally, we would like to determine the relevance of

the PFS to unfolding/refolding reactions under physiolo-

gical conditions, at 0M GdnHCl. Towards this goal, we

measured refolding and unfolding rates for the pertactin

native (folded), partly folded, and unfolded states, and

plotted the kinetic rates as a function of the final

GdnHCl concentrations to produce a ‘‘chevron plot.’’

Small proteins typically have unfolding and refolding

rates that exhibit a characteristic linear or quasi-linear

dependence on denaturant concentration, meaning that

these rates can be extrapolated to 0M denaturant to

determine the rates and with that the free energy change

on unfolding/refolding in buffer. The intersection point

of the two arms of the chevron plot typically represents

the midpoint of the transition between folded and

unfolded structure at equilibrium. In numerous cases,

the folding and/or unfolding arm show deviation from

strictly linear behavior, in particular at denaturant con-

centrations far removed from the equilibrium transition

midpoint. Although the origin(s) of nonlinear behavior

is still controversial, these deviations are often thought to

arise due to the presence of folding intermediates and/or

broad transition states.53–55

The pertactin chevron plot contains three refolding

and three unfolding arms, representing the three stable

states of pertactin (F, PFS, and U) (see Fig. 7). The pres-

ence of two independent transitions at equilibrium

restricts our kinetic measurements to narrow ranges of

final GdnHCl concentrations: The folding kinetics of all

three reactions (U ?P, P, P ? F, and U ? F) were each

determined over a range of final GdnHCl concentrations

spanning less than 1M. Moreover, for reactions from F

? P, it proved impossible to deconvolve the rates corre-

sponding to unfolding from F ? P from rates corre-

Figure 5
The pertactin partly folded state is not an on-pathway kinetic refolding

intermediate. A: Tryptophan fluorescence kinetics for refolding reactions

from U to F (solid line) and PFS to F (dotted line). Samples were

incubated in 4M and 1.2M GdnHCl, respectively, until equilibrium was

reached. Refolding was initiated by diluting samples into refolding

buffer leading to a final protein concentration of 0.5 lM in 0.4M

GdnHCl. Shown is the change in the ratio of tryptophan fluorescence at

335 and 350 nm over time. Samples were incubated at 208C and each

time point represents a fresh aliquot from the master refolding reaction;

this strategy minimized interference from photobleaching during the

experiment. Results from at least three independent reactions were

averaged. Equilibrium fluorescence intensities for the folded (F), partly
folded (P), and unfolded state (U) are indicated by the dotted lines.

B: Kinetic traces for unfolding from F to U (solid line) and PFS to U

(dotted line). Folded and partly folded protein (pre-equilibrated in

1.2M GdnHCl) were unfolded in 6M GdnHCl. Kinetics for the reaction

from F to U were measured using a stopped-flow apparatus, whereas

reactions from P to U were measured using manual mixing techniques.

Pertactin concentrations were 5 lM for stopped flow and 0.5 lM for

manual mixing experiments. The expected values for folded, partly

folded, and unfolded protein under both conditions are indicated on

the right.
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sponding to F ? U. The overlapping kinetics made a

detailed characterization of the unfolding pathway impos-

sible. These limitations unfortunately prohibit robust

analysis of the resulting chevron plot with linear fits, and

hence an accurate extrapolation to 0M GdnHCl. Notably,

however, the majority of pertactin refolding and unfolding

reactions have rates below 1 3 1023 s21, further demon-

strating that most pertactin b-helix refolding and unfold-

ing processes are very slow. We measured reaction rates

between 20 s21 and 1 3 1026 s21, but in most reactions,

even this broad time window was not sufficient to cover

the entire amplitude of the corresponding reaction. In

particular, the challenge of resolving very slow reactions

with half times significantly longer than 1 day inhibited

exhaustive analyses of the entire refolding (or unfolding)

reaction. Interestingly, most reactions exhibit at least two

independent folding or unfolding exponential rates, and

include rollover in the unfolding reactions. These observa-

tions support the presence of intermediates and/or broad

transition states during the refolding and unfolding

reactions. These results inspired us to ask whether refold-

ing kinetics can be used to distinguish between the entire

protein folding in a concerted process, or if these multiple

refolding rates represent different parts of the protein

refolding independently.

Table II
Comparison of Complete Refolding/Unfolding Rates with Refolding (to 0.4M GdnHCl) and Unfolding (to

6M GdnHCl) Starting at the PFS (1.2M GdnHCl)a

k1 (s
21) k2 (s

21) A1 (%) A2 (%)

Unfolding
F ? U 1.4 3 101 � 0.1 3 101 NA NA NA
P ? U 6.9 3 1023 � 0.3 3 1023 6.4 3 1024 � 0.9 3 1024 78 � 4 22 � 2

Refolding
U ? F 5.5 3 1024 � 3.3 3 1024 6.9 3 1025 � 2.8 3 1025 50 � 13 50 � 13
P ? F 1.5 3 1026 � 0.9 3 1026 NA NA NA

aThe indicated error represents the standard error from three independent experiments.

Figure 6
Limited proteolytic digestion of pertactin during refolding from

unfolded and PFS shows pertactin refolding is reversible, but the PFS is

not a refolding intermediate. A: ProK digestion of pertactin refolding

from 1.5 to 0.5M GdnHCl. Samples for each refolding time point were

digested with proK for 50 min and analyzed by SDS-PAGE followed by

silver staining. B: ProK digestion of pertactin refolding from 4 to 0.5M

GdnHCl after various refolding incubation times. The characteristic

digestion bands for the native protein and PFS47 are indicated on the

right.

Figure 7
Chevron plot of pertactin unfolding and refolding kinetics indicates

complex pathways. All refolding and unfolding reactions measured the

change in pertactin intrinsic tryptophan fluorescence, expressed as

either fluorescence intensity at 335 nm (fast reactions) or the ratio of
emission between 335 and 350 nm (slow reactions). Indicated GdnHCl

concentrations represent the final reaction conditions. Refolding of the

unfolded state started at 4M, refolding and unfolding of the PFS started

at 1.2M, and unfolding of the folded protein started at 0M GndHCl. All

data was first fit to a single exponential rate; a second rate was

introduced only if the single-exponential fit produced nonrandom

residuals. Open symbols represent unfolding reactions; closed symbols

represent refolding reactions. For all reactions, at least three

independent experiments were performed. The data points correspond

to the average of these measurements; the standard deviation for each

rate is smaller than the size of the data point.

M. Junker and P.L. Clark

818 PROTEINS



Pertactin b-helix folds in a concerted,
multistep process

The seven tryptophans in the pertactin sequence are

spread throughout the b-helix structure. Therefore, the

change in tryptophan fluorescence provides only an over-

all view of the refolding of the complete b-helix; the

intrinsic fluorescence cannot be used to distinguish

between refolding at the N-terminus versus C-terminus.

A similar limitation applies to the formation of b-sheet
structure followed by far-UV CD. Both techniques cannot

distinguish between vectorial versus concerted refolding

of the b-helix. These two models can, however, be distin-

guished by kinetic experiments using site-specific fluores-

cent probes. We therefore introduced a single cysteine

residue at a surface-exposed location near either the N-

or C-terminus of pertactin [see Fig. 1(A) and Materials

and Methods section] and labeled each of these cysteine

residues with fluorescein. As shown in Table I, changes in

tryptophan fluorescence during refolding of the mutant

proteins have similar rates and amplitudes as wild-type

pertactin, indicating that the refolding behaviors of the

labeled, single cysteine constructs are comparable with

wild-type pertactin. Thermal denaturation also showed

no significant destabilization of either the N-terminus or

C-terminus for either labeled construct (data not shown).

Changes in the fluorescence properties of the site-spe-

cific probes during pertactin refolding allowed us to

determine whether one end of the pertactin b-helix folds

first, or if the entire b-helix forms in a global, concerted

multistep process. For both the N- and C-terminal fluo-

rescein labels, kinetic refolding traces required fitting to

two kinetic rates with roughly equal amplitudes (see Fig.

8). These rates and amplitudes are comparable with the

values obtained for tryptophan fluorescence and far-UV

CD measurements of wild-type pertactin (Table I, Figs. 4

and 8). Therefore, the N-terminus and C-terminus of

pertactin fold on similar time scales, indistinguishable

from global measurements of secondary or tertiary struc-

ture formation. These results indicate pertactin refolds in

a concerted process in vitro, with significant formation of

Figure 8
Refolding of the pertactin b-helix is a concerted process. A: Refolding kinetics of labeled S117C pertactin followed by fluorescein fluorescence

emission. Refolding was measured using the ratio in fluorescence intensity between 530 nm and 515 nm. Data required fitting with two exponential

functions, as indicated by the residuals for one exponential function (middle) that exhibit an obvious trend. This trend in the residuals was lost

with two exponential functions (bottom). B: Refolding kinetics of labeled T490C pertactin followed by fluorescein fluorescence emission. Samples

were prepared and measured following the same procedure as in (A). Raw change in fluorescence at 515 nm was analyzed and data required fitting

to two exponential functions as shown by the residuals for the fit with one (middle) and two (bottom) exponential functions.
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secondary structure occurring even in the rate-limiting

step.

DISCUSSION

Extensive studies of the refolding of a variety of small,

globular, and often a-helix-rich proteins have identified

some common properties of refolding mechanisms,

including global collapse of hydrophobic residues in the

initial phase of refolding, typically occurring within

microseconds to milliseconds or faster.56,57 Most proteins

with refolding kinetics significantly slower than predicted

have refolding mechanisms limited by proline isomeriza-

tion, multimerization, minor reorientations to a mostly

natively folded structure, or other steps not directly

related to refolding.35,58–60 However for pertactin, pro-

line isomerization is not the rate-limiting step for refold-

ing; instead, a significant fraction of secondary structure

forms within the final step of pertactin refolding.

It is important to point out that previous equilibrium

titration experiments demonstrated that pertactin refold-

ing is fully reversible.47 Hence, despite a high activation

barrier between the unfolded and folded states, and the

prolonged population of b-sheet-rich folding intermedi-

ates, pertactin is not prone to aggregation during refold-

ing. The slow refolding kinetics implies an extended

search around the edge of a refolding funnel, populating

conformations that can somehow avoid sliding into an

‘‘aggregation funnel.’’21 Importantly, even though other

proteins have been identified for which secondary struc-

ture formation occurs in the later steps of refold-

ing,32,61,62 these proteins refold orders of magnitude

faster than pertactin.

To further evaluate pertactin refolding properties

under native conditions, we analyzed the denaturant de-

pendence of the refolding and unfolding reactions using

a chevron plot. However, pertactin is an extremely slow-

folding protein with complex kinetic behavior and an

equilibrium PFS. Hence, the complexity of the pertactin

chevron plot does not permit a detailed analysis of the

refolding and unfolding pathways in a manner analogous

to analyses of smaller proteins with simpler kinetic

behavior. For example, most pertactin unfolding and

refolding reactions require fitting to multiple exponential

rates, and all include either burst-phase changes or

extremely slow steps not measurable by conventional

methods. Near the F , PFS and PFS , U transitions,

there is overlap of the forward and backward reactions,

meaning that these rate constants cannot be attributed to

a specific refolding or unfolding pathway. Furthermore,

many reactions cannot be measured over a broad range

of GdnHCl concentrations, which prohibits extrapolation

of the refolding and unfolding rates to 0M GdnHCl.

In light of these complexities, we have used other

approaches to characterize the pertactin refolding mecha-

nism. One interesting feature is the lack of a classical

molten globule state before the formation of tertiary

structure and significant amounts of secondary structure.

The low intensity of ANS fluorescence argues against the

formation of large, exposed, hydrophobic surface area

during the majority of the refolding reaction. Instead,

pertactin refolding intermediates might include only

smaller clusters of hydrophobic residues. The lack of a

classical molten globule state before formation of tertiary

structure is unusual for all-b-sheet proteins, and in par-

ticular for b-helix proteins. ANS binding to PelC,

another b-helix protein, is characterized by a 50-fold

increase in ANS fluorescence,42 even though PelC has a

lower percentage of hydrophobic residues than pertactin

(�50% vs. �60%). In addition, refolding studies on PelC

have demonstrated that proline isomerization represents

the rate-limiting step for refolding.43 It should be noted,

however, that PelC is significantly shorter (353 aa) than

pertactin, resulting in an overall shape that is more simi-

lar to globular proteins. In fact, the elongated shape of

pertactin raises interesting questions regarding its refold-

ing mechanism. For pertactin, an initial collapsed, mol-

ten globule-like state could actually increase the complex-

ity of the refolding mechanism, as it would likely include

a large number of non-native, long-range interactions.

Therefore, the results for pertactin show that protein

size, shape, and structure can significantly alter the pro-

tein refolding mechanism.

Site-specific labeling shows that the entire pertactin

b-helix refolds in a concerted, multistep process. Such a

mechanism might include various kinetic intermediates

in which all intermediates produce conformational

changes throughout the entire b-helix. For example, an

initial collapsed state (but not one that exposes large

patches of hydrophobic surface area) might include mis-

pairing of b-strands, followed by sequential rearrange-

ments to form the native b-strand architecture. Alterna-

tively, the protein might refold on different, parallel path-

ways, with each pathway representing a single, concerted

folding step. Regardless, this concerted refolding reaction

is surprising when we compare the refolding behavior of

pertactin to other repeat proteins. IjBa,63 p16INK4A

(Ref. 64), and other a-helical ankyrin repeat proteins of-

ten have a core domain that folds first, independent of

the refolding of other repeat units.33 Similar behavior

was observed for a mixed a/b leucine-rich repeat protein,

which forms a folding intermediate with core group of

repeats, independent of the number of additional

repeats.65 However, despite the presence of a PFS in per-

tactin equilibrium titrations, pertactin shows no evidence

for a stable core relevant for kinetic refolding. A reason

for the lack of a kinetic folding ‘‘core’’ could be the all-

b-sheet structure of pertactin. Most repeat proteins stud-

ied to date have substantial a-helical structure and hence

local interactions that could stabilize a core structure

early in the refolding process. In contrast, each rung of

the pertactin b-helix has an average size of �30 residues,
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and multiple rungs are required to form backbone hydro-

gen bonds. This lack of short range interactions requires

that even a small core structure comprising just two to

three rungs would require ordering �60–90 residues.

Interestingly, even though the PFS does not appear to

be a highly populated refolding intermediate in vitro, the

stability and folding properties of the C-terminal stable

core appear relevant to pertactin processing in vivo.66

During secretion through the outer membrane, pertactin

passes through a narrow pore that is too narrow to per-

mit secretion of folded pertactin. We have recently deter-

mined that pertactin passes through the outer membrane

vectorially, from C-terminus to N-terminus.63 Hence,

the C-terminal stable core portion of pertactin reaches

the cell surface first, whereas the N-terminus is still

located in the periplasm. It has been proposed that

extracellular folding of pertactin might serve as a driving

force for outer membrane secretion, which occurs in the

absence of external energy sources such as ATP or a pro-

ton gradient.66 Crucially, while full length, unfolded per-

tactin has a complex refolding reaction in vitro, vectorial

appearance of pertactin on the cell surface could limit

the number of possible interactions possible for its C-ter-

minus. The reduced number of possible interactions

during secretion through the outer membrane might

increase the population of select kinetic intermediates,

which could promote folding of the N-terminal portion

of pertactin during secretion. Supporting the possible

connection between pertactin C-terminal stability and

biogenesis in vivo, another large b-helix protein from the

same family of autotransporter virulence proteins, Pet

from E. coli, also populates a C-terminal PFS during

denaturation titrations.66,67

The pertactin refolding kinetics presented here provide

insight into the formation of b-sheet structure, but also
raise questions regarding the mechanisms used to prevent

aggregation of b-sheet rich proteins during refolding.

The pertactin b-helix produces no detectable aggregates

under the refolding conditions used here. However, the

mechanism by which aggregation is prevented is

unknown. Aggregates are typically very stable structures,

and in most cases, protein aggregation is irreversi-

ble.21,68 Therefore, a fast refolding reaction can favor-

ably shift the ratio of folded versus aggregated protein

toward the native structure by forming the kinetically

favored product.69 However, pertactin refolds over the

course of several hours. One clue regarding how these

long-lived, b-sheet-rich refolding intermediates might

avoid aggregation comes from the minimal increase in

ANS fluorescence in the presence of pertactin refolding

intermediates. This result suggests that hydrophobic resi-

dues are buried within these b-sheet-rich folding inter-

mediates, which would help minimize intermolecular

interactions that could lead to aggregation.

Examination of the pertactin crystal structure46 pro-

vides additional clues as to how aggregation might be

avoided. While the central rungs of the pertactin b-helix
resembles some models of amyloid structure,70–72 the

most C-terminal b-strands form a distorted cap that

might inhibit aggregation and/or tail-to-tail dimerization.

In addition, in the N-terminus of the b-helix, the hydro-

phobic core is shielded by a solvent-exposed salt bridge.

Both structures have been implicated as mechanisms to

prevent intermolecular association of b-sheets.73

Because these prevention mechanisms focus on the fully

folded structure, rather than the refolding pathway, their

role in suppressing aggregation during the initial phases

of refolding is less clear.74 Hence, pertactin offers the

unique possibility to study how an all b-sheet
protein with slow refolding kinetics avoids misfolding

into the stable off-pathway PFS,47 or aggregation, dur-

ing refolding.

CONCLUSIONS

Pertactin is an all-b-sheet protein with remarkably

slow refolding kinetics. We have shown that the b-helix
folds in a concerted process with formation of substantial

secondary structure included in the rate-limiting step.

Furthermore, while pertactin can form a stable PFS at

equilibrium, this conformation is not populated during

refolding of the native structure from the denatured en-

semble. Surprisingly, despite the slow refolding kinetics,

aggregation does not occur during refolding to the native

or PFS structures. The mechanism of how pertactin

avoids aggregation during refolding is unknown, but the

similarity of the b-helix fold to the structures of some

amyloid fibrils offers the unique possibility to study for-

mation of this structure without the competing, interfer-

ing accumulation of macroscopic aggregates.

MATERIALS AND METHODS

Molecular biology

Pertactin was expressed using plasmid pPERPLC02, a

derivative of pPERPLC01. For pPERPLC02, S298 was

replaced with a proline to create a sequence identical to

the pertactin sequence used for crystal structure determi-

nation. Cys mutants of S117 and F490 as well as Pro ?
Ala variants of P241 and P256 [Fig. 1(A)] were con-

structed by site directed mutagenesis of pPERPLC02

using the QuikChange Mutagenesis Kit (Stratagene).

Protein purification

Wild-type pertactin and Pro ? Ala mutants were

expressed and purified as described previously.47 Briefly,

1 L of LB medium was inoculated with 25 mL overnight

culture and shaken at 378C until the OD600 reached

�0.6. Protein expression was induced by adding IPTG to

a final concentration of 250 lM. After shaking for addi-
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tional 4 h, cells were pelleted, lysed by sonication and

incubation with 1 mg/mL lysozyme in sonication buffer

(50 mM Tris pH 8.8, 100 mM NaCl, 10 mM benzama-

dine, and 1 mM EDTA). Inclusion bodies were separated

by centrifugation, washed with 1% Triton X-100 in

sonication buffer, and resuspended in 6M GdnHCl and

sonication buffer. Protein was refolded by removal of

GdnHCl by dilution to 1M GdnHCl, followed by exhaus-

tive dialysis against 50 mM Tris pH 8.8. Pertactin was

purified using an anion exchange column with a final

purity of >95% estimated by Coommassie staining. Cys-

teine mutants were purified using the same procedure,

using 50 mM Tris pH 7.0.

Fluorescence spectroscopy

Fluorescence emission spectra were obtained using a

QM-6 T-format fluorimeter (PTI, Birmingham, NJ).

Samples were measured at 208C, using 0.5 lM pertactin

in 50 mM Tris pH 8.8 in a 1-cm cuvette. Tryptophan

emission data were collected under the same conditions

as described previously.47 Fluorescein spectra were col-

lected with an excitation slit width of 3 nm and an emis-

sion slit width of 5 nm. Each spectrum represents an

average of three spectra collected with a step size of

1 nm and 1 s integration time.

Kinetic measurements of tryptophan
fluorescence

Manually mixed kinetics was also measured using the

QM-6 fluorimeter. Tryptophan fluorescence kinetics was

collected using an excitation wavelength of 280 nm and

emission wavelengths of 335 and 350 nm. The excitation

slit width was set at 0.8 nm and emission slit width at 5

nm. For refolding kinetics from the unfolded state, per-

tactin was first unfolded in 4M GdnHCl in 50 mM Tris

pH 8.8 for >1 h; refolding was initiated by diluting sam-

ples 10-fold into 50 mM Tris pH 8.8 resulting in 0.5 lM
pertactin in 0.4M GdnHCl and 50 mM Tris pH 8.8. To

minimize photobleaching over long measurement times,

a fresh aliquot was used to determine the fluorescence

emission intensity for every time point. For fluorescein,

an excitation wavelength of 492 nm and emission at 515

and 530 nm was used, with excitation and emission slit

widths of 5 nm. Refolding kinetics from the PFS were

measured by diluting pertactin pre-equilibrated in 1.0M

GdnHCl, 50 mM Tris pH 8.8 (>12 h) into 50 mM Tris

pH 8.8 leading to a final pertactin concentration of 0.5

lM in 4M GdnHCl. Unfolding kinetics were measured

for 0.5 lM pertactin in 6M GdnHCl, 50 mM Tris pH 8.8

by mixing pertactin pre-equilibrated in 1.2M GdnHCl

(>12 h) with 8M GdnHCl, both in 50 mM Tris pH 8.8.

For fast kinetic experiments, a Biologic SFM-400

stopped flow apparatus was connected to the QM-6 fluo-

rimeter via fiber optic cables. In all cases, 6 lM protein

samples in 50 mM Tris pH 8.8 (final concentration) were

used, with 5 nm excitation and emission slits. Trypto-

phans were excited at 280 nm and emission intensity

measured at 335 nm. The dead time of the instrument

was 20 ms.

ANS binding assay

Pertactin was unfolded in 4M GdnHCl, 50 mM Tris

pH 8.8 for at least 1 h. Refolding was induced by 10-fold

dilution into 50 mM Tris pH 8.8, resulting in a final pro-

tein concentration of 0.5 lM in 0.4M GdnHCl. After var-

ious refolding times, 900 lL of the refolding protein was

added to 100 lL of 10 lM, 100 lM or 1 mM ANS in 50

mM Tris pH 8.8. ANS fluorescence emission spectra were

collected immediately after addition to the ANS solution.

ANS emission was measured from 400 to 600 nm with

an excitation wavelength of 380 nm. Excitation and emis-

sion slit width were set at 5 nm and data were collected

with an integration time of 0.1 s/nm. Three spectra were

averaged for each sample and three independent samples

were collected for each time point.

BCA (Sigma) was prepared as a 10 mg/mL stock in 50

mM Tris pH 8.8. Immediately before the experiment, this

stock was diluted to a final concentration of 0.5 lM in

50 mM Tris pH 8.8 or 3.6, and supplemented with 10

lM ANS. ANS fluorescence was measured under condi-

tions identical to those used for pertactin samples.

Circular dichroism spectroscopy

CD spectra and kinetic traces were collected with an

Aviv 62D2 spectropolarimeter. Data were obtained with a

bandwidth of 1 nm and an integration time of 1 s. A 2-

mm cuvette was used with 5 lM protein samples. For ki-

netic analysis, the change in molar ellipticity was deter-

mined at 218 nm. Refolding samples were prepared as

described earlier.

Protein labeling

Pertactin cysteine mutants were labeled with fluores-

cein following the general guidelines provided by the

manufacturer (Molecular Probes). Briefly, each labeling

reaction contained 200 lM pertactin in 50 mM Tris pH

7.0, 5 mM TCEP, and 1 mM fluorescein. Reactions were

incubated at room temperature for at least 12 h, and re-

sidual free fluorophores were removed using a S75 size

exclusion column. Labeling efficiency was 30% for S117C

and 70% for T490C, calculated using the absorbance of

the fluorophore at 492 nm compared with the measured

protein concentration at 280 nm.

Proline isomerization experiments

Pertactin samples were unfolded in 4M GdnHCl, 50

mM Tris pH 8.8 for 10 s followed by immediate dilution

M. Junker and P.L. Clark

822 PROTEINS



to 0.4M GdnHCl and 0.5 lM pertactin. For enzymatic

analysis, either FKBP 506 or cyclophilin A were added to

the refolding buffer in a protein to enzyme ratio of 10:1

(w/w). Refolding kinetics was measured following the

change in the ratio of pertactin tryptophan fluorescence

emission between 335 and 350 nm. Each point represents

the average of at least three experiments. In every case, as

explained earlier, each measurement represents a fresh

aliquot from a larger stock solution.

Proteolytic digestion

Pertactin was equilibrated in 1.5 or 4M GdnHCl in 50

mM Tris pH 8.8, followed by dilution to 0.5M GdnHCl

in 50 mM Tris pH 8.8 and 7.5 mM CaCl2. After various

incubation times in 0.5M GdnHCl, pertactin was digested

with proteinase K for 50 min. The protease:pertactin

weight ratio was 1:500. Digestion was stopped by boiling

for 10 min. Samples were analyzed by SDS-PAGE and

visualized with silver staining.
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