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Globular proteins are not permanently folded but spontane-
ously unfold and refold on time scales that can span orders of
magnitude for different proteins. A longstanding debate in the
protein-folding field is whether unfolding rates or folding rates
correlate to the stability of a protein. In the present study, we
have determined the unfolding and folding kinetics of 10 FNIII
domains. FNIII domains are one of the most common protein
folds and are present in 2% of animal proteins. FNIII domains
are ideal for this study because they have an identical seven-
strand �-sandwich structure, but they vary widely in sequence
and thermodynamic stability. We assayed thermodynamic sta-
bility of each domain by equilibrium denaturation in urea. We
then assayed the kinetics of domain opening and closing by a
technique known as thiol exchange. For this we introduced a
buried Cys at the identical location in each FNIII domain and
measured the kinetics of labeling with DTNB over a range of
urea concentrations. A global fit of the kinetics data gave the
kinetics of spontaneous unfolding and refolding in zero urea.
We found that the folding rates were relatively similar, �0.1–1
s�1, for the different domains. The unfolding rates varied widely
and correlated with thermodynamic stability. Our study is the
first to address this question using a set of domains that are
structurally homologous but evolved with widely varying
sequence identity and thermodynamic stability. These data add
new evidence that thermodynamic stability correlates primarily
with unfolding rate rather than folding rate. The study also has
implications for the question of whether opening of FNIII
domains contributes to the stretching of fibronectin matrix
fibrils.

Fibronectin (FN)3 assembles into a fibrillar extracellular
matrix, which is the primordial matrix in embryonic develop-
ment and wound healing. The FN molecule is a dimer of
250,000-Da subunits, which are modular proteins that fold into
a string of globular domains. There are three types of domains,
which differ in size, structure, and the presence of internal
disulfide bonds (1). FNI and FNII domains are 5,000 and 6,500
Da, respectively, and are stabilized by internal disulfide bonds.
FNIII domains are 10,000 Da and have no internal disulfide
bonds.

The present study focuses on FNIII domains. The FN mono-
mer contains 15–17 FNIII domains, depending on splicing. The
domain structure is a �-sandwich (Fig. 1), with three strands on
one side, four on the other, and a compact hydrophobic core
(2). First discovered in fibronectin, FNIII domains are incorpo-
rated as a folding motif in many animal proteins. Although dif-
ferent FNIII domains share only �20% sequence identity, they
all fold with the same �-sandwich structure. These domains
have been implicated in cell adhesion, matrix assembly and
elasticity, and membrane receptors and are the main focus of
our present study.

FN matrix fibrils are very elastic; those in cell culture are
typically stretched up to 4 times their rest length (3, 4). The
mechanism of the stretch is controversial. One hypothesis
is “tension-induced domain unfolding,” which proposes that
individual FNIII domains unravel when the fibril is under ten-
sion (5–7, 40). A folded FNIII domain is 3.5 nm long, and the 90
amino acids of the unfolded polypeptide chain have a contour
length of 30.5 nm, providing a potential source of stretch. An
alternative model proposes that the stretch involves a confor-
mational change of the FN dimer from a compact pretzel shape
to an extended form, without unfolding FNIII domains (8 –11).
To explore the mechanism of FN fibril elasticity, Lemmon et al.
(12) used the technique of chemical labeling of a Cys buried in a
globular domain as an indication of domain unfolding. This
technique was previously developed by Johnson et al. (13) to
show that tension can expose buried Cys in two isoforms of
spectrin in red blood cells. In fibronectin, only FNIII 7 and 15
have a free Cys (Fig. 1). These two Cys are buried, and with FN

* This work was supported by National Institutes of Health Grant CA 47056 (to
H. P. E.). The authors declare that they have no conflicts of interest with
the contents of this article. The content is solely the responsibility of the
authors and does not necessarily represent the official views of the
National Institutes of Health.

□S This article contains supplemental Figs. 1–12.
1 To whom correspondence may be addressed: Dept. of Cell Biology

and Dept. of Biochemistry, Duke University, 412 Nanaline Duke Bldg.,
Durham, NC 27710. Tel.: 919-684-6385; Fax: 919-684-8090; E-mail:
h.erickson@cellbio.duke.edu.

2 To whom correspondence may be addressed: Dept. of Biochemistry, Duke
University, 230C Nanaline Duke Bldg., Durham, NC 27710. Tel.: 919-684-
4363; Fax: 919-681-8862; E-mail: oas@duke.edu.

3 The abbreviations used are: FN, fibronectin; SX, thiol exchange; DTNB, 5,5-
dithiobis-(2-nitrobenzoic acid); CPM, 7-diethylamino-3-(4�-maleimidyl-
phenyl)-4-methylcoumarin; TNB, 2-nitro-5-thiobenzoate; LSF, local struc-
tural fluctuation.

crossmark
THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 292, NO. 3, pp. 955–966, January 20, 2017

© 2017 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

JANUARY 20, 2017 • VOLUME 292 • NUMBER 3 JOURNAL OF BIOLOGICAL CHEMISTRY 955

mailto:h.erickson@cellbio.duke.edu
mailto:oas@duke.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M116.760371&domain=pdf&date_stamp=2016-11-30


in solution, they can only be labeled after denaturation (7).
Lemmon et al. (12) found that these two domains did not label
in FN matrix fibrils assembled in cell culture. To explore the
state of other FNIII domains, Lemmon et al. (12) created thir-
teen full-length mutant FNs, each containing a buried Cys in
a single FNIII domain. When incorporated into cell culture
matrix, 6 of the 15 FNIII domains were sufficiently open that
their buried Cys could be labeled by 1-h incubation with fluo-
rescein maleimide. The domain unfolding could be due to (a)
tension-induced unfolding, (b) unfolding as part of FN–FN
bond formation during fibril assembly, or (c) spontaneous
unfolding and refolding of domains. Our study addresses quan-
titatively this third mechanism.

All globular proteins and protein domains spontaneously
unfold and refold, with a very wide range of kinetics (14). The
kinetics in dilute aqueous buffer can be described by two rate
constants, ku

H2O for unfolding and kf
H2O for folding. Three FNIII

domains have been extensively studied for unfolding-folding
kinetics: FNIII 9 and 10 and TNfn3, an FNIII domain from
tenascin (15–17). Recently, the unfolding and refolding kinetics
of FNIII 3 have also been studied (18). These studies monitored
the unfolding by the increase in fluorescence of the single con-
served and buried Trp in most FNIII domains.

An alternative to Trp fluorescence is to use a buried Cys and
assay its accessibility to a thiol-reactive reagent to measure
the population of the unfolded state. This approach has been
termed thiol exchange (SX). In SX, the opening and closing
kinetics, which are defined by the rate constant of opening (kop)
and the rate constant for closing (kcl), determine the accessibil-
ity of the Cys to the dye. In many cases, the opening and closing
kinetics correspond to global unfolding and folding; then kop �
ku and kcl � kf. In other cases, the Cys can be exposed by sub-
global or by local opening and closing, and these mechanisms

need to be accounted for separately. We will use the terms kop
and kcl to describe our kinetic measurements, although most
domains fit a two-state global unfolding mechanism.

SX was first used by Ballery et al. (19, 20), and it has been
subsequently applied to several proteins. Each of these studies
focused on a single protein and placed the Cys at different loca-
tions to determine how folding varied at different positions
(21–23). Two papers provide an excellent background for our
study because they used a very similar experimental approach
and interpretation (22, 23). These studies probed unfolding-
folding at various locations in a single protein and compared it
with global unfolding-folding of that protein as measured spec-
troscopically. Feng et al. (22) used SX to study global and local
unfolding events in ferric aquomyoglobin. They introduced a
buried Cys at 10 different sites in the protein, to explore how
local unfolding varied over the structure. Malhotra and Udga-
onkar (23) used SX to study high energy intermediate states
during protein unfolding. They created four single Cys mutants
at buried locations of the single-chain protein monellin.

In the present study, we have applied SX with a different
strategy. We have surveyed the opening-closing kinetics of 10
different protein domains related by homology, specifically the
family of FNIII domains. We have included the six domains of
FN that were labeled in matrix fibrils and two that were not (12),
as well as TNfn3 and irisin, which is the ectodomain of the
transmembrane protein FNDC5 (24, 25). For this purpose, we
engineered a single buried Cys at the same location in each of
the FNIII domains, at the site of the natural Cys in FNIII 7 and
irisin. The kinetics of Cys labeling were measured in different
concentrations of urea. Most domains could be fit to a two-state
model of global unfolding, but for three domains, the Cys was
partially exposed by a local or subglobal unfolding. Our study
provides new evidence that thermodynamic stability correlates
most closely with unfolding rates.

Results

Equilibrium Studies of FNIII Domains by Trp Fluorescence
Show a Wide Range of Chemical Stability—Conventional pro-
tein folding studies use a direct spectroscopic probe to measure
the fraction of folded protein in various concentrations of
denaturant. Almost all FNIII domains have a single buried Trp
at sequence position 22 or 23 in � strand B. In folded FNIII
domains, the buried Trp has an emission peak at 320 nm when
excited at 280 nm. Solvent exposure of Trp by protein denatur-
ation in urea shifts the emission peak to 350 nm. An example of
these changes for FNIII 3C is shown in Fig. 2A. In 0 –1 M urea,
the emission peak is at 320 nm, and it shifts to 350 nm at 3 M

urea, in which it is predominantly unfolded.
We determined the thermodynamic stabilities of the 11

domains in this study from Trp fluorescence urea denaturation
curves. To eliminate variations due to protein concentration,
we used the emission ratio 350/320 nm as a measure of the
extent of unfolding. A ratio of 0.3–1.8 indicates a buried Trp;
the ratio increases to 1.5–2.8 when the Trp is exposed to the
solvent (12). We fit the emission ratio versus urea concentration
for each domain to a simple two-state equilibrium (see “Exper-
imental Procedures”). Examples of Trp denaturation curves for
three FNIII domains that span the stability range are shown in

FIGURE 1. Structure of FNIII 7 showing the seven strands (A, B, C, C�, E, F,
and G). The buried Cys in the E strand used in the thiol exchange assay is
shown in red. Figure based on the coordinates from 1FNF.pdb (2).
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Fig. 2B. The fitted stabilities and their urea dependence for all
11 domains are listed in Table 3. FNIII 11C is the least stable
with �GF3U

H2O of 1.59 � 0.65 kcal/mol. FNIII 10C is the most
stable, with a �GF3U

H2O greater than 10 kcal/mol, which was too
stable to measure accurately by the non-ionic denaturant urea.
FNIII 3C has intermediate stability with a �GF3U

H2O of 3.3 � 1.0
kcal/mol.

Global Fitting of Thiol Reactivity Data Gives Kinetic and
Thermodynamic Information—Our SX assay measures the
labeling of the buried Cys and fits it to the general scheme
(developed in detail under “Experimental Procedures”).

(Eq. 1)

In this model, a closed domain PC opens with an opening rate
constant kop

D , and the open domain PO closes with a closing rate
constant kcl

D. The superscript D in the kinetic constants indi-
cates that they are dependent on the concentration of denatur-
ant. The Cys is only exposed in PO, so this population was
assayed by its reaction with the thiol-reactive reagent: 5,5-di-
thiobis-(2-nitrobenzoic acid) (DTNB). The major goal is to
extrapolate the data to determine the rates at zero denaturant,
indicated by kop

H2O and kcl
H2O.

Our global fitting approach, developed under “Experimental
Procedures,” differs from that of previous SX studies, which fit
individual labeling curves for each urea concentration to an
exponential to obtain kobs ([urea]) (21–23). These intermediate
data were then fit again to obtain thermodynamic and/or

kinetic parameters for the conformational reactions. Our
approach globally fits all labeling curves over the full range of
urea concentrations to a model that includes the urea depen-
dence of opening and closing.

Differential equations describing the time dependence of all
species were solved either with the kinetic matrix method or by
numerical integration in MathematicaTM (see “Experimental
Procedures”). Global fitting of SX data can determine both
thermodynamic and kinetic parameters, provided that there
are sufficient data in the so-called EXX regime. In this regime,
both the conformational opening and DTNB reactions contrib-
ute to the observed kinetics (Equation 16). However, if the con-
formational opening reaction is rate-determining at all urea
concentrations (EX1 regime, Equation 17), kop can be deter-
mined, but not kcl or the stability. In contrast, if conformational
kinetics at all urea concentrations are much faster than the
DTNB reaction (EX2 regime, Equation 18), then the equilib-
rium constant can be determined, but not kop or kcl. With suf-
ficient data in the EXX regime, the global fitting determines the
best values of five parameters: kop, kcl, mop, mcl, and kchem.

The complete kinetics data for FNIII 2C at various urea con-
centrations are shown in Fig. 3 as an example of a data set and
the global fitting. To obtain this data set, FNIII 2C was incu-
bated for 10 min in buffers containing 0 – 8 M urea to establish
unfolding equilibrium. DTNB was then added to the protein,
and the reaction was monitored by absorbance at 412 nm. At
low concentrations of urea, the reaction is slow and was moni-
tored with a spectrophotometer after manual mixing (Fig. 3A),
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FIGURE 2. Stability of FNIII domains assayed by Trp fluorescence. A,
emission spectra of 1 �M FNIII 3C in 0 – 8 M urea, excited at 280 nm. B, ratio
of 350 nm/320 nm fluorescence intensities as a function of urea for FNIII
11C, 3C, and 2C.
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FIGURE 3. Kinetics of labeling the buried Cys in FNIII 2C in 0 – 8 M urea by
manual spectrophotometer (A) and stopped flow (B). Colored curves,
kinetic data; dotted black lines, global fit. The transients in B are shown with a
log(time) axis to better exhibit differences at short times.
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whereas at high urea concentrations, the reaction is much faster
and required stopped-flow mixing (Fig. 3B). The data for FNIII
2C follows the EX2 regime from 0 to 1 M urea and the EXX
regime from 2 to 6 M urea, where kcl and kint are within a factor
of 10 of each other. Above 6 M urea, the domain is predomi-
nantly unfolded, and the Cys is completely exposed to the dye.
In this regime, no information is provided about the conforma-
tional reaction, but the labeling curves help determine kchem,
which is another globally fitted parameter. The thermodynamic
and kinetic parameters extrapolated to 0 M urea and the mop
and mcl, fit from the complete data set, are shown in Table 1.

The kinetics data and global fits for all domains are shown in
supplemental Figs. 1–11. The extrapolation to 0 M urea, kop

H2O,
kcl

H2O, and the mop, mcl, and kchem values are summarized in
Table 2.

Stability of FNIII Domains Determined by SX Range from 0.8
to 8.1 kcal/mol—We also determined the stability of domains
from our SX data. The stability (�GH2O in 0 M urea) and urea
dependence of stability (meq), determined by Trp fluorescence
and by SX, are compared in Table 3. SX values are missing for
FNIII 1C, which could not be fit to a two- or three-state opening
model. FNIII 11C is very unstable and has the lowest �GH2O �
0.78 � 0.03 kcal/mol, whereas FNIII 10C is very stable to global
opening and has the highest �GH2O � 8.17 � 0.009 kcal/mol.
The SX and Trp data generally agree closely. As an example, for
FNIII 3C, �GH2O � 3.4 � 0.03 kcal/mol by SX versus 3.8 � 0.24
kcal/mol by Trp fluorescence. A value of 4.0 kcal/mol was
determined in a separate study of FNIII 3 (without the buried
Cys) using Trp fluorescence and denaturation in guanidine HCl
(18).

Most FNIII Domains Fit a Two-state Unfolding Mechanism;
Some Exhibit Local or Subglobal Unfolding—A central finding
of this study is that the global opening reaction to expose the
engineered Cys buried in the FNIII domains is the same as
global unfolding. This finding is supported by the good fit to a
two-state unfolding mechanism for most domains and the
agreement between the stabilities measured by Trp fluores-
cence and SX (see Table 3). However, it is important to properly
model all of the possible routes by which the Cys residues can be
exposed to DTNB. In addition to global opening, Cys residues
can become exposed through subglobal opening, which corre-
sponds to a partial unfolding reaction, or they could open via
local fluctuations in the structure. These three opening mech-
anisms are distinguishable by their urea dependence, which is
greater for global unfolding, lower for subglobal unfolding, and
urea-independent for local state fluctuations.

The domains whose Cys residues react exclusively via global
unfolding include FNIII 3C, 6C, 7, 11C, 12C, irisin, and TNfn3.
The SX data for these domains fit well to the simplest model
(Equation 11). The key parameters describing the folding and
unfolding kinetics of these domains are the rate constants for
opening (unfolding) and closing (folding) at 0 M urea (kop

H2O and
kcl

H2O, respectively). These parameters, which are listed in Table

TABLE 1
Parameters extrapolated to 0 M from the global fit for FNIII 2C
Fitted parameters are indicated with an asterisk; all others have been derived from
the fitted parameters. The S.E. values were determined by Monte Carlo sampling of
the best-fit model using the MathematicaTM NonlinearModelFit function.

Parameter Value S.E.

kop
H2O (s�1)* 2.67 � 10�4 1 � 10�5

kcl
H2O (s�1)* 4.83 0.2

Closed state half-life (s) 2,590 100
Open state half-life (s) 0.143 0.007
mcl (M�1)* �0.648 0.01
mop (M�1)* 1.11 0.008
kop

H2O (kcal mol�1) 5.88 0.04
kop

H2O* 5.52 � 10�5 3.3 � 10�6

meq (M�1) �1.05 0.008
kchem

H2O (M�1 s�1)* 1,720 2
KopL

H2O* 3.21 � 10�5 7 � 10�7

TABLE 2
Kinetic parameters extrapolated to 0 M for all FNIII domains studied
FNIII 2C* and FNIII 9C* were fit by a more complex model (Equation 13).

FNII domain kop kcl mop mcl �G m
eq

kchem KopL

s�1 s�1 M�1 M�1 kcal mol�1 kcal mol�1 M�1 M�1 s�1

2C* 2.7 � 10�4 (1 � 10�5) 4.8 (0.2) 1.1 (0.008) �0.65 (0.01) 5.9 (0.04) �1.1(0.008) 1,700 (2) 3.2 � 10�5 (7 � 10�7)
3C 1.9 � 10�3 (2 � 10�5) 0.55 (0.01) 1.5 (0.007) �0.78 (0.01) 3.4 (0.01) �1.4 (0.006) 2,100 (2)
6C 1.3 � 10�5 (1 � 10�7) 0.14 (0.003) 1.5 (0.002) �0.20 (0.006) 5.6 (0.02) �1.0 (0.002) 2,200 (2)
7 6.9 � 10�5 (4 � 10�7) 1.4 (0.01) 0.95 (0.001) �1.2 (0.002) 5.9 (0.007) �1.3 (0.008) 1,200 (0.3)
9C* 3 � 10�5 (4 � 10�7) 0.015 (0.0003) 1.2 (0.004) �0.53 (0.006) 3.7 (0.01) �1.0 (0.004) 12,000 (40) 2.7 � 10�4 (1 � 10�6)
11C 0.016 (2 � 10�4) 0.06 (0.001) 1.8 (0.02) �0.93 (0.04) 0.78 (0.02) �1.6 (0.001) 1,400 (2)
12C 2.3 � 10�4 (1 � 10�6) 0.3 (0.005) 1.1 (0.003) �1.3 (0.006) 4.3 (0.01) �1.5 (0.003) 3,700 (3)
Irisin 2.1 � 10�3 (1 � 10�5) 1.9 (0.01) 0.72 (0.002) �1.7 (0.004) 4.1 (0.005) �1.4 (0.008) 5,200 (5)
TNfn3 6 � 10�3 (1 � 10�4) 0.72 (0.02) 0.55 (0.008) �2 (0.02) 2.9 (0.02) �1.5 (0.01) 6,200 (6)

TABLE 3
Comparison of thermodynamic parameters obtained from Trp
fluorescence and SX
The parameters obtained by SX are extrapolated to 0 M for all FNIII domains stud-
ied. FNIII 2C*, FNIII 9C*, and FNIII 10C* were fit using a more complex mechanism
(Equation 13). Trp(SVD) means the Trp fluorescence data were analyzed using
singular value decomposition. S.E. values (see Table 1) are shown in parentheses.

FNIII domain Technique �G meq C1/2

kcal/mol M

1C Trp 6.1 (0.1) �1.06 (0.17) 5.7 (0.1)
2C SX 5.9 (0.07) �1.05 (0.02) 5.6 (0.1)
2C Trp 4.7 (0.4) �0.81 (0.07) 5.8 (0.04)
3C SX 3.4 (0.03) �1.39 (0.012) 2.5 (0.03)
3C Trp 3.3 (1.0) �1.16 (0.34) 2.8 (0.2)
3C Trp (SVD) 3.8 (0.2) �1.15 (0.07) 3.4 (0.04)
6C SX 5.6 (0.03) �1.03 (0.0041) 5.4 (0.05)
6C Trp 3.4 (0.8) �0.51 (0.16) 6.7 (0.7)
7 SX 5.9 (0.01) �1.3 (0.02) 4.6 (0.02)
9C* SX 3.7 (0.01) �1.0 (0.004) 3.6 (0.02)
9C Trp 3 (1.6) �0.87 (0.44) 3.4 (0.4)
10C* SX 8.2 (0.009) �0.93 8.8
10C Trp 10.6 (2.1) �1.21 (0.24) 8.8 (0.09)
11C SX 0.78 (0.03) �1.64 (0.002) 0.48 (0.03)
11C Trp 1.6 (0.7) �1.79 (0.66) 0.88 (0.1)
12C SX 4.3 (0.02) �1.45 (0.006) 2.96 (0.02)
12C Trp 5.4 (1.27) �1.47 (0.34) 3.7 (0.1)
Irisin SX 4.1 (0.01) �1.42 (0.02) 2.9 (0.01)
Irisin Trp 3.4 (0.8) �1.41 (0.31) 2.4 (0.1)
TNfn3 SX 2.9 (0.04) �1.51 (0.03) 1.9 (0.04)
TNfn3 Trp 2.5 (2.4) �0.65 (0.6) 3.9 (0.9)
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2, are also used to determine the global stability of the domain,
�Gop

H2O.
The SX data for two domains, FNIII 9C and 2C, did not fit

well to a global opening alone model but did fit to a model that
included an additional local opening reaction (local state fluc-
tuations (22)) that allows the Cys to react without global
unfolding. This model is described in Equation 13. For FNIII
2C, the model parameters include the equilibrium constant
for local opening (KopL), which is unfavorable and much less
than 1 and global opening parameters kop

H2O and kcl
H2O (see

Tables 1 and 2).
The SX data for FNIII 10C did not fit well to either of these

models. Instead, it was necessary use a model (Equation 14) that
includes an additional subglobal opening (unfolding) reaction
along with a global opening reaction. The rate constants for
subglobal opening (kopS

H2O) and closing (kclS
H2O) define the rates at

0 M urea for this conformational reaction. The kinetics for
labeling for FNIII 10C lie predominantly in the EX2 regime.
This gave thermodynamics parameters, but no kinetic param-
eters could be obtained (see supplemental Fig. 7).

We initially tested FNIII 1C with the Cys located on the E
strand, at the position of the natural Cys in FNIII 7 and irisin.
FNIII 1 is a very stable domain, as assayed by Trp fluorescence,
but the kinetics of labeling of FNIII 1C were rapid and did not
change with an increase in urea concentration from 0 to 2 M.
The NMR structure of FNIII 1 (26) shows that the Tyr-666 in
FNIII 1, the amino acid on the E strand that we changed to Cys,
appears to be only partially buried. The Ile at position 668, two
amino acids away, was totally buried. Hence, we created a Cys
mutant of FNIII 1 at position 668. The kinetics of labeling of this
mutant were also rapid and did not change with an increase in
urea concentration from 0 to 3 M (supplemental Fig. 1). We
tried fitting the data to a three-state mechanism that included a
subglobal event but were unsuccessful. Attempts to fit the
labeling of the Y666C mutant were also unsuccessful. We con-
clude that the E strand of FNIII 1 has complex unfolding/refold-
ing kinetics involving more than one partially folded interme-
diate, and we have not included it in the analysis.

Reactivity of the Cys in Different FNIII Domains Varies by a
Factor of 10 —The best-fit bimolecular rate constant for the
reaction of a fully exposed Cys with the thiol-reactive dye varied
by a factor of 10 between FNIII domains. The kchem ranges from
1,400 s�1 M�1 for FNIII 11C to 11,600 s�1 M�1 for FNIII 9C.
The next highest kchem is for TNfn3: 6,200 s�1 M�1. The data
points that determined these rate constants came from high
urea conditions, where the protein was predominantly un-
folded. According to Snyder et al. (27), in ionic strengths 	20
mM, positive charges in the flanking domains increase the reac-
tivity of the Cys. For TNfn3, the Cys mutant has a flanking Arg,
whereas for FNIII 11C, there is a flanking Glu. For most of the
FNIII domains, the amino acids flanking the Cys are neutral.
Thus, the wide range of kchem observed cannot be explained by
electrostatics alone. However, other interactions that affect sol-
vent accessibility of the thiol in the unfolded state may also
contribute to the wide variation of kchem that we observed.

Flanking Domains Modestly Perturb the Kinetics of FNIII C—
So far, we have discussed the kinetics and thermodynamics of
individual FNIII domains. FNIII domains in fibronectin are

flanked by neighboring FNIII domains, with which they
make a significant interface (2, 28). To study the effect of
flanking domains on the kinetics and thermodynamics of
individual FNIII domains, we made two multidomain con-
structs with a buried Cys in only one internal FNIII domain.
FNIII 4 –7(6C, 7A) contained FNIII domains 4 –7, with the
Cys in FNIII 6 and the natural Cys in FNIII 7 changed to Ala.
Fig. 4B shows the kinetics data for FNIII 4 –7(6C, 7A). Com-
paring the curves for the multidomain construct with those
of individual FNIII 6C (Fig. 4A), we see that the kinetics of
labeling are somewhat slower in FNIII4 –7(6C, 7A), suggest-
ing that FNIII (6C) is slightly stabilized by the flanking
domains. In addition, the kinetics of labeling in the multido-
main construct had a faster burst phase (demonstrated by
the rising level of the first data point) followed by a slower
phase. Similar results were obtained with the multidomain
construct FNIII 1–5(2C), where FNIII 2 has the buried Cys
mutation (supplemental Fig. 12). Neither of these multi-do-
main constructs could be fit by a simple two-state model.

Correlation of Unfolding and Refolding Kinetics to Thermo-
dynamic Stability—The half-lives for the closed and open
states, which are more intuitive than rate constants, are plotted
together on a log scale in Fig. 5. The important general conclu-
sion is that the open state half-lives varied 
2 orders of magni-
tude (excluding FNIII 11C, the variation is 0.6 – 6 s), whereas
the closed state half-lives varied by 3 orders of magnitude.
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FIGURE 4. Kinetics of labeling the buried Cys in FNIII 6C as a single domain
(A) and when it is flanked by other domains in the multidomain construct
FNIII 4 –7 (6C) (B). The kinetics of labeling in the multidomain construct are
visibly somewhat slower than for the single domain. They were also more
complex and could not be fit by our models.
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Fig. 6 plots the ln of kop and kcl against the unfolding �G. kop
is correlated with �G (R2 � 0.77), whereas kcl is poorly corre-
lated (R2 � 0.34, and it drops to 0.04 if we remove the point for
FNIII 11). These observations support the conclusion that
among FNIII domains, the wide variation of thermodynamic
stability is due primarily to variations in folded state lifetimes.

Discussion

Opening and Closing Kinetics That Expose the Buried Cys
in Most FNIII Domains Are Due to Global Unfolding and
Folding—Labeling the buried Cys can be due to global, sub-
global, or local unfolding (29). If the rate of labeling increases
with denaturant concentration, then the opening event is
global. On the other hand, if the rate of labeling shows no urea
dependence, then the opening is due to local unfolding/fluctu-
ations. Local unfolding is only observable if the domain is suf-
ficiently stable. If the rate of labeling shows less urea depen-
dence than global unfolding, then the opening is due to
subglobal unfolding. For most of the FNIII domains, the rate of
labeling of the buried Cys increased with increase in urea con-
centration (supplemental Figs. 1–11), and the data were fitted
to the two-state, global unfolding mechanism. For these FNIII
domains, ku � kop and kf � kcl.

For FNIII domains 1C, 10C, and 9C, the rate of DTNB label-
ing had little or no urea dependence at low urea concentrations.
However, at higher urea concentrations, the rate of labeling
became strongly urea-dependent. The conventional interpreta-
tion of these results is to attribute labeling at low urea to local or
subglobal unfolding reactions.

Global Fits of Thiol Reactivity Data Are More Constrained
than Two-step Fits—Global fitting of SX data is a powerful
method for data analysis. This approach allows simultaneous
fits to a single set of parameters of a data set comprising a wide
range of denaturant and thiol-reactive reagent concentrations.
This allows the data to span all of the kinetic regimes, EX1, EX2,
and EXX, and leads to a single and accurate estimate of the rate
constant of folding and unfolding at 0 M urea. Previous analyses
of SX have fit separate curves to obtain the kobs for each con-
centration of thiol-reactive dye and denaturant, and the sepa-
rate results were then extrapolated to zero denaturant (21). Our

global fitting treats all data together to determine the five model
parameters: kop

H2O, kcl
H2O, mop, mcl, and kchem

H2O . These parameters
allow comparison between the model and data at each denatur-
ant concentration, as shown in supplemental Figs. 1–11.

The Refolding Rate Constant Is Similar for All of the FNIII
Domains; the Unfolding Rate Constant Varies with Thermody-
namic Stability—FNIII domains have a wide range of thermo-
dynamic stability, as measured by chemical denaturation.
There has been a debate in the literature over whether stability
of protein domains is correlated primarily to the folding or the
unfolding rate constant. Earlier studies, based on FNIII 9 and 10
from FN and TNfn3 from tenascin, suggested that stability cor-
related with the folding rate constant (15, 16, 30). All three
proteins are included in our study. These early studies focused
heavily on FNIII 10, whose high stability and folding and
unfolding rate constants anchored the top of the curves. In our
study, FNIII 10 was completely in EX2 and therefore gave no
rate constants. However, the folding rate constant for FNIII 10
determined previously (15, 16), 155 s�1, is now seen to be 2
orders of magnitude higher than those of the other FNIII
domains and is a distinct outlier. Removing it weakens the cor-
relations noted in these earlier studies.

The other school of thought is that the folding rate constant
is affected primarily by contact order and hence topology.
Plaxco et al. (31) studied a set of 12 single-domain proteins that
lacked disulfide bonds and cis prolines and folded with simple
two-state kinetics. They found no significant correlation
between the stability of the protein and refolding kinetics.
Instead, they found that the refolding rate constant was highly
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dependent on relative contact order, a measure of local and
non-local contacts in a protein’s native structure. Broom et al.
(32) corroborated their result and showed that the unfolding
rate constant also correlated with contact order, although less
well. They concluded, “Unfolding rates correlate better with
thermodynamic stability.”

Our study is the first to use the technique of thiol exchange to
compare 10 homologous proteins sharing the same topology
but widely divergent sequence and stability, and it is largely
consistent with the conclusion of Plaxco et al. (31). All FNIII
domains have the same �-sandwich structure and hence should
have very similar contact orders. Eight of them have folding rate
constants that vary by a factor of �10. In contrast, the equilib-
rium constants and hence stability vary by a factor of 5 � 103,
similar to the 2 � 103 range of the unfolding rate. Because the
refolding rate constants are similar for all of these homologous
domains, the unfolding rate constant is necessarily strongly
correlated with stability.

This correlation is illustrated in Fig. 6, which plots the ln of
kop and kcl against the unfolding �G. �G is well correlated with
ln kop, whereas correlation of �G with kcl is low and becomes
insignificant if we remove the point for FNIII 11.

It is worth noting that the folding rate constants for these
FNIII domains are at the very slow end of small proteins and
domains. Jackson (14) tabulated values for �50 small proteins,
and with few exceptions, kf ranged from 50 to 10,000 s�1. For
our FNIII domains, kf mostly ranged from 0.6 to 6 s�1. Small
�-sandwich proteins, including FN III domains and immuno-
globulin domains, have a contact order between 17 and 19.7
(30), but the immunoglobulin domains fold much faster than
the FNIII. Thus, contact order is probably not the only factor
that determines folding rate constants.

The FNIII domains of FN and tenascin are arranged as tan-
dem repeats, and one might propose that the folding rates are
related to the modular structure. However, irisin is the ectodo-
main of a transmembrane protein, and it exists as a single FNIII
domain. It had a similar slow folding rate. Additional insight
will be needed to determine the underlying origin of the slow
folding of FNIII domains.

Biological Significance of the Wide Range of Stabilities and
Kinetics—FNIII domains are topologically identical yet have a
wide range of stabilities and unfolding rates. A range of stabili-
ties, controlled by the unfolding rates, or vice versa, may be
important for the physical properties of FN. The fact that cog-
nate FNIII domains in FN from different species are well con-
served raises the question of whether the unfolding rates are an
evolved trait or just an accident in nature.

FNIII 11C is the most unstable domain, being unfolded 20%
of the time. We suggest that this unfolded state might provide a
point of flexibility. The major segment of FN comprising FNIII
2–14 has no linkers, and crystal structures of FN7–10 and
FN12–14 suggest that it behaves like a rigid rod (2, 28). FNIII
2–14 plays an important role in the compact conformation of
FN (9). To form the pretzel, a region of flexibility is required in
the otherwise rigid section of the FN. The unstable FNIII 11C
might provide a bending point.

Comparison of Our Refolding and Kinetics of FNIII Domains
with Past Studies—Previous studies of three FNIII domains,
FNIII 10, FNIII 9, and TNfn3, have measured the kinetics at
temperatures and pH values different from those used in the
present study and therefore cannot be compared in detail with
our numbers. However, Stine et al. (18) studied the kinetics of
folding and unfolding of FNIII 3 at 23 °C and pH 7.4 in guani-
dine using Trp fluorescence. Our SX experiments were at 25 °C
and pH 7.5 in urea, very similar to the conditions of Stine et
al. (18). The free energy change for unfolding was very sim-
ilar for the two studies (Table 4), although our SX value is a
bit lower. However, the kinetics measured in the study by
Stine et al. (18) were 30 – 60-fold faster for both unfolding
and folding in the guanidine/Trp study compared with our
SX kinetics. This discrepancy in the rate constants might be
due to the difference in probes used, but we do not have a
good explanation at present.

An alternative assay of domain folding kinetics was obtained
in studies that used an atomic force microscope to mechani-
cally unfold FN or tenascin. The refolding rates were deter-
mined by relaxing the stretched polypeptide and determining
the number of domains that refolded after variable lag times.
For the 15 FNIII domains of tenascin, a minor component
refolded at 42 s�1, and the major component refolded at 0.5 s�1

(33). For polyproteins of domains FNIII 12–13, the refolding
was at 0.6 s�1 (6). These rates, determined by a completely
different assay, agree remarkably with the slow refolding rates
that we determined with SX.

Labeling FNIII Domains in Cell Culture—Lemmon et al. (12)
generated FN molecules with a buried Cys in a single FNIII
domain and assayed their labeling after incorporation into FN
matrix fibrils. Six of the 15 FNIII domains could be labeled by
fluorescein maleimide during a 1-h incubation (12). The label-
ing of the domains could be due to several mechanisms: (a)
tension-induced unfolding; (b) unfolding as part of FN–FN
bond formation during fibril assembly; or (c) spontaneous
unfolding and refolding of domains. From our study (Fig. 5), we
conclude that domains FNIII 11C and 3C are open spontane-
ously enough to be labeled in the 1-h labeling time. On the other
hand, for domains FNIII 2C, 6C, 9C, and 12C, spontaneous
unfolding cannot explain their labeling. Labeling of these
domains in cell culture may be due to tension-induced unfold-
ing or to a domain opening that occurs upon bond formation in
matrix assembly. The latter seems most likely, especially for
FNIII 2, which was the most stable domain to mechanical
unfolding (6).

TABLE 4
Comparison of the free energy of unfolding III 3 in our study (top two
lines, bold) and in Stein et al. (18) (bottom two lines)
S.E. values (see Table 1) are shown in parentheses.

Method �G

kcal/mol
SX 3.4 (0.03)
Trp equilibrium (SVD) 3.8 (0.2)
Trp equilibrium 4 (0.26)
Trp kinetics 3.89 (0.12)

Unfolding and Refolding of FNIII Domains Assayed by SX

JANUARY 20, 2017 • VOLUME 292 • NUMBER 3 JOURNAL OF BIOLOGICAL CHEMISTRY 961



Experimental Procedures

Protein Expression and Purification

BL21 or C41 bacteria were transformed with pET15b vectors
containing His-tagged individual FNIII domains with the Cys
mutation introduced at the location of the natural Cys in FNIII
7 (12). Irisin has a native Cys at the exact same location as the
Cys in FNIII 7 (25). The sequences of the FNIII domains and the
locations of the Cys are summarized in Table 5. Except for
TNfn3, all domains had an N-terminal polyhistidine tag and
were purified by the same procedure. A 500-ml culture in LB
broth containing 1 �g/ml ampicillin was grown with shaking at
37 °C. When it reached an optical density of 0.6, isopropyl
1-thio-�-D-galactopyranoside was added to a final concentra-
tion of 400 �M to induce protein expression, and cells were
harvested after 4 h. Cells were collected by centrifugation,
resuspended in 10 ml of phosphate-buffered saline, and stored
at �20 °C. The bacteria were thawed, and PMSF was added to a
final concentration of 4 mM. Cells were sonicated for 1 min and
then put on ice for 1 min. This cycle was repeated five times.
The lysed cells were then centrifuged at 30,000 rpm for 20 min
in a Beckman type 42.1 rotor. The His-tagged protein was puri-
fied from the supernatant using a 4-ml cobalt column. The pro-
tein eluted with 150 mM imidazole in phosphate-buffered
saline. EDTA was added to 5 mM, and the protein was dialyzed
against PBS. TNfn3 was purified as described by Aukhil et al.
(34).

Protein Stability Assay by Trp Fluorescence

Almost all FNIII domains have a single buried tryptophan in
the B strand. When excited at 280 nm, this Trp has an emission
peak at 320 nm. Denaturation of the protein in urea exposes the
Trp to solvent, and the emission peak shifts to 350 nm. We used
the ratio of emission at 350/320 nm as the measure of unfolding
in 0 –9 M urea. Individual FNIII domains were added to phos-
phate-buffered saline (1.4 mM KH2PO4, 0.14 M NaCl, 2.5 mM

KCl, 5 mM NaH2PO4, pH 7.2) containing different amounts of
urea so that the final concentration of protein was 1 �M and
that of urea was 0 –9 M. Phosphate-buffered saline, pH 7.2,
was prepared by mixing salts in the specified proportion. The
protein was incubated in the buffers for 10 min before the
assay. A Shimadzu RF5301PC spectrofluorometer was used
to measure the fluorescence emission spectrum between 300
and 400 nm, with excitation at 280 nm and slit widths of 3 nm
for both excitation and emission. The ratio of emission at

350/320 nm was used as the measure of denaturation at each
urea concentration. These data were fit to a simple two-state
equilibrium model for protein folding and unfolding (Equa-
tion 2),

(Eq. 2)

where F represents folded protein, U is the unfolded protein, ku
D

is the rate constant for unfolding that varies with denaturant
(D), and kf

D is the rate constant for folding that varies with
denaturant.

�GH2O � �RT In�K eq
H2O� � �RT {In�k u

H2O� � ln�k f
H2O�} (Eq. 3)

�GD � �RT In�K eq
D � � �RT {In�k u

D� � In�k f
D�} (Eq. 4)

where Keq
H2O represents the equilibrium constant for unfold-

ing in H2O � ku
H2O/kf

H2O; keq
D is the equilibrium constant for

unfolding in denaturant (D) � ku
D/kf

D; R is the gas constant; T
is temperature; �GH2O is the free energy for unfolding in
H2O (the positive value indicates that unfolding is unfavor-
able); and �GD is the free energy for unfolding in denaturant
concentration D.

Rearranging Equation 4 yields the following.

Keq
D � exp���GD

RT � (Eq. 5)

According to the linear extrapolation theory,

�GD � �GH2O � meqU� (Eq. 6)

�GH2O � �Dhalf � meq (Eq. 7)

where Dhalf represents the denaturant concentration where
50% of protein is unfolded; meq is a constant defining the dena-
turant dependence of �G (this is a negative number, meaning
that higher denaturant makes unfolding favorable); and D
is denaturant concentration. At equilibrium, the fraction of
unfolded protein and folded protein is as follows.

Fraction folded � PF �
1

1 � Keq
D (Eq. 8)

Fraction unfolded � PU �
K eq

D

1 � Keq
D (Eq. 9)

Both fraction of unfolded protein and fraction of folded pro-
tein contribute to the total fluorescence signal, and these pop-
ulations vary with denaturant concentration,

Fluorescence intensity � PU � signal unfolded � PF

� signal folded (Eq. 10)

where signal unfolded represents fluorescence intensity of a
completely unfolded protein and signal folded is fluorescence
intensity of a completely folded protein.

The equilibrium denaturation data obtained by Trp fluores-
cence are fit to Equation 10 to obtain the meq, Dhalf, and fluo-

TABLE 5
Amino acid sequences of the FNIII domains studied
The letters in lowercase type represent the His tag, the underlined letters represent
the extra amino acids due to the cloning sites, and the native or introduced Cys is
marked by bold and underline.

Domain Amino acid sequence

FNIII 1C (m)gsshhhhhhssglvprgshmHMTSSGPVEV�SYTCKGL�FDFTTTGT
FNIII 2C (m)gsshhhhhhssglvprgshmHMTSSPLVAT�ATSCNID�STSQTTGT
FNIII 3C (m)gsshhhhhhssglvprgshmHMTSAPDAPP�ANSCTLS�GTPRSDGT
FNIII 6C (m)gsshhhhhhssglvprgshmHMTSLQPGSS�SGSCVVS�VNKVVTGT
FNIII 7 (m)gsshhhhhhssglvprgshmHMTSPLSPPT�QSSCTFD�SDTIIPGT
FNIII 9C (m)gsshhhhhhssglvprgshmHMTSGLDSPT�RNSCTLT�IGQQSTGT
FNIII 10C (m)gsshhhhhhssglvprgshmHMTSVSDVPR�KSTCTIS�SINYRTGT
FNIII 11C (m)gsshhhhhhssglvprgshmHMTSEIDKPS�QTECTIE�VQTAVTGT
FNIII 12C (m)gsshhhhhhssglvprgshmHMTSIPAPTD�SSSCVVS�VVTTLEGT
Irisin (m)gsshhhhhhssglvprgshmSPSAPVN�TRSCALW�KDEVTMKE
TNfn3 (m)RLDAP�SLICRRG�ETFTT
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rescence intensities of a completely folded and unfolded
protein. We also analyzed the denaturation of FNIII 3 by singu-
lar value decomposition analysis (35).

DTNB Is a Choice Reagent for SX

Previous work from our laboratory used 7-diethylamino-3-
(4�-maleimidylphenyl)-4-methylcoumarin (CPM) to assay the
spontaneous folding and unfolding of selected FNIII domains
in solution (12). CPM is a thiol-reactive coumarin that is very
weakly fluorescent. Upon reacting with a thiol, it forms a
thioether conjugate that is highly fluorescent. Thus, the label-
ing of thiols can be followed over time using fluorescence. Prod-
uct descriptions for CPM from different vendors give different
opinions on the solubility of CPM in water, from “soluble” to
“partly miscible,” to “insoluble.” Our preliminary experiments
with CPM (data not shown) showed that the maximum concen-
tration of CPM in aqueous buffer is �1.5 �M. The previous
study (12) used a nominal 100 �M CPM concentration, result-
ing in an effective 1.5 �M soluble CPM in all cases. For our
study, we wanted the labeling reactions to be pseudo-first
order, with the dye concentration 	10-fold higher than the
protein. Using CPM as the thiol-reactive dye would mean that
the protein concentration would have to be 150 nM or lower.
Hence, we used DTNB (Ellman’s reagent) (36) in our work. This
dye has been used extensively for thiol quantification and is
soluble in phosphate buffer up to 5 mM.

Thiol Labeling to Assay Domain Unfolding-Folding

When DTNB reacts with a Cys, a displacement reaction
cleaves it to form 2-nitro-5-thiobenzoic acid anion (TNB�).
This anion absorbs at 412 nm, providing a measure of the
reaction.

FNIII domain and DTNB solutions were prepared separately
in 50 mM phosphate buffer, pH 7.5 (14 mM KH2PO4, 37.3 mM

K2HPO4). A 10 M urea stock solution was made in 50 mM phos-
phate buffer, and the pH levels of urea, FNIII, and DTNB stocks
were adjusted to 7.5, as described in detail (37). Before the
experiment, the FNIII domain and DTNB were diluted into the
desired urea concentration to give 20 �M FNIII and 200 �M

DTNB. The protein was incubated in the buffer containing 0 –9
M urea for 10 min before mixing. We tested the 10-min incuba-
tion for the very stable FNIII 12C. We incubated FNIII 12C in
urea for 1 min, 10 min, and overnight and repeated the DTNB
labeling reaction at 0 M urea, 3.5 M urea (its Dhalf), and 8 M urea.
The labeling kinetics were identical (data not shown) with the
exception of a small loss of protein to disulfides formed over-
night at the higher urea concentrations.

For slow reactions, which reached a plateau after �200 s,
the absorbance at 412 nm was monitored with a Shimadzu
UV-2401PC spectrophotometer in the kinetic mode. A quartz
cuvette was used with a path length of 10 mm. 300 �l of DTNB
solution was added to the cuvette followed by 300 �l of protein
solution, each containing the same urea concentration. The
final concentrations in the cuvette were 10 �M FNIII and 100
�M DTNB. The protein and dye were mixed by hand for 15 s in
the cuvette, after which absorbance was monitored. The sample
chamber was maintained at 25 °C.

For fast reactions, which reached a plateau before 200 s, we
used an SX20 stopped-flow instrument from Applied Photo-
physics. The apparatus was first rinsed with distilled water fol-
lowed by urea solution in phosphate buffer. One syringe was
rinsed and filled with 20 �M protein solution in urea-phosphate
buffer, and the other was rinsed and filled with 200 �M DTNB.
The concentration of urea solution used to rinse the apparatus
was the same as that of the protein and DTNB solutions for a
particular run. The protein and DTNB were mixed 1:1 in the
stopped-flow cell to initiate the reaction. FNIII and DTNB solu-
tions were maintained in a water bath at 25 °C for 10 min before
mixing, and the sample chamber was maintained at 25 °C.

Models Used for Fitting Cys Labeling Data

For each protein, the data files for all urea concentrations,
from both the stopped-flow apparatus and manual spectropho-
tometer, were imported into a Mathematica notebook. For the
spectrophotometer data, a 15-s lag was added to the data set.
This lag is the time before the start of data acquisition required
for manual mixing. For the stopped-flow data, the first data
point was subtracted from the data set to ensure that all kinetic
data started at the same point. These manipulated data were
combined into one data set for fitting. This data set was globally
fit to one of the models shown below. Most of the data sets fit to
Model 1.

Model 1: Global Unfolding

(Eq. 11)

In this model, a closed domain PC opens with an opening rate
constant, kop

D , and the open domain PO closes with a closing rate
constant, kcl

D. Rate constants that vary with denaturant have a
superscript D. We are using kop

D and kcl
D to designate the rates of

exposure of the buried Cys. When the exposure of Cys is due
only to global unfolding, then kop

D � ku
D and kcl

D � kf
D (more

complex cases are discussed below in Models 2 and 3).
Only the open state with the Cys exposed can react with

DTNB, and it reacts with an intrinsic rate constant, kint
D . This

rate constant is a product of the DTNB concentration, [DTNB],
and the second order rate constant for DTNB reacting with a
free Cys, kchem

D . Because the labeling can be affected by amino
acids flanking the Cys, we determined kchem

D separately for each
domain. The DTNB labeling reaction is a pseudo-first order
reaction, so kchem

D can be determined by changing the DTNB
concentration (it is the slope of the plot kobs

D versus DTNB con-
centration). To accurately determine the kchem

D , we added an
additional curve at 8 M urea, where we doubled the DTNB con-
centration (to �200 �M). We also gave kchem

D a urea depen-
dence, as described by Equation 12, and used the fixed value
mchem � �0.1, determined by the mchem value of FNIII 11C (the
most unstable domain), for all FNIII domains except FNIII10 C
(this domain gave a satisfactory fit only if mchem was adjusted to
�0.35). Sridevi and Udgaonkar (21) previously suggested
including mchem in the fit, and they attributed the denaturant
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dependence to changes in the viscosity of the buffer while
increasing the denaturant concentration ([U]).

In�kchem
D � � In�k chem

H2O � � mchem U� (Eq. 12)

Their value was mchem � �0.1, which we have used here.

Model 2: Global Unfolding Plus Local Structural Fluctuation

(Eq. 13)

In this model, the buried Cys is exposed to DTNB in two
ways: in the unfolded state due to global unfolding and also in
the folded state due to a local structural fluctuation (LSF) (22).
The exposed Cys interacts with DTNB with the same rate con-
stant kint

D � kchem
D [DTNB] in both cases. The LSF is represented

by the equilibrium constant KopL, assuming that it occurs in the
EX2 regime only. LSFs are denaturant-independent.

Model 3: Subglobal Unfolding

(Eq. 14)

In this model, the buried Cys is exposed to DTNB in two
ways: in the unfolded state due to global unfolding and also in
the folded state due to a subglobal opening event (29). The
exposed Cys interacts with DTNB with the same rate constant
kchem

D [DTNB] in both cases. The subglobal opening event is
represented by two rate constants, kopS

D and kclS
D , that have their

individual urea dependence: mopS and mclS, respectively.

Model 4: An Alternative Mechanism to the Conventional
Subglobal/Local Unfolding That Will Fit the Data Equivalently,
at Least in the EX2 Regime

(Eq. 15)

This mechanism assumes that the dye can penetrate to the
Cys thiol even in the closed state, with no opening necessary at
all. By this interpretation, the conformational state of the pro-
tein determines the local environment of the thiol, which in
turn determines the second-order rate constant for chemistry
(kchem2

D versus kchem
D ). All of the rate constants vary with the

addition of denaturant; hence, the superscript D. The reactivity
of Cys can be very sensitive to its local environment, especially
the presence of charges (38). For instance, a perturbation of the
thiol pKa of just 0.3 units would alter kchem by a factor of 2 (27).
We note that this mechanism gives mathematically equiva-
lent reaction kinetics to the conventional local opening
mechanism; the two mechanisms cannot be distinguished

from SX data alone. We describe it here as an alternative
mechanistic interpretation.

For Model 1, the simplest case, the observed rate constant of
labeling is given by the following.

kobs
D �

k op
D k int

D

k op
D � k cl

D � k int
D (Eq. 16)

Kinetics of labeling can occur via three regimes: EX1, EX2,
and EXX. These regimes apply to the native state and low urea,
where kop

D 

 kcl
D. They do not apply to higher urea, where kop

D �
kcl

D, nor in any case where kop
D � kint

D . In all previous SX studies,
these regimes were identified to simplify the analysis of SX data
by fitting the individual transients to an observed rate constant,
kobs. Because this introduces unnecessary fitting errors, we
chose not to fit to kobs but instead to globally fit all of the SX
transients for a given domain, collected over a wide range of
urea concentrations, to the parameters of the fitting model.
This made designation of the SX regime unnecessary except
to enable proper interpretation of parameter values (see
“Results”). In the EX1 and EX2 regimes, the relationship of kobs

D

to the other rate constants shown in Equation 16 reduces to
simpler forms.

EX1 Regime—When kcl
D 

 kint

D , the observed rate constant
(kobs

D ) is approximately equal to the opening rate constant kop
D

(Equation 17). The kinetic parameter kop can be obtained
directly from data in this regime. Keq and meq can be deter-
mined if denaturation is achieved at high [urea]. Thus, kcl can be
deduced, even though in the EX1 regime the observed kinetics
are determined only by kop.

kobs
D � k op

D (Eq. 17)

EX2 Regime—When kcl
D 		 kint

D , the observed rate constant
(kobs

D ) is equal to the product of the equilibrium constant of
opening (keq

D � kop
D /kcl

D) and the intrinsic rate constant kint
D

(Equation 18). The thermodynamic parameter keq
D can be

obtained directly from data in this regime. Kinetic parameters
are not obtained in this regime

k obs
D � K eq

D � k int
D (Eq. 18)

EXX Regime—When the ratio between kcl
D and kint

D is within
the range 0.1–10 (i.e. kcl

D � kint
D ), the observed rate constant (kobs

D )
is the more complex function of all rate constants (Equation 16).
Although mathematically complex, this is the regime that provides
the most powerful fitting of the kinetic parameters.

It is important to emphasize that we do not fit our kinetics
data at each denaturant concentration to kobs

D . Equations 16 –18
are presented only to emphasize the importance of the data
spanning these different regimes and the different parameters
obtained in each regime.

Our kinetics data obtained over a wide range of urea for a par-
ticular domain were globally fit to a model (Model 1, Model 2, or
Model 3) that includes the urea dependence of opening and clos-
ing. Differential equations describing the time dependence of all
species were solved either with the kinetic matrix method (39) or
by numerical integration in Mathematica. For all of the FNIII
domains studied here except for FNIII 10C, we used the rate
matrix method. FNIII 10 was fit using Model 3 and was too com-
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plicated for Mathematica to fit using the rate matrix method.
Hence, we used the numerical integration method to fit those data.

As an example, the differential equations describing Model 1
are presented below (see Equation 1). The rates of formation of
PC, PO, and P-TNB are given by the following.

d�PC�

dt
� k cl

DPO� � k op
D PC� (Eq. 19)

d�PO�

dt
� k op

D PC� � k cl
DPO� � k int

D PO� (Eq. 20)

d�P-TNB�

dt
� k int

D PO� (Eq. 21)

The kinetic matrix method represents Equations 19 –21 as a
rate matrix, whose off-diagonal elements correspond to the rate
constants for the reaction from the column state to the row
state and whose diagonal elements are the negative sum of all
other elements in the same column.

(Eq. 22)

The time-dependent concentrations of all species are deter-
mined from eigenvalues and eigenvectors of this rate matrix (39).

The addition of urea shifts the equilibrium toward the open
state by altering the rate constants kop

D and kcl
D. For a two-state

process, the logarithm of the rate constants of opening and
closing show a linear dependence on the concentration of dena-
turant ([U]), as described by Equations 23 and 24. This is the
formalism used in previous SX studies (22, 23).

In�kop
D � � In�k op

H2O� � mop U� (Eq. 23)

In�kcl
D� � In�k cl

H2O� � mcl U� (Eq. 24)

Hence, in our fitting model we include this linear dependence.
On the other hand, for FNIII 10, Equations 19 –21 were

numerically integrated to obtain the population of all species as
a function of time. The absorbance signal (Abs) is due to the
formation of the reacted protein with DTNB (P*TNB). Thus,
the detected signal is a reflection of the concentration of only
this species. The maximum absorbance is reached when the
population of P*TNB reaches 1 (AbsMax), so the time-depen-
dent absorbance is as follows.

Abst
D � �population of P*TNB�t

D � AbsMax (Eq. 25)

This is the function fitted to the experimental data. The func-
tion describing the time dependence of the population of P*TNB is
mathematically complex and depends on the following parame-
ters: kop

D , kcl
D, kint

D , and AbsMax. It is important to note that we are
primarily interested in obtaining the kop

H2O and kcl
H2O for all of the

domains studied because, in most cases, these parameters corre-
spond to kf

H2O and ku
H2O constants for these domains (buried Cys is

exposed due to global unfolding).

The Abst
D is now a set of complex mathematical equations

comprising the following parameters: kop
H2O, kcl

H2O, mop, mcl, kint
H2O,

and AbsMax. Mathematica fits the kinetics data from all of the
different urea concentrations globally to these parameters, and the
rate constants in water and their urea dependences are obtained.

The equilibrium constant and its associated free energy vary
linearly with denaturant, giving an meq. This is related to the
mop and mcl by the following.

K eq
H2O �

k op
H2O

k cl
H2O (Eq. 26)

�G op
H2O � �RT In K eq

H2O (Eq. 27)

meq � RT�mcl � mop� (Eq. 28)

Finally, the rate constants kop
H2O and kcl

H2O can be transformed
into the more obvious half-life as follows.

Closed state half-life �
0.693

k op
H2O (Eq. 29)

Open state half-life �
0.693

k cl
H2O (Eq. 30)
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