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ABSTRACT: The antibody binding properties of staphylococcal protein A (SpA) can be attributed to the
presence of five highly homologous domains (E, D, A, B, and C). Although the folding of the B domain
of protein A (BdpA) is well-characterized, the folding behavior of this domain in the context of full-
length SpA in the cell remains unexplored. The sequence of the B domain is 89 and 91% identical to
those of domains A and C, respectively. We have fused B domain sequences (BBdpA) as a close
approximation of the A-B or B-C portion of SpA. Circular dichroism and fluorescence-detected
denaturation curves of BBdpA are experimentally indistinguishable from those of BdpA. The rate constants
for folding and unfolding from NMR line shape analysis for the single- and double-domain proteins are
the same within experimental uncertainties ((20%). These results support the designation of SpA as a
multiple independently-folding domain (MIFD) protein. We develop a mathematical model that describes
the folding thermodynamics and kinetics of MIFD proteins. The model depicts MIFD protein folding and
unfolding as a parallel network and explicitly calculates the flux through all parallel pathways. These
fluxes are combined to give a complete description of the global thermodynamics and kinetics of the
folding and unfolding of MIFD proteins. The global rates for complete folding and unfolding of a MIFD
protein and those of the individual domains depend on the stability of the protein. We show that the
global unfolding rate of a MIFD protein may be many orders of magnitude slower than that of the
constituent domains.

Although folding pathways of numerous single-domain
proteins have been mapped experimentally and theoretically
(1), few systematic studies have focused at the same level
on proteins with multiple domains (2-6). Protein domains
are defined as substructures that are capable of folding into
their native structure when excised from the parent protein
(7-9). These structural elements are usually identified by
using one or more of the following criteria: structural and/
or functional analysis, deconvolution of thermal transitions,
limited proteolysis, and sequence homology at the amino acid
and/or DNA level (9). The simplicity associated with single-
domain proteins makes them commonly used models for
protein folding studies. The results from these studies have
provided scientists with valuable insights into the processes
associated with the interconversion of a polypeptide chain
between its native and denatured states. Presumably, most
of the general principles learned from these studies apply to
the understanding of the folding of bigger, more complex
systems with multiple domains (1). However, because most
proteins are multidomain in nature [more than 75% in
eukaryotes (10)], it is crucial to test these principles with
multiple domain proteins. In this study, we present experi-
mental results and a mathematical model to characterize the

folding behavior of proteins with multiple domains that are
thermodynamically and kinetically uncoupled: multiple
independently-folding domain (MIFD)1 proteins.

The extent of coupling between domains in a multidomain
protein is determined by the magnitude of energetic interac-
tion between them. The domains of a multidomain protein
are defined as being coupled if the folding behaviors of a
constituent domain in isolation versus that in the presence
of neighboring domains are significantly different. If the
magnitude of the coupling is sufficiently high, the multido-
main protein unfolds as a single, cooperative unit (5, 11,
12). Elegant studies have been preformed previously using
various natural proteins constructed from linear arrays of
tandem repeats that show a high degree of cooperativity
among the repeating units (13-17). Conversely, in the
absence of significant coupling, the presence of neighboring
domains in a multidomain protein does not perturb the
thermodynamic and kinetic parameters associated with the
unfolding of each domain (3, 4, 19-21). Therefore, to
determine the extent of coupling present in a multidomain
protein, experimental studies of constituent domains in both
isolation and multidomain proteins are necessary.

Five tandemly repeated antibody binding domains com-
prise the N-terminal half of protein A fromStaphylococcus
aureus (Swiss-protein entry SPA2_STAAU, Primary Ac-
cession Number P38507). As depicted in Figure 1, these
domains have a high degree of sequence identity and are
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designated, starting from the N-terminus, E, D, A, B, and
C. The B domain has been structurally and functionally well
characterized; however, important questions regarding the
behavior of these domains in the presence of each other in
full-length protein A (SpA) remain unanswered. In addition
to these five domains, SpA consists of an N-terminal signal
sequence (36 residues) and a C-terminal sorting sequence
(180 residues) that tethers protein to the peptidoglycan moiety
of the cell wall. The amino acid sequence alignment of the
five domains of protein A is shown in Figure 1. The B
domain of protein A (BdpA), the NMR-based structure of
which is shown in Figure 2, has been well-studied. BdpA in
conjunction with four other domains (E, D, A, and C) is
responsible for the antibody binding properties of protein
A. Previous studies have shown that this domain folds
cooperatively in a two-state manner under all experimental
conditions (23-27). Similar studies of BdpA when attached
to its neighboring domains would provide insights into the
folding of full-length protein A. These studies would answer
the following questions: (1) What is the extent of thermo-
dynamic and kinetic coupling between the folding of the
repeated antibody binding domains? (2) How does the
behavior of a domain compare in the presence and absence

of other domains? (3) Does the extent of interaction between
domains play a role in the efficiency of biological processes
involving protein A such as secretion through the cell wall
of S. aureus? As a step toward addressing these questions,
we have constructed and characterized the folding of a
protein that consists of two B domains fused together
(BBdpA).

BBdpA is an excellent candidate for extending the folding
studies of BdpA in an effort to understand the effects of
neighboring domains (A and C) in full-length protein A. The
primary sequence of BdpA is closest to the consensus
sequence for the five antibody binding domains. Moreover,
the degree of sequence similarity between BdpA and each
of its adjacent domains is highest (71, 78, 89, and 91% with
E, D, A, and C domains, respectively) among all the pairs.
Therefore, the BBdpA construct is a very close approxima-
tion of the A-B or B-C portion of SpA.

In this work, we employed BBdpA as a model in an effort
to understand the effect of neighboring domains of BdpA in
protein A. We present experimental evidence that shows the
thermodynamic coupling between the two domains in
BBdpA, if any, is within the experimental uncertainty of
(0.7 kJ/mol. Also, the changes in kinetic parameters caused
via addition of a second domain are experimentally insig-
nificant ((20%). The absence of thermodynamic and kinetic
coupling between the two domains in BBdpA suggests that
the five domains of SpA fold and unfold completely
independently of each other.

To extend further the understanding of the folding of
MIFD proteins, we develop thermodynamic and kinetic
models to describe the overall folding behavior of these
systems. The results from the equilibrium model show that
the thermodynamic parameters associated with the global
unfolding of a MIFD protein can be determined by utilizing
the parameters of each constituent domain. To derive the
kinetic model, we utilize the rules of flux additivity to define
the rate of flow of particles throughn! pathways, wheren is
the number of domains (28). In the context of protein folding,
flux is defined as the number of protein molecules folding
or unfolding through a specific pathway per unit time. Our
model demonstrates that the global folding and unfolding
rates for a MIFD protein depend strongly on the values of
the equilibrium constants.

MATERIALS AND METHODS

Cloning, Expression, and Purification of BBdpA

The start and end of each of the five domains in SpA are
defined by the Universal protein knowledgebase (entry

FIGURE 1: Sequence alignment of the five antibody binding domains (E, D, A, B, and C) of SpA shows 65-90% sequence identity
between each domain. The start and end of each domain are numbered in parentheses in accordance with Uniprot entry SPA2_STAAU.
The residues conserved among the five domains are highlighted in boxes. The BdpA sequence is highlighted in bold and is numbered from
A1 to K58 in this paper. Residues K7-L17, E24-D36, and S41-A54 constitute the three helices in BdpA (18). BBdpA has an additional
A1-K58 (with F13W and G29A substitutions) sequence immediately after K58 from the first domain.

FIGURE 2: Ribbon diagram of BdpA showing the side chain of
F13 that was substituted with Trp for the studies described here.
This figure was generated using MOLSCRIPT (22), and the
coordinates were obtained from PDB entry 2SPZ (model 2) (18).
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SPA2_STAAU) and show the absence of a linker between
any of the two adjacent domains (Figure 1). The molecular
biology experiments in this study were designed to ensure
the same in BBdpA. The 3′-end of the BdpA plasmid
sequence with F13W and G29A substitutions (27) was
examined carefully in designing primers for removal of the
stop codon and creating a unique restriction site without
changing the identity of the coded amino acids. A unique
Bsu361 site was introduced by site-directed mutagenesis
using the QuikChange procedure (Stratagene). This new
restriction site is located near and on the 3′-side of a unique
BamHI site near the 5′-end of the BdpA coding sequence.
The resultant plasmid was amplified and purified using the
QIAprep spin miniprep kit (Qiagen). The pure plasmid was
digested with the two restriction enzymes to create a linear
vector with Bsu361 and BamHI sticky ends at the 3′- and
5′-ends, respectively, for the second BdpA sequence to be
inserted. In a parallel synthesis, the plasmid sequence
encoding BdpA was PCR-amplified using primers that
replaced the start codon at the 5′-end with the Bsu361
restriction site. The amplified sequence was doubly digested
to produce Bsu361 and BamHI sticky ends at the 5′- and
3′-ends, respectively. The insert was purified from agarose
gel and ligated to the linear vector produced in the parallel
experiment to form the plasmid for the expression of BBdpA.
The sequence of the resultant plasmid with F13W, G29A,
F71W, and G87A substitutions was also confirmed.

BBdpA was expressed inEscherichia coliBL21(DE3)
cells using the T7 expression system (29). The protein was
purified as described previously (25), with an additional step
of size exclusion chromatography on a Sephadex G25
column (Pharmacia) to remove a few higher-molecular mass
impurities that coeluted with BBdpA in the first column-
based purification step. Both SDS-PAGE and analytical
reverse-phase HPLC confirmed the purity of the protein. The
molecular mass of the purified protein was determined to
be 13 284 Da by electrospray mass spectrometry (expected
molecular mass of 13 282 Da).

CD- and Fluorescence-Based Equilibrium Experiments

For data collection, CD experiments were performed at
37 °C on an AVIV 62DS spectropolarimeter, equipped with
a Hamilton syringe titration apparatus. The protein concen-
trations were determined in 6 M GuCl, using the absorbance
measurements of Trp and Tyr residues at 276 and 280 nm
(30). The native sample for the chemical denaturation
experiments consisted of 10µM protein, 100 mM NaCl, and
20 mM sodium acetate (pH 5). The denatured sample
consisted of∼7 M GuCl in addition to the native sample
components. Refractive index measurements were used to
determine the exact concentration of denaturant (31). Dif-
ferent volumes of the native and denatured samples were
mixed to attain intermediate GuCl concentrations. Each
sample was stirred for 90 s before the CD signal was
averaged at 222 nm for 30 s. Fluorescence-based chemical
denaturation experiments were performed on an SLM model
8100 fluorimeter, with excitation and emission wavelengths
of 280 and 340 nm, respectively.

For data analysis, chemical denaturation curves were fitted
to a two-state model based on the linear dependence of the

free energy of unfolding (∆GD-N) on denaturant concentra-
tion (32):

wherey is the CD signal at 222 nm,yN andyD are intercepts
for the pretransition (native) and post-transition (denatured)
baselines, respectively,mN andmD are gradients of the native
and denatured baselines, respectively,meq is the gradient of
the linear dependence of∆GD-N on [GuCl],T is temperature
(310 K), andR is the universal gas constant (8.314 J mol-1

K-1). The protein fraction present in the denatured form (FD)
was determined at various GuCl concentrations as

The linear extrapolation method (32) was used to determine
the protein stability (∆GD-N

o ) in the absence of denaturant:

Equilibrium experiments with the two-domain protein were
also analyzed using eqs 1-3. The parameters obtained from
this analysis represent properties expressed on a per-mol-
of-domain basis, rather than per-mole-of-protein.

Kinetic Measurements

NMR Experiments.1H NMR spectra were collected at pH
5 and 310 K at different GuCl concentrations as described
previously (25). The Hε peaks of His18 and His76 were fitted
using Mathematica 5 (Wolfram Research) to equations
described in refs33 and 34. The spectra under native
conditions (<2.5 M GuCl) were fitted for two sharp peaks
corresponding to His18 and His76, resulting in two native
baselines. The denatured baseline was obtained by fitting
the single sharp peak observed for His18 and His76 Hε at
>5 M GuCl. The intercepts and slopes of the best-fit native
and denatured lines were used to fit the broad peaks in the
transition region. The linear dependence of the folding and
unfolding rate constants on [GuCl] was used to determine
the rate constants in the absence of denaturant:

where ln(kf
o) and ln(ku

o) are the folding and unfolding
constants, respectively, in the absence of denaturant. The
slopes of the best-fit lines,mf andmu, were used to calculate
the beta-Tanford parameter (âT) that is proportional to the

y )

yN + mN[GuCl] + (yD + mD[GuCl]) ×
exp[meq([GuCl] - [GuCl]1/2)/RT]

1 + exp[meq([GuCl] - [GuCl]1/2)/RT]
(1)

FD )
yN + mN[GuCl] - y

yN + mN[GuCl] - (yD + mD[GuCl])
(2)

∆GD-N ) ∆GD-N
o - meq[GuCl] (3)

ln(kf) ) ln(kf
o) + mf[GuCl] (4)

ln(ku) ) ln(ku
o) + mu[GuCl] (5)
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solvent accessibility of the transition state compared to that
of the native state (35):

Stopped-Flow Fluorescence Experiments.The kinetic
measurements were conducted using the Applied Photophys-
ics SX 18MV stopped-flow instrument (dead time of∼1.5
ms) at 20 °C, in the presence of 3-4 M GuCl. The
fluorescence intensity of W13 (and W71 for BBdpA) was
measured as a function of time for 100 ms. Twelve scans
were averaged for each denaturant concentration. Resultant
decay curves were fitted to a single-exponential equation to
yield kobs:

kobs ()ku + kf) was used in conjunction withKeq ()ku/kf)
from equilibrium experiments to calculateku andkf.

RESULTS

Equilibrium Studies Using CD and Fluorescence.F13W
and G29A were used as the background substitutions for the
single- and double-domain constructs in this study. These
substitutions in BdpA have been shown in our previous
studies to result in insignificant structural perturbations in
the native fold of the protein (25-27). Also, these substitu-
tions result in a marginal (∼0.8 kJ/mol) increase in protein
stability, reflected primarily in a 3-fold increase in the folding
rate constant (25-27).

The unperturbed near- and far-UV CD spectrum of BBdpA
compared to that of BdpA shows that the three-helix bundle
of BdpA is retained in each domain of BBdpA (data not
shown). The CD signal at 222 nm for BBdpA was ap-
proximately twice as great for BdpA at the same protein
concentration, resulting in similar mean residue ellipticities.
These results show that the presence of the second domain
in BBdpA does not result in significant structural perturbation
of the constituent domains. This conclusion is also supported
by a previous NMR-based study of a similar double-B
domain construct, which showed single peaks for most
resonances (36).

The chemical denaturation curves obtained using CD and
fluorescence suggest that BBdpA unfolds cooperatively in
a two-state manner. In these experiments, the far-UV CD
signal at 222 nm or fluorescence intensity (from W13 and
W71) was measured as a function of guanidinium chloride
(GuCl) concentration. The fluorescence and far-UV CD
signal report on changes in the protein tertiary structure
around fluorophore(s) and the amount of helical content,
respectively. BBdpA demonstrated a sigmoidal, cooperative
transition that fits well to an equation describing the two-
state protein unfolding (eq 1). The important thermodynamic
parameters obtained from the two-state analysis of such
experimental data aremeq, Cmid, and∆GD-N

o . Themeq value
defines the linear dependence of the free energy of protein
unfolding on denaturant concentration. Extrapolation of this
linear dependence yields the free energy of unfolding in the
absence of denaturant,∆GD-N

o . Cmid is the concentration of
denaturant at which fractional populations of native and
denatured states of protein are equal, or∆GD-N equals zero.
The two-state analysis of chemical transition curves obtained

using CD and fluorescence for BBdpA results in the fraction
denatured versus denaturant concentration curves shown in
Figure 3. The differences between the best-fit thermodynamic
parameters obtained from the two probes were smaller than
the experimental uncertainty of(5% (Table 1).

These results show that the secondary and tertiary struc-
tures of BBdpA change in a concerted manner as a function
of denaturant concentration. The agreement between two
independent probes is a very common test for verifying the
absence of significant populations of partially folded inter-
mediates under any experimental condition. Therefore, our
experimental results suggest that only two thermodynamic
states of protein are populated significantly under all
experimental conditions. However, we show in the following
sections that partially folded intermediates with only one of
the domains folded are populated under certain experimental
conditions. These species are not detected experimentally
since the folding or unfolding of one domain does not perturb
the spectroscopic properties of the adjacent domain, as
discussed later.

Comparison of the equilibrium results obtained for BBdpA
with those of BdpA shows that the two domains in BBdpA
are not thermodynamically coupled within the experimental
uncertainties. The fraction denatured versus denaturant
concentration curves obtained using CD and two-state

âT ) mf/(mu - mf) (6)

y ) yo exp(-kobst) + c (7)

FIGURE 3: Chemical denaturation experiments of BBdpA using CD
and fluorescence. The far-UV CD signal at 222 nm and fluorescence
intensity of W13 and W71 were measured as a function of GuCl
concentration. Two-state analysis of the resultant data (eq 1) yields
fraction denatured (FD) as a function of GuCl concentration.
Excellent agreement between the two probes suggests the two-state
unfolding of BBdpA, with no significant populations of partially
folded intermediates.

Table 1: Thermodynamic Parameters Associated with the Unfolding
of BBdpA and BdpAa

meq

(kJ mol-1 M-1) C1/2(M)
∆GD-N

o

(kJ/mol)

BBdpA, fluorescence 5.43( 0.21 2.92( 0.02 15.9( 0.6
BBdpA, CD 5.85( 0.21 2.94( 0.04 17.2( 0.7
BdpA, CD 5.96( 0.21 2.96( 0.02 19.2( 0.7

a The parameters are the best-fit values obtained using the two-state
model (eq 1) to fit the chemical denaturation curves. For BBdpA,meq

and∆G are expressed in terms of moles of domains, rather than moles
of protein (see text).
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analysis for BdpA and BBdpA are shown in Figure 4. The
best-fit thermodynamic parameters obtained from these two
curves for the single- and double-domain proteins are within
the experimental error of those of BdpA (Table 1). The only
difference observed between the experimental behavior of
BBdpA and BdpA is the magnitude of the CD or fluores-
cence signal. The presence of two domains in BBdpA results
in an ∼100% increase in the magnitude of the observed
signal at the same protein concentration. Therefore, when
its concentration is expressed in terms of moles of domains
per liter, the experimentally observed behavior of BBdpA
is identical to that of BdpA under the same conditions, but
with twice the protein concentration. To show that the
excellent agreement between the equilibrium results of
BBdpA and BdpA was not the consequence of a dimeric
nature of BdpA, we performed sedimentation equilibrium
measurements by analytical ultracentrifugation and measured
a molecular mass corresponding to a single molecule (data
not shown). We conclude that the best-fit parameters obtained
by the two-sate analysis of BBdpA describe the unfolding
of each individual domain. The absence of significant
changes in these parameters due to the presence of the second
domain in BBdpA shows that the magnitude of thermody-
namic coupling, if any, between the two domains in BBdpA
is smaller than the experimental error of 0.7 kJ/mol.

In a previous study, however, Karimi et al. concluded that
there is significant coupling between the two domains in a
wild-type (WT) BBdpA construct. This conclusion was based
on the higher cooperativity they observed in the thermal
denaturation experiments of WT BBdpA compared to that
of WT BdpA. We repeated the thermal denaturation experi-
ments with our single- and double-domain protein constructs.
The denaturation curves obtained from these experiments
were superimposable (data not shown) and yielded thermo-
dynamic parameters within experimental error of each other
(Tm,BdpA ) 76.9 ( 0.3 °C, andTm,BBdpA ) 77.4 ( 0.3 °C).
The two-domain constructs used in this study and by Karimi
et al. differ significantly at the protein termini. The C-
terminus of the double-domain protein studied by Karimi et
al. consisted of six extra amino acid residues that could

be responsible for the minor experimental differences
observed between single- and double-domain proteins. On
the basis of the results from thermal and chemical denatur-
ation experiments, we conclude that the thermodynamic
coupling between the two domains in BBdpA is insignifi-
cant.

Kinetic Studies Using NMR Line Shape Analysis of His18
(and His76).In our previous studies, we utilized the position
and shape of the Hε peak of solvent-exposed His18 (25, 27)
to determine the (un)folding kinetics of BdpA. This peak
shifts ∼300 Hz (∼0.6 ppm) upon denaturation and shows
significant changes in its line width due to the exchange of
protein between the native and denatured states (25, 27). In
the study presented here, we performed similar analyses using
the Hε peak of His18 and His76 at various denaturant
concentrations to determine the unfolding and folding
kinetics of BBdpA.

The chemical shifts of the His18 and His76 peaks were
slightly different (∆δ ≈ 0.03 ppm) at low GuCl concentra-
tions, probably due to small changes in the environment of
these two equivalent residues in the two domains. Doubled
resonances were also observed for some of the residues in a
similar double-B domain protein (36). Karimi et al. attributed
these observed changes to either the asymmetry at the domain
interface or the presence of interactions between the two
domains. However, our experimental results show that there
are no significant (>0.7 kJ/mol) energetic interactions
between the two domains (see the next section). Hence, we
conclude that the observed discrepancies in chemical shifts
are a consequence of its high sensitivity to slight changes in
the environment of equivalent residues in the two domains.
The line-shape fitting equations for BBdpA were modified
to account for the differences in the chemical shifts of His18
and His76 (see Materials and Methods).

Figure 5 shows the folding and unfolding rate constants
obtained from line shape analysis of His peak(s) of BdpA
and BBdpA plotted versus denaturant concentration. The data
obtained for each protein have significant scatter around the
best-fit lines, which is reflected in the large range of the
95% uncertainty lines. The best-fit values obtained for the
extrapolated rate constants in the absence of denaturant and
gradients defining the linear dependence for the single- and
double-domain protein using experimental data in Figure 5are
very similar (Table 2). These results suggest that the
magnitude of kinetic coupling between the two domains in
BBdpA is smaller than the experimental uncertainties of these
kinetic measurements.

Because of significant (20%) uncertainties associated with
the parameters estimated from NMR line shape analysis of
BBdpA, we repeated the kinetic measurements using stop-
ped-flow fluorescence. These experiments were conducted
at a lower temperature (20°C instead of 37°C) and in the
presence of 3-4 M GuCl, which yielded measurablekobs

values. The single-exponential fits to the fluorescence kine-
tic traces yielded very similarkobs values for BdpA and
BBdpA (Figure S1 of the Supporting Information). In
conjunction with the experimentally indistinguishableKeq

()ku/kf) values of BdpA and BBdpA under similar experi-
mental conditions, the similarkobs ()kf+ku) yielded very
similar folding and unfolding rate constants for the single-
and double-domain proteins. Therefore, we conclude that the
unfolding and folding kinetics of each domain in BBdpA

FIGURE 4: Fraction denatured vs GuCl concentration for BdpA and
BBdpA from the two-state analysis of CD-based chemical dena-
turation experiments. The overlap between the two curves illustrates
that the two domains in BBdpA are thermodynamically uncoupled.
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are unperturbed compared to those of BdpA, and hence, there
is no significant kinetic coupling between the two domains
in BBdpA.

Mathematical Model for Understanding the Equilibrium
Unfolding of Proteins with Thermodynamically Uncoupled
Domains.In this section, we derive the equilibrium param-
eters for the unfolding of a MIFD protein in terms of the
parameters for the constituent domains. For a protein withn
domains, there are 2n possible thermodynamic states, includ-
ing the fully native and fully denatured species (38). For a
protein with thermodynamically uncoupled domains, the
equilibrium constant associated with the unfolding of each
domain is equal to that for the same domain in isolation.For
example, for a protein with two uncoupled domains (Scheme
1)

Keq and K′eq are the equilibrium constants that define the
unfolding of the N and N′ domains, respectively. The prime
symbol is used here to differentiate nonidentical domains of

a MIFD protein. The global equilibrium constant associated
with the complete unfolding of this two-domain protein (NN′
to DD′) can be defined using theKeq values for the
constituent domains as follows:

In general, the global equilibrium constant associated with
the complete unfolding of a MIFD protein withn domains
is the product of equilibrium constants for all the constituent
domains as shown in the following equation:

In the following derivation, we usei and j as indices to
differentiate between various pathways and intermediates,
respectively (Scheme 2). The indexi denotes the pathway
and varies from 1 ton!. The indexj defines the identity of
various states and varies from 0 ton. An intermediate denoted
as Ii,j is the thermodynamic species withj unfolded domains
in the ith pathway.

To determine the concentration of each of the 2n thermo-
dynamic states for ann-domain system under any experi-
mental condition, we use the fully native state (j ) 0, Nn) as
the reference species. The concentration of species with one
or more domains unfolded (j ) 1 ton) is equal to the product
of the concentration of Nn and the equilibrium constants for
all the j domains that are unfolded in that species as shown
below:

FIGURE 5: GuCl concentration dependence of folding (a, eq 4) and unfolding (b, eq 5) rate constants measured from the NMR line shape
analysis of BdpA (black) and BBdpA (red). The solid and dashed lines represent the best-fit and 95% confidence interval lines for BdpA
and BBdpA, respectively.

Table 2: Kinetic Parameters Associated with the Unfolding of BBdpA and BdpA Using NMR Line Shape Analysisa

ln(kf
o) mf (kJ mol-1 M-1) ln(ku

o) mu (kJ mol-1 M-1) mu (kJ mol-1 M-1) âT
b

BBdpA 14( 0.5 -1.48( 0.18 4.8( 0.3 0.31( 0.21 2.9( 1.1 0.8( 0.1
BdpA 13( 0.5 -1.3( 0.18 5.3( 0.4 0.12( 0.21 2.9( 1.4 0.9( 0.1

a Best-fit values obtained from the linear dependence of folding (eq 4) and unfolding (eq 5) rate constants on GuCl concentration.b Calculated
using eq 6.

Scheme 1

[DN′]
[NN′]

)
[DD′]
[ND′]

)
[D]

[N]
) Keq (8)

[ND′]
[NN′]

)
[DD′]
[DN′]

)
[D′]
[N′]

) K′eq (9)

Keq,glob)
[DD′]
[NN′]

)
[DD′]
[ND′]

[ND′]
[NN′]

) KeqK′eq (10)

Keq,glob) ∏
i)1

n

Keq,i (11)

[I i,j] ) [Nn]∏
j)1

j

Keq,i,j (12)
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whereKeq,i,j is the equilibrium constant for the unfolding of
a particular domain to form thejth intermediate on theith
pathway. Since the total protein concentration is distributed
among the 2n states, the sum of all concentrations obtained
from eq 12 should sum to [P]total. However, when then!
pathways for the unfolding of ann domain protein are written
explicitly as in Scheme 2, each state withj unfolded domains
is repeated (n - j)!j! times among these pathways. As a
consequence, a simple summation of all the concentrations
obtained using eq 12 would result in overcounting of various
species. Therefore, (n - j)!j! is the statistical factor that needs
to be included while summing all the concentrations for the
conservation of mass equation (eq A1 in the Appendix).
Equation A1 can also be used to calculate the fractional
population of the fully native species (j ) 0):

The fractional population of all other thermodynamic
species (j > 0) can be determined by dividing the concentra-
tion of that species by [P]total as shown below:

If the Keq values of all the constituent domains of a MIFD
protein are known, eq 14 can be used to determine the
fractional population of the various thermodynamic species.
Equations 11, 12 and 14 can be further simplified to the
following equations if the constituent domains are identical:

Figure 6 shows the effects of addition of a second identical
domain on the fractional populations of various thermody-
namic species of a single-domain protein. For these simula-
tion results, we used ln(Keq) as the independent variable to
reflect changes in stability caused by, for example, a chemical
denaturant. This variable transformation is straightforward
if the single-domainmeq andC1/2 values are known: ln(Keq)
) meq/[RT([den]- C1/2)]. The concentrations of four species
(NN, ND, DN, and DD) for the double-domain protein
become equal with experimental conditions under which the
concentrations of two species (N and D) of the single-domain
protein also become equal (Keq ) 1).

Kinetic Model for MIFD Proteins DeriVed from Rules of
Flux AdditiVity. Here we derive a theoretical model in an
effort to understand the changes in the unfolding and folding
kinetics of a protein with two or more kinetically uncoupled
domains. A protein withn domains hasn! independent
pathways to completely unfold or fold (38). The number of
protein molecules traversing each of these pathways can be
defined using the concept of flux. The flux through a reaction

Scheme 2

fNn
) [1 + ∑

i)1

n!

∑
j)1

n
∏
k)1

j

Keq,i,k

(n - j)!j!
]-1

(13)

fI i,j
)

[I i,j]

[P]total

) fNn∏
k)1

j

Keq,i,k (14)

Keq,glob) Keq,NnfDn
) (Keq)

n (15)

[I i,j] ) [Nn](Keq)
j (16)

fI i,j
)

(Keq)
j

(1 + Keq)
n

(17)
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is defined as the product of the forward rate constant and
reactant concentration. At equilibrium, the forward and
reverse fluxes are identical. The following two rules are used
to calculate the total flux through multiple reactions in a
system: (rule 1)Ftotal ) ∑i)1

n Fi for the total flux throughn
parallel reactions, and (rule 2)Ftotal ) (∑i)1

n 1/Fi)-1 for the
total flux throughn sequential reactions.

In accordance with rule 1, the total flux for the global
unfolding and folding of a multidomain protein (Dn f Nn

or Nn f Dn) throughn! parallel pathways, such as those
depicted in Scheme 2, is the arithmetic sum of the individual
fluxes through each pathway. However, these pathways share
multiple intermediates among each other, and therefore, a
simple sum results in overcounting of fluxes. Hence, it is
crucial to outline each pathway explicitly, with no cross
equilibria between any of the pathways (Scheme 2). The sum
of fluxes through thesen! pathways defines the total flux as
follows:

The value of n! in the denominator of eq 18 is the
statistical factor that accounts for the sharing of multiple
states between the various pathways. Each of thesen!
pathways hasn steps representing the (un)folding of the
constituent domains in a different order. Therefore, rule 2 is
used to calculate the total flux for each pathway vian
sequential reactions as follows:

whereFi,j is the flux associated with the formation of thejth
intermediate in theith unfolding pathway (Ii,j). Fi,j through
each of then sequential steps is calculated using the
definition of flux, by multiplying the forward (or unfolding
in Scheme 2) rate constant by the concentration of the starting
species as follows:

where Ii,j-1 is the reacting intermediate withj - 1 unfolded
domains in theith pathway. The concentration of this
partially folded species can be calculated using eq 12 from
the previous section. Finally, the global rate constants
associated with the complete folding and unfolding of a
multidomain are calculated using the following equations:

As explained in the Appendix (eqs A2-A4), eqs 18-21
can be used in conjunction with eq 16 to calculate the total
flux throughn! pathways for the unfolding of a MIFD protein
with n identical domains:

The global unfolding rate constant can be determined by
dividing Ftotal in eq 22 by [Nn] (eq 21):

Similar equations can be used to derive the rate constant
for global folding of a MIFD protein withn identical
domains:

Identical results are obtained if the rate laws for a
multidomain protein are derived using the steady state
approximations for all the partially folded intermediates,
verifying the validity of our flux-based derivations.

DISCUSSION

The Two Domains in BBdpA Are Uncoupled.The experi-
mentally indistinguishable thermodynamic behavior of the
B domain in BdpA and BBdpA provides evidence for the
absence of significant thermodynamic coupling between the
two domains in BBdpA. The excellent agreement between
thermodynamic results obtained from CD and fluorescence

FIGURE 6: Simulations for the equilibrium model of a protein with
two identical uncoupled domains. The fractional populations of
various species for single-domain (solid lines) and double-domain
(dashed lines) proteins are represented as a function of the change
in the experimental conditions [ln(Keq), eq 17]. The fractional
populations of ND and DN are identical under all experimental
conditions. The topx-axis is calculated from [GuHCl]) C1/2 +
(RT/meq)ln(Keq) using themeq and C1/2 values for single-domain
BdpA listed in Table 1.
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suggests that the unfolding of BBdpA is two-state, with only
the fully folded native state and the fully unfolded denatured
state being populated significantly under all experimental
conditions. However, our equilibrium model in the previous
section suggests that the populations of partially folded
species with only one domain folded become significant
under specific experimental conditions. This discrepancy can
be resolved by concluding that the CD or fluorescence signals
from the native B domain are identical in NN, ND, and DN.
Similarly, the signals of the denatured B domain in ND, DN,
and DD must also be identical. Thus, the denaturation curve
of BBdpA is identical to that of the single-domain protein
at twice the concentration. Analysis of BBdpA equilibrium
data yields thermodynamic parameters within experimental
error of those obtained for BdpA, expressed per mole of
domains. When expressed per mole of protein, these values
double as expected for a protein containing two domains per
protein molecule.

The folding and unfolding kinetics of the two domains in
BBdpA also show no coupling. Experimental measurements
using NMR line shape analysis (Figure 5) and stopped-flow
fluorescence yielded the rate constants associated with the
unfolding and folding of each domain of BBdpA. These rate
constants are not significantly perturbed ((10%) relative to
those of BdpA. Likewise, the slopes of ln(kf) and ln(ku) versus
GuCl concentration (Figure 5, eq 6) are experimentally
indistinguishable, indicating that the transition state is not
perturbed in the double-domain protein (35). These results
support the conclusion that the folding mechanism of the B
domain is the same in the single-domain protein, the double-
domain protein, and full-length protein A. This conclusion
justifies the extensive experimental and theoretical work that
has focused on the isolated B domain as being relevant to
understanding the behavior of that domain in full-length
protein A in the cell.

Mechanism of MIFD Protein Folding.The natural loga-
rithms of rate constants for protein folding and unfolding
usually exhibit a linear dependence on denaturant concentra-
tion, to which ln(Keq) is also linearly related. The natural
logarithms of eqs 23 and 24 yield the following functions
of Keq:

Evaluating eqs 25 and 26 using the values ofku, kf, and
Keq for BdpA shows that addition of each domain results in
a more than 3 order of magnitude decrease in the global
unfolding rate constant in the absence of denaturant (Figure
7). Under these conditions [Keq , 1, ∑j)1

n Keq
j-1 ≈ 1,

ln(∑j)1
n Keq

j-1) ≈ 0], eqs 25 and 26 can be simplified to eqs
27 and 28, respectively:

Similarly, the global folding kinetics differ significantly
from those of a single domain only under denaturing
conditions (Keq . 1.) Under these conditions, addition of
each domain results in a more than 4 order of magnitude
decrease in the global folding rate constant. WhenKeq . 1,
the summation in eq 26 is approximately equal to the highest-
order term (∑j)1

n Keq
j-1 ≈ Keq

n-1), so eqs 25 and 26 can be
simplified to the following equations:

In the vicinity of the midpoint of the denaturation curve,
whereKeq ≈ 1, eqs 27-30 do not apply and eqs 25 and 26
must be used to calculateku,glob andkf,glob.

As depicted in Figure 7, the effect of adding domains on
the global (un)folding kinetics of a MIFD protein depends
on the stability of the protein. Under conditions that favor
native individual domains, addition of domains has a
significant effect on only the global unfolding rate constant
and not the global folding rate constant. In contrast, under
denaturing conditions, only the global folding rate constant
is affected by additional domains. The biological implications
of these mechanistic properties of MIFD protein folding are
discussed below.

ln(ku,glob) ) ln(ku) + (n - 1) ln(Keq) - ln(∑
j)1

n

Keq
j-1)

(25)

ln(kf,glob) ) ln(kf) - ln(∑
j)1

n

Keq
j-1) (26)

ln(ku,glob) ≈ ln(ku) + (n - 1) ln(Keq) (27)

ln(kf,glob) ≈ ln(kf) (28)

FIGURE 7: Simulations for the kinetic model of proteins with one
to five identical, uncoupled domains. Perturbations in the global
folding (eq 26) and unfolding (eq 25) rate constants are most
pronounced under highly denaturing and native conditions, respec-
tively. ln(Keq) was used as the independent variable for these
simulations using the following equations: ln(kf) ) ln(kf

o) + [ln-
(Keq) - ln(ku

o/kf
o)]âT and ln(ku) ) ln(ku

o) + [ln(Keq) - ln(ku
o/kf

o)]âT.
The following parameters were used for the simulations:âT ) 0.8,
ln(ku

o) ) 5, and ln(kf
o) ) 12.3. The topx-axis is calculated as

described in the legend of Figure 6.

ln(ku,glob) ≈ ln(ku) (29)

ln(kf,glob) ≈ ln(kf) - (n - 1) ln(Keq
n-1) (30)
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The magnitude of the difference between global (un)-
folding kinetics of a MIFD protein and those of the individual
domains depends on whether the experimental conditions are
native or denaturing. Since the probability of multiple
domains being unfolded simultaneously is the product of
individual unfolded probabilities of each domain (all<1),
we would intuitively expect the addition of domains to
decrease the global unfolding rate constant. This decrease
is indeed apparent in our simulation results (Figure 7) for
experimental conditions that favor the fully native species
(Keq < 1). However, under denaturing conditions (Keq > 1),
addition of domains has no significant effect on the global
unfolding rate constant because the termKeq

n-1/∑j)1
n Keq

j-1

in eq 23 approaches 1.

This counterintuitive result can be best understood by
considering the flux through the reactions depicted in Scheme
2. The expected relative populations of the various forms of
a five-B domain repeat protein under physiological conditions
are listed under each column of intermediates in Scheme 2,
based on the stability of BdpA in the absence of denaturant
(Table 1). The flux for each of the equilibria depicted in
Scheme 2 can be calculated from these populations and the
estimated rate constant for unfolding of BdpA under the same
conditions (Table 2) using eq 20. The total fluxes for each
column of reactions in Scheme 2, calculated from the
individual fluxes according to eq 18, are listed in Scheme 2.
It is clear from these values that under physiological
conditions any single domain of the fully folded protein
unfolds and refolds very frequently (20% every millisecond).
However, intermediates with two unfolded domains form
1000 times less frequently. The flux to form three, four, or
five unfolded domains is extremely small because the
populations of the precursor intermediates are very small.
Since, according to eq 19, the step with the smallest flux in
a sequential pathway dominates the total flux through the
pathway, the flux from any intermediate with a single folded
domain to a fully unfolded five-domain protein is extremely
small and, thus, so is the global unfolding rate constant (eq
23). Although their fractional population is small, there would
nevertheless be 12 fully unfolded molecules of a five-B
domain protein in a 2 mL CD sample (10µM). These
molecules would fold with a rate constant equal to that of
the single B domain because each successive folding event
creates an intermediate which is much more likely to fold
another domain than unfold. Although there are five domains
to be folded in these molecules, there are 120 different
pathways by which they can do so, which makes the global
rate constant for folding the same as that for a single domain.
This scenario is embodied in eq 21, which gives the global
folding rate constant as the total flux divided by [Dn], whose
numerical value is much smaller than the flux for the five-
domain protein under physiological conditions. A similar
scenario can be envisioned to explain the global rate
constants for folding and unfolding under highly denaturing
conditions.

Scheme 2 highlights the intrinsic multiple-pathway nature
of MIFD protein folding. Because each domain folds
independently, we can be assured that folding of multiple
domains can proceed in any order, biased by the relative
stabilities and folding kinetics of individual domains. A
multiple-pathway mechanism is also envisioned by the

diffusion-collision theory for folding of microdomains
within a single-domain protein (39). Although a diffusion-
collision mechanism is likely to apply to many single-domain
protein folding reactions (25, 40, 41), it is difficult to
experimentally verify because microdomains are difficult to
identify and study in isolation. However, for MIFD proteins
whose individual domains can be studied individually, the
predictions of the diffusion-collision model can be easily
tested. Because of their independence, interdomain collisions
do not play an important mechanistic role for MIFD proteins.
However, for non-independently folding multidomain pro-
teins, diffusion-collision theory may be a very useful tool
in describing the overall folding mechanism, particularly
when individual domains or pairs of domains can be studied
in isolation.

Since it is the sum of folding and unfolding rate constants
(kobs,glob) kf,glob + ku,glob) that is measured experimentally to
determine the kinetics of protein folding, we also calculated
the effect of addition of domain(s) on this quantity. A plot
of the dependence of ln(kobs,glob) on denaturant concentration
[or ln(Keq)] is termed a chevron plot (42). As discussed in
the previous paragraph, the global folding or unfolding rate
constants of a MIFD protein with identical domains differ
from those of the single-domain protein only under condi-
tions where they contribute insignificantly tokobs. Therefore,
the chevron plots for proteins with different numbers of
identical domains would deviate from each other only under
experimental conditions where both the global folding and
unfolding rate constants contribute significantly to the
observed rate constant (Keq ≈ 1), wherekobs ) 2/n times the
rate constant for folding or unfolding of the single domain
(Figure 8). To experimentally observe such a chevron plot,
it would be necessary to design a probe that detects the
overall folding of the MIFD protein, rather than a probe such
as Trp13, which is found in both domains of BBdpA. A
fluorescence resonance energy transfer (FRET) pair located
on the N- and C-terminal domains with anRo matched to
the distance between the domain termini in the fully native
form might represent such a probe.

Biological Implications of the Uncoupled (Un)folding of
the Antibody Binding Domains of Protein A.One of the

FIGURE 8: Predicted chevron plots for proteins with multiple (n )
1, 2, 3, 4, and 5) identical, uncoupled domains. The plots show
significant perturbation with a change inn only under conditions
whereKeq ≈ 1. The topx-axis is calculated as described in the
legend of Figure 6.
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bottlenecks in the efficient translocation of proteins across
the cell wall of Gram-positive bacteria is the protein
unfolding (43, 44). In E. coli, the unfolded, translocation-
competent state of a newly synthesized protein to be secreted
is maintained by the cytosolic secretion chaperone SecB (45).
However, no SecB homologues have been found so far in
S. aureus, raising the possibility that protein unfolding is a
prerequisite for the secretion of SpA (45). The expected rate
constant for the secretion of SpA (∼60 s-1) (46) is
comparable to the unfolding rate constant of WT BdpA (∼70
s-1) (25). This rapid unfolding rate may have been optimized
by evolution to produce maximum secretion efficiency. The
even more rapid folding rate may be the consequence of
evolutionary pressure to produce a stable protein with such
a rapid unfolding rate. Coupling between domains would
increase the size of the cooperative unfolding unit and
thereby slow unfolding. The high degree of sequence
similarity of the five domains of SpA suggests that they have
stabilities and kinetics similar to those of the B domain and
that they also fold independently. The calculations described
above show that the global unfolding of this five-domain
sequence would be∼12 orders of magnitude slower than
that of a single domain. This decelerated unfolding rate
constant would significantly impede the secretion efficiency
if the simultaneous unfolding of all five domains is required
for protein A to be secreted. On this basis, we suggest that
only one domain is unfolded at a time during secretion, while
the other domains, both the previously secreted N-terminal
domains and the unsecreted C-terminal domains, are folded.
Given the lack of coupling between domains, it is likely that
this mechanism would hold even if each domain is actively
unfolded, as observed in other protein translocation systems
(47).

The uncoupled unfolding of the five domains of SpA could
also be biologically advantageous for the prevention of
protein aggregation when two or more of these domains are
unfolded. A previous study has shown that the efficiency of
co-aggregation between different domains increases markedly
with an increase in the level of sequence identity (48). Figure
2 shows that the level of sequence identity between any two
adjacent domain pairs of SpA is at least 75%, which is
significantly higher than the proposed upper limit (∼40%)
that can be tolerated without significant aggregation (48).
Therefore, SpA is expected to be considerably vulnerable
to aggregation when two or more of its domains are unfolded.
Despite this prediction, our in vitro studies showed no
increased tendency of BBdpA to aggregate at concentrations
as high as 1.5 mM. The calculations described in the previous
section show that under cellular conditions the kinetics
associated with unfolding of multiple domains in SpA are
orders of magnitude slower than that for a single domain.
Therefore, it seems likely that the very low probability of
multiple domains in SpA being unfolded simultaneously in
vivo could avoid aggregation that is initiated via interactions
between a pair of unfolded domains. Moreover, the fast
folding kinetics of BdpA (and SpA) under native cellular
conditions could also facilitate the kinetic partitioning of
protein molecules toward the monomeric folded state rather
than the aggregate product. The fast, independent folding of
five domains of SpA also allows the correct folding of each
domain subsequent to its synthesis on ribosome, before the
synthesis of downstream domains is complete. The formation

of native structure in each domain would prevent the
formation of non-native contacts that are likely to form in a
multidomain protein with coupled domains. In these coupled
multidomain proteins, the initially synthesized parts of the
polypeptide chain, corresponding to one or more constituent
domains, remain unfolded and await the completion of full-
length protein synthesis before they can fold to the correct
native structure. The fast, uncoupled folding of SpA domains
compared to folding of the other two-domain proteins
indicates that the protein is evolutionary optimized for rapid,
cotranslational folding, as previously observed for other
protein systems (49).

We have shown experimentally that two SpA B domains
used in the same manner as two neighboring domains in the
full-length protein have thermodynamically and kinetically
uncoupled folding reactions. It would be interesting to try
to introduce coupling between the domains of protein A by
amino acid substitution or by addition of cell permeable small
molecules and determine the effect on the efficiency of the
secretion process of protein A. This approach might allow
the development of antibiotics to reduceS. aureusvirulence.
Protein A has been demonstrated to cause inflammatory
response in pulmonary epithelial cells through stimulation
of the TNFR receptor (50).

In the calculations described here, we demonstrate the
utility of flux equations in deriving rate laws for complex
systems of multiple equilibria. This approach should be
useful in analyzing and interpreting the experimental behav-
ior of such proteins, which likely represent a large fraction
of the eukaryotic proteome.

APPENDIX

The (n - j)!j! statistical factor is used when adding the
concentrations of fully folded (Nn) species and partially
folded intermediates (eq 12) in the conservation of mass
equation:

Since the fluxes through alli ()1 to n!) unfolding
pathways for a MIFD protein with identical domains are
equal, substituting eq 19 into eq 18 yields

Fj in eq A2 can be determined using the definition of flux
(eq 20) and substitutingku,i,j with ku since all the constituent
domains of a MIFD protein with identical domains unfold
with the same rate constant:
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Substituting the definition of [Ii,j-1] (eq 16) and evaluating
the first summation:
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