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Most protein folding studies until now focus on single domain
or truncated proteins. Although great insights in the folding of
such systems has been accumulated, very little is known regard-
ing the proteins containing multiple domains. It has been shown
that the high stability of domains, in conjunction with inter-
domain interactions, manifests as a frustrated energy landscape,
causing complexity in the global folding pathway. However,
multidomain proteins despite containing independently fold-
able, loosely cooperative sections can fold into native states with
amazing speed and accuracy. To understand the complexity in
mechanism, studies were conducted previously on the multido-
main protein malate synthase G (MSG), an enzyme of the
glyoxylate pathway with four distinct and adjacent domains. It
was shown that the protein refolds to a functionally active inter-
mediate state at a fast rate, which slowly produces the native
state. Although experiments decoded the nature of the interme-
diate, a full description of the folding pathway was not eluci-
dated. In this study, we use a battery of biophysical techniques to
examine the protein’s folding pathway. By using multiprobe
kinetics studies and comparison with the equilibrium behavior
of protein against urea, we demonstrate that the unfolded poly-
peptide undergoes conformational compaction to a misfolded
intermediate within milliseconds of refolding. The misfolded
product appears to be stabilized under moderate denaturant
concentrations. Further folding of the protein produces a stable
intermediate, which undergoes partial unfolding-assisted large
segmental rearrangements to achieve the native state. This
study reveals an evolved folding pathway of the multidomain
protein MSG, which involves surpassing the multiple misfolding
traps during refolding.

It is well known that a significant proportion of the complete
proteome in nature belongs to the multidomain class of pro-
teins, where the net content of such proteins is approximated to
be higher than 75% in eukaryotic systems (1, 2). Despite their
abundance and the functional implications of multiple
domains, the folding studies until now have mainly focused on

the simpler systems, e.g. single domain or truncated domains of
multidomain proteins. The recent systematic advances in
decoding the folding pathway of multidomain proteins have
revealed a number of insights that point toward the inherent
complexity of such systems and a need for further exploration.
It is found that the highly favorable inter-domain interactions
in proteins often result in a frustrated energy landscape (3, 4),
forming nonproductive domain-swapped or amyloidogenic
species that interfere with the actual folding pathway (5–8).
The studies reveal that despite the autonomous folding
nature of individual domains, the proteins with a highly
shared domain interface may behave in a cooperative man-
ner (9, 10). The competition between individual domain
folding (intra-domain interactions) and their rearrangement
(inter-domain interactions), which again is a question of
structural topology and relative orientation, proves decisive
in folding of the multidomain proteins (11–13). As it requires
a fine orchestration of a conformational search for polypeptide
and the folded domains, it becomes necessary to explore the
mechanism further.

To understand the folding behavior for such macromole-
cules, studies have been carried out by probing the global con-
formation of a large multidomain protein malate synthase G
(MSG).3 MSG is an enzyme of the glyoxylate bypass mechanism
and has been extensively studied for its structural characteris-
tics in the past decade (14 –17). In this work, we focus on Esch-
erichia coli MSG, an 82-kDa protein with four different
domains whose active site is located between the predominant
TIM barrel domain and the C-terminal helical plug structure
(Fig. 1) (14, 18, 19). The folding studies in such large multido-
main proteins are often limited due to their poor solubility,
aggregation propensity, and irreversibility in unfolding, which
present stiff experimental challenges in their study (20 –23).
However, such limitations for MSG have been overcome in pre-
vious studies under optimized reducing conditions to maintain
all six Cys residues free and by using 10% glycerol in the buffer
to enhance its solubility (24). The protein was shown to spon-
taneously refold from a chemically denatured state with popu-
lation of burst phase species within �6 ms of refolding. The
previous studies also revealed the formation of an on-pathway
functional intermediate, which is prone to aggregation and
converts to the native state via slow reaction. Interestingly, the
protein, despite its high entropic cost to search for correct
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native contacts, did not populate any misfolded species, which
remains counterintuitive due to the presence of long-range
contacts in the native structure. Although the nature of tran-
sient intermediates populating during MSG refolding was stud-
ied, a mechanistic pathway of folding reaction remains to be
established.

A conventional and informative method of studying multi-
domain proteins involves sectioning of the individual domains
to study their folding behavior. The method is usually accepta-
ble for systems with lesser inter-domain interfacial areas where
truncation does not result in a complete destabilization of
domains, e.g. �-B crystalline (25), titin (26), and fnIII domains of
fibronectin (27). The notion of studying the sectioned domains
of MSG could not be considered due to a very significant inter-
facial surface area being shared among them. Although there
are variants of the MSG in nature, where the N-terminal �-hel-
ical domain and the �-sheet domain are absent (fungus Lacca-
ria bicolor), proving them to be less crucial for the activity of
enzyme (14), the sequence of those variants of the protein aligns
very poorly with the E. coli MSG and hence cannot be taken as
the sole criteria to truncate the domain segments. Because of
the reasons, we have mostly tried to avoid truncating the pro-
tein to maintain its structural integrity and mutual domain
cooperation.

Here, by using multiple biophysical tools to monitor the con-
formational transition, along with computational kinetics mod-
eling, we attempt to understand the folding behavior of the
MSG. It was found that the unfolded protein undergoes an ini-
tial hydrophobic collapse to form transient misfolded species,
which partially unfold to achieve the correct folding route. An
equilibrium intermediate similar to the transient kinetic spe-
cies is further proposed to stabilize at moderate urea concen-
trations (4 – 6 M) giving indications of residual tertiary struc-
tural elements in the polypeptide and lack of secondary
structure content. We show that the increasing viscosity of the
refolding medium impedes the late refolding step of MSG, and

hence we propose it to be a domain reshuffling step to achieve a
correct native state. Although MSG contains 31 Pro residues,
the slow isomerization of prolyl–peptide bonds was not found
to populate any transient intermediates during folding.

Results

Equilibrium unfolding studies of MSG

Because of the presence of four domains in MSG, there is a
high possibility of observing stable intermediates in equilib-
rium studies. To characterize the stable conformational states
present in the system and to determine the initial and final
conditions for (un)folding kinetics studies, equilibrium unfold-
ing studies were performed on MSG by using different probes.
Twelve Trp residues scattered over the entire protein structure
(Fig. 1A) allow us to probe the global tertiary structure by using
intrinsic fluorescence. The fluorescence spectra of the protein
equilibrated in increasing urea concentrations exhibit decreas-
ing intensity, along with red-shift of the maximum peak (Fig.
2A). The equilibrium denaturation plot with Trp fluorescence
at 340 nm shows a distinct reproducible and conformational
transition in 1.5–2.5 M urea, which, however, could not be
detected with ellipticity at 222 nm (Fig. 2, B and C). The obser-
vation indicates a partial tertiary structural loss without signif-
icant secondary structural change and hints toward the molten
globule-type conformation of the intermediate species that
populates in the urea concentration range (28, 29). Although
the equilibrium plot with Trp fluorescence shows a transition at
�6.5 M urea, it may be an artifact produced by the nonlinear rise
of tryptophan’s fluorescence under high urea concentration
(Fig. S1A) (30). To distinguish the artifact from conformational
transition, the behavior of the emission fluorescence spectrum
shift was taken into account. It is expected that the exposure of
the buried fluorophore residues to the polar aqueous environ-
ment should bring about an increase in the wavelength of max-
imum emission for the protein. As a red shift in wavelengths

Figure 1. Arrangement of Trp residues in MSG. A, cartoon representation of MSG (PDB code 1D8C) is shown to contain four domains: �-helical clasp
(magenta); �-sheet domain (salmon); TIM barrel domain (cyan); and the C-terminal cap (blue) covering the active site. The residues in gray represent the
inter-domain– connecting region in the sequence. The Trp residues are shown in yellow (with spherical heavy atoms) for distinction. B, amino acids sequence
is colored in accordance with the domains shown in structure.
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corresponding to maximum fluorescence, until 6.5 M of the
denaturant was clearly observable, it validates a gradual confor-
mational exposure and hence transition to the unfolded state
near �6.5 M urea (Fig. S1B). Consequently, the unfolding base-
line for MSG was assigned after 7 M urea concentration. The
transition at �6.5 M urea in fluorescence data compared with
equilibrium data with CD suggests the presence of a residual
tertiary structure-containing entity (with no �-helical content)
in 4 – 6 M of the denaturant, which melts completely at the
higher urea concentrations.

The singular value decomposition (SVD) analysis of the Trp
fluorescence scans (Fig. 2A) could only identify two basis spec-
tra of significant weighting factors (w) (Fig. 2D). The spectra
with corresponding peak maxima at 345 and 377 nm can be
associated with buried and exposed Trp residues of native and

unfolded ensembles, respectively. The amplitude plot of the
first component (w � 84.6%), with respect to urea, exhibits
similar behavior as the equilibrium unfolding plot of the fluo-
rescence intensity at 340 nm, indicating its correlation with the
native structure (Fig. 2, B and E). However, the amplitudes of
the second component (w � 13.6%) were found to display a
single transition as shown by relative ellipticity (Fig. 2F). A sim-
ilar SVD analysis of CD spectra at different urea concentrations
(Fig. 2G) only identifies a single significant basis spectrum (Fig.
2H), whose amplitudes indicate a single transition as seen for
the ellipticity at 222 nm (Fig. 2I).

As the fluorescence at 340 nm and the first SVD component
from Trp fluorescence show multiple transitions with respect
to the denaturant concentration, but no distinct baseline for
stable intermediate states, it becomes impossible to fit the data

Figure 2. Urea-induced equilibrium denaturation of MSG. A, Trp fluorescence emission scans (excitation at 295 nm) recorded for 0 –9 M denaturant are
represented as color ramped from blue to red. B and C, solid line represents the global two-state fit of relative fluorescence intensity at 340 nm and relative
ellipticity at 222 nm against urea concentration. The transition regions in 1.5–2.5 M urea and 3.25– 6.5 M urea in relative fluorescence plots have been excluded
from fitting due to the absence of corresponding baselines for the intermediate states. Insets display reversibility of MSG unfolding to various urea concen-
trations on the denaturation curve. Error bars represent standard deviation from three individual samples. D, significant basis spectra obtained by SVD analysis
of the fluorescence scans in A. Only two distinguishable species corresponding to buried and exposed Trp residues (peak maximums near 345 and 377 nm,
respectively) can be identified. E and F, amplitudes corresponding to major (weight � 84.6%) and minor (weight � 13.6%) basis spectra representing their
population variation with urea concentration. G, molar residue ellipticity (MRE) scans of the protein equilibrated from 0 to 8 M of urea are represented as color
ramped from blue to red. H, only significant SVD basis spectrum (weight � 77.9%) obtained from CD spectra. I, amplitudes corresponding to the basis spectrum
from CD, showing respective population variation with denaturant concentration.
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in higher order equations (Fig. 2, B and E). However, the ampli-
tudes of the second SVD component from fluorescence, rela-
tive ellipticity, and the SVD component from CD spectra, all
exhibit a simple two-state–type transition with common tran-
sition region (Fig. 2, C, F, and I). With only two resolved SVD
components from fluorescence, where the first one exhibits sig-
natures of stable intermediate states, it becomes apparent that
the spectra corresponding to the native state and the interme-
diate species are not highly distinguishable and hence could
not be resolved. In the absence of the intermediate baselines
and with poor knowledge of stability parameters of individ-
ual domains, the fitting of fluorescence signals was conducted
only in native and unfolding baselines, along with the transition
region (with exclusion of the transition regions in 1.5–2.5 M

urea and 3.25– 6.5 M urea) that resulted in a good correlation
with the rest of the single transition equilibrium plots (relative
ellipticity, second SVD component of the fluorescence, and
SVD component from CD spectrum) (Fig. 2B). The global fit-
ting was found to be agreeable and resulted in overall thermo-
dynamic stability parameters as shown in Table 1. It should be
noted that the two-state equation is applicable to cooperative
transition in proteins and should not be applicable to MSG.
The thermodynamic calculation in the current case is a mere
approximation that provides the free energy of the native
ensemble (probed by secondary structure content) as com-
pared with the unfolded region, i.e. �3.5 M urea, and it does not
alter the overall nature of folding pathway as proposed.

Misfolding events on the refolding pathway

To explore the folding pathway of a protein, the refolding
kinetics is often monitored using different conformational
probes in varying refolding conditions. The behavior of refold-
ing rates and initial signals (corresponding to zero time of
refolding) with respect to denaturant concentration in refold-
ing buffer provide insights into the nature of kinetic intermedi-
ates. In ensemble kinetics of MSG refolding, the global confor-
mational change of the protein was probed using intrinsic Trp
fluorescence (Fig. S2A). The kinetics of refolding, obtained via
single-jump manual mixing as well as the stopped-flow tech-
nique, were biexponential and gave two apparent rates of
refolding. Semi-logarithmic plot of these rates against urea con-
centration (chevron plot) exhibits a rollover, where assistance
by urea in refolding for both phases can be seen under strongly
native conditions (Fig. 3, A and B). It was seen that the refolding
rates of MSG for both phases rise by �30% when refolding urea
concentration is increased from 0.1 to 1 M urea. The observa-
tion implies an accumulation of misfolded intermediates in
both the phases, which need to partially unfold to proceed
toward the folding route. As the rates of refolding for both
phases and corresponding relative amplitudes were found to

be independent of protein concentration, the possibility of
aggregation due to intermolecular interactions is ruled out
(Fig. S2, C and D) (31). It is further noticed that the refolding
amplitudes are not in proportion with the corresponding
rates, which implies that the refolding phases may not be
parallel reactions emanating from a common unfolded
ensemble. The observation of two refolding phases can be
explained in terms of the sequential nature of two reactions or
as a result of unfolded state heterogeneity arising from cis/trans
isomerization of the prolyl–peptide bonds in the protein with
31 Pro residues.

1-Anilinonaphthalene-8-sulfonate (ANS) is a hydrophobic
dye that gives a high fluorescence on binding to the hydropho-
bic patches of partially denatured entities that usually form at
the beginning of refolding reactions. The bound dye molecules
get kicked off of the polypeptide chain during refolding and
hence are used as an extrinsic fluorescence probe for monitor-
ing conformational change. ANS has been previously used to
report on folding intermediates and to characterize the burst
phase species for a number of cases (32–35). Refolding kinetics
of MSG when probed by ANS showed a very high fluorescence
at the beginning, which implies initial formation of species with
an exposed hydrophobic surface that allows binding of ANS
dye. The decrease in fluorescence was found to be biphasic with
both the rates in satisfactory correlation with the rates obtained
by Trp fluorescence probe (Fig. 3B; Fig. S3). The assistance in
refolding by urea under strongly native conditions was seen for
both the phases as expected. Although the amplitudes corre-
sponding to the fast refolding phase were found to decrease
with increasing urea concentrations in the refolding buffer, the
slow-phase amplitudes were virtually unaffected (Fig. 3E). The
observation can be explained by urea-induced destabilization
of the misfolded intermediate species from which the fast
refolding reaction takes place, and proceeds sequentially to the
second slow refolding step.

The refolding kinetics probed by ellipticity at 222 nm could
be fitted in single exponential kinetics reliably (Fig. S4). The
averages of the two refolding rates obtained from fluorescence
(weighted average based on fractional amplitudes of two
phases) were found to be in agreement with the ones with ellip-
ticity probe (Fig. 3B, inset).

Early misfolded species (IM) and its correlation with
equilibrium intermediates in 4 – 6 M urea

The initial Trp fluorescence signals obtained from extrapo-
lated refolding traces to zero time of mixing were plotted on the
equilibrium unfolding curve, which showed collinear behavior
with the baseline for equilibrium intermediate populated in
4 – 6 M urea range rather than to the unfolded baseline at �6.5 M

urea (Fig. 4A; Fig. S2A). The observation is independent of
unfolding urea concentration (Fig. S2B) and has been also
observed in earlier studies (24). The previous refolding studies
of MSG from the guanidine hydrochloride (GdnHCl)-mediated
unfolded state indicated a similar correlation of initial refold-
ing signals with the intermediate baseline (1–2 M GdnHCl)
and not with the fluorescence signals of the unfolded state.
The consistency in the observation allows us to assume sim-
ilarity in the nature of equilibrium intermediates in 4 – 6 M

Table 1
Equilibrium parameters of MSG from a two-state global fit of relative
fluorescence and ellipticity data
The errors represent standard error of fitting.

�G(NU) m(NU) c(NU)

kcal/mol kcal/mol M M

4.23 � 0.16 1.45 � 0.05 2.91 � 0.02
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urea and 1–2 M GdnHCl concentration. Furthermore, it
appears that the unfolded polypeptide undergoes an almost
complete conversion to the intermediate state (IM) within

milliseconds. Although the kinetically populated misfolded
intermediate should be a collapsed structure under native
refolding conditions, a similar species being populated stably

Figure 3. Single-jump ensemble kinetics. A, ensemble refolding (white) and unfolding (black) rates of MSG shown as kobs. Both phases of refolding, i.e. fast
(circles) and slow (triangles), exhibit a rollover where denaturant-assisted refolding is observed under strongly native conditions, a classic sign of misfolded
intermediate formation. The refolding rates at 0 M urea (white square and diamond) were obtained by pH jump (pH 11 to pH 7.9) refolding of MSG in the native
buffer. Two unfolding arms of the chevron (black circles and triangles) intersect near 5.5 M urea. The inset represents origin of new fastest phase rates (diamonds) of
unfolding at �7.5 M urea. B, comparison of refolding rates from Trp fluorescence (white), ANS fluorescence (red), and ellipticity (black cross) is shown. Inset represents
a good correlation of averaged refolding rates from Trp fluorescence probe with the CD probe. C and D, fractional amplitudes of refolding and unfolding phases,
respectively. The signal lost within the dead time of mixing (red) in both the cases is found to be independent of urea concentration. E, fractional amplitudes of two
refolding phases as probed by ANS fluorescence. Error bars wherever shown represent standard deviation from three individual experiments.

Figure 4. Initial and final signal analysis of single-jump kinetics studies. A and B, initial (green) and final (purple) signals of refolding (for Trp fluorescence
and CD probe, respectively) and unfolding (Trp fluorescence probe) obtained by extrapolation of kinetics traces to the zero time of mixing are overlaid with
corresponding equilibrium unfolding curves. Error bars represent standard deviation from three individual experiments.
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at higher urea (4 – 6 M) may imply a correlation between two
entities.

The equilibrium studies using an ellipticity probe imply the
absence of secondary structure in the 4 – 6 M urea region
(unfolding baseline with CD probe, Fig. 2C). It was seen that
an overlay of initial signals from refolding traces by ellipticity
(222 nm) on a corresponding equilibrium curve displays
agreement with the unfolded baseline (Fig. 4B). As the
unfolding baselines of the equilibrium curves with fluores-
cence and ellipticity fit globally (Fig. 2, B and C), IM is
thought to be a species lacking �-helical structure but still
having residual stability that only loses completely at �6.5 M

of the denaturant.

Conformational transition in MSG probed by quencher
accessibility of Trp residues

The native conformation of MSG contains buried Trp resi-
dues (Fig. 1A), which get exposed upon unfolding of the protein
as confirmed by the urea-induced red shift in Trp fluorescence
spectra (Fig. S1B). As a probe to monitor the refolding, the rate
of sequestration of Trp residues was examined by using fluores-
cence quencher in the refolding solution. The single-jump
refolding kinetics of MSG (at 1 M urea) with the Trp fluores-
cence probe were performed in varying concentrations of acryl-
amide, a neutral Trp fluorescence quencher. Assuming that the
quencher molecules do not interfere with the folding pathway
of the protein, the extent of buriedness of the fluorophores in
the macromolecule during refolding can be probed (36). As the
high concentration of acrylamide (i.e. �0.15 M) resulted in the
appearance of a faster phase (Fig. S5A), the refolding kinetics at
low quencher concentration, i.e. 0.05 M, was considered for
qualitative analysis. The variation in the ratio of Trp fluores-
cence without and with the quencher (F0/F) was plotted against
time, which indicated the population of a compact species near
120 s at a fast rate that subsequently undergoes a slow partial
conformational opening to the native state (Fig. 5A). The
nature of the sequential reaction was further confirmed by dou-
ble-jump interrupted refolding experiments.

The refolding traces in different quencher concentrations,
when extrapolated to zero time of mixing, should report on the
extent of exposure of the IM (Fig. 5B; Fig. S5B). A Stern-Volmer
plot comparison of the initially formed misfolded species (IM),
with the unfolded protein, indicates much lesser acrylamide
accessibility of the Trp residues and hence points toward the
collapsed nature of the polypeptide (Table 2).

To assess the link between the kinetic misfolded species (IM)
and the equilibrium intermediate (4 – 6 M urea), the Stern-Vol-
mer constants were also determined for equilibrium species in
3.5–5.5 M urea range (Table S1), but they were not found to be
significantly different from the unfolded ensemble (6.5 M urea).
It appears that the IM intermediate, which transiently accumu-
lates at the beginning of the fast refolding phase, is highly com-
pact but still contains exposed hydrophobic sites for ANS bind-
ing. The equilibration of the protein at higher denaturant
concentrations (4 – 6 M urea) renders it highly open, but prob-
ably with few intact structural elements as IM.

Complex nature of the unfolding pathway of MSG

To explore the possibility of common intermediate states
being accumulated during refolding and unfolding transition,
the unfolding kinetics were studied for MSG. In addition, the
analysis of protein refolding using an interrupted refolding
method requires prior knowledge of unfolding behavior, which,
in turn, was achieved by single-jump unfolding kinetics using
Trp fluorescence probe. The protein was found to exhibit mul-
tiphasic kinetics, depending on the unfolding urea concentra-
tions (Fig. S6; Fig. 3A). A loss of �10 –15% signal is observed for

Figure 5. Refolding kinetics of MSG probed by the accessibility of its Trp
residues to acrylamide. A, single-jump refolding kinetics (to 1 M urea) were
probed by the ratio of Trp fluorescence intensities without and with 0.05 M

acrylamide (F0/F). The drop of F0/F to 1.19 (from 1.45 for the unfolded state)
within dead time of mixing indicates a collapse of the unfolded polypeptide.
The inset represents refolding traces probed by Trp fluorescence in absence
(purple) and presence (red) of quencher for reference. B, Stern-Volmer plot
representation for comparison of structural compactness of IM (red), as com-
pared with native (white) and unfolded (black) protein at 6.5 M urea.

Table 2
Stern-Volmer (KSV) constants for fluorescence quenching in MSG by
acrylamide
The values are calculated by nonlinear least-square fitting of the data (Fig. 5B) in the
Stern-Volmer equation (F0/F � 1 � KSV � �quencher	). The errors shown represent
standard error of fitting.

Conformational state KSV

M
1

Native 2.01 � 0.07
Misfolded state (IM) in 1 M urea 4.39 � 0.09
Unfolded (6.5 M urea) 9.10 � 0.29
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unfolding traces under all urea concentrations and is probably
due to the fast formation of unfolding intermediates hidden
under refolding conditions (Figs. 3D and 4A). (37) The fastest
unfolding phase that arises at �7.5 M urea conditions (Fig. 3A,
inset) contributes to only �10% of the total signal change
(Fig. 3D, inset) and can be modeled as an on-pathway unfold-
ing intermediate. Moreover, an increase of unfolding ampli-
tude of the phase-1 (fast unfolding phase at 7 M urea) at the
cost of phase-2 (slower phase at 7 M urea) with increasing
urea implies a common population giving rise to slow and
fast unfolding phases (Fig. 3D). It can be noted that the
apparent rate of unfolding for phase-1 is significantly sensi-
tive to the urea concentration as compared with phase-2,
indicating the highly exposed surface area of the unfolding
transition state in the former case.

No role of cis/trans prolyl-peptide isomerization in MSG
refolding

As the MSG contains 31 Pro residues, the cis/trans isomer-
ization of prolyl–peptide bonds may result in heterogeneity in
the unfolded ensemble, thereby exhibiting a slow refolding
phase corresponding to correction in non-native prolyl–
peptide bonds. To investigate whether the isomerization plays
any role during refolding, interrupted unfolding experiments
were conducted manually. The native protein was allowed to
unfold in 8 M urea, for various delay time points followed by a
fast refolding jump using dilution at 1 M urea. The amplitudes of
refolding for two phases were plotted against delay time
points to obtain kinetics of unfolding. Both the obtained
amplitudes were found to be increasing with biexponen-
tial kinetics, with their weighted-averaged-rates (based on
amplitudes) adding up to the rates of unfolding obtained from
single-jump unfolding studies (Fig. 6). For the prolyl–peptide
isomerization to be the rate-limiting step during refolding, a
clear decrease in population corresponding to the correct iso-
meric state should have been observed. The behavior can be

understood if the refolding pathway of the protein involves
higher barriers of conformational transition, as compared with
the ones corresponding to the isomerization step.

Sequential nature of the refolding pathway of MSG using
double-jump refolding

The rates of accumulation of stable intermediates or the
native state can be obtained from interrupted refolding studies,
provided the unfolding trace corresponding to the populated
species can be captured. Although refolding kinetics experi-
ments in the presence of quencher provide clues for sequential
nature of two refolding phases, the interrupted refolding stud-
ies were further conducted for additional verification. The
unfolded protein at 6.5 M urea was allowed to refold by manual
dilution to 0.1 M (�20 s dead time) for various time delays
followed by interruption of refolding using a strong unfolding
jump of 7 M urea. The biexponential unfolding traces (�10 s
dead time) provide two amplitudes whose plot with refolding
time points result in kinetics plot of native protein or interme-
diate formation (Fig. 7A). Although the double-jump experi-
ment provides data points with low signal to noise ratio, where

Figure 6. Interrupted unfolding experiments. The native protein unfolded
at 8 M urea for different time periods was allowed to refold rapidly by dilution
to 1 M urea. The biphasic refolding traces provide two amplitudes, which are
plotted against time of unfolding. The plot excludes the possibility of prolyl-
peptide isomerization mediated conformation heterogeneity in the unfolded
population. The error bars represent standard deviation from three sepa-
rate experiments.

Figure 7. Interrupted refolding studies. A, MSG was allowed to refold at 0.1
M urea for different time points, followed by unfolding at 7 M urea. The plots of
two unfolding amplitudes against time of refolding represent kinetics of sta-
ble species present in the system. The amplitudes probed by phase-1 (fast
phase at 7 M urea) of unfolding (red) (Fig. 3D) show a rapid build-up of the
intermediate species (fast refolding phase), which undergoes a slow decay
(slow refolding phase) (Table S2). The amplitudes of slow unfolding phase
(blue) exhibit slow single exponential increase. B, interrupted refolding study
for refolding of MSG at 2 M urea. The error bars represent the standard devia-
tion of three independent experiments. Although the slow decrease in the
accumulated population near �150 –200 s is found to be consistent (and
easily perceptible for refolding at 2 M urea), the large error bars are obtained as
a consequence of the range of amplitudes from independent set of
experiments.
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each point represents the average of three independent exper-
iments, the individual refolding kinetics plot using fast unfold-
ing phase (phase-1) consistently shows a fast exponential
increase until �200 s followed by a slow exponential decrease
until the final signal of �50% (similar to the amplitude for
native protein unfolding) is achieved (Table S2). The refolding
curve from slow unfolding amplitudes (phase-2) exhibits a sin-
gle exponential slow increase in population with the same rate
as for the slow decrease in phase-1. The rates obtained for both
the kinetics obtained (by phase-1 and -2), are in agreement with
single-jump refolding studies. Thus, the observation can be
modeled by assuming the fast phase to be conversion of mis-
folded intermediate to another intermediate, IN (Fig. 10A),
which in turn requires partial unfolding (to ID) to proceed
toward the native state, N. Interrupted refolding studies with a
refolding urea concentration of 2 M also exhibit similar out-
comes (Fig. 7B).

Slow domain rearrangement step

To investigate the nature of two refolding phases in view of
the size of diffusing segments in the macromolecule, refolding
kinetics were studied in viscogenic conditions. In accordance
with the Kramer’s theory, the presence of microscopic visco-
gen, e.g. glycerol, should influence the dynamics of differentially
structured parts of the protein differently (38 –40). As the indi-
vidual folded domains must be structurally bulkier units as
compared with the mobile polypeptide, their diffusion should
encounter more resistance from the viscous solvent as com-
pared with less structured loosely packed chain segments and
hence may assist in identifying any major structural shuffling
step of the refolding.

The presence of glycerol and other similar viscogens also
affect the stability of proteins significantly (41), thereby making
it difficult to compare refolding rates under different viscogenic
conditions. It becomes essential to quantify these stabilizing
effects and to use only isostable conditions (with similar free
energy difference between denatured and native state) for rate
comparisons. The method of comparing kinetics under isosta-
bility is much more reliable with two-state folders and may not
be apt for a protein such as MSG, which shows multiple inter-
mediates in equilibrium and kinetic studies (42). However, the
differential effects of viscosity on two refolding phases should
be able to inform about the nature of structural changes in two
phases.

To perceive the effect of viscogen on protein stability, the
equilibrium unfolding experiments were conducted under
varying glycerol concentrations. Because of limited solubility of
urea in glycerol-containing buffers, the studies were conducted
only up to 8 M urea concentrations. As anticipated, the addition
of glycerol tends to shift the mid-point of denaturation to
higher urea concentrations (Fig. 8A). As a result of the shift of
equilibrium curve and limitation to 8 M urea, the conforma-
tional transition of the protein appears to be much simpler
(two-state), but it does not exclude the possibility of similar
intermediate states as found under viscogen-lacking condi-
tions. Although the equilibrium plots of MSG were found to be
completely reversible under 10, 15, 20, and 25% glycerol, a
higher glycerol concentration (30% glycerol) introduced

hysteresis in the plot, making it unreliable for refolding
experiments (Fig. S7). Unlike at 30% glycerol, the plots up to
25% glycerol simply shifted toward higher urea, without an
appreciable effect on the cooperativity index (m-values), sig-
nifying negligible relative effects on the nature of free energy
landscape (40, 42). Because of this reason, the refolding stud-
ies were performed at 25% glycerol under several urea con-
centrations to obtain a modified chevron arm under visco-
genic conditions. It was observed that the refolding limb of
the MSG under viscogenic conditions also indicates a roll-
over and kink near �1.5 M urea concentration, i.e. both the
refolding phases were found to be assisted by the presence
of urea under refolding conditions. Although the protein
appears to follow two-state behavior under 25% glycerol, the
observation confirms the population of transient misfolded
species (IM) during refolding.

A simple linear dependence of time constants of refolding for
both the phases on the relative viscosity of the medium displays
the significance of diffusive motions in folding of the protein
(Fig. 8B) (38, 42). Although it can be clearly perceived that
the slower phase of refolding is affected more by increased vis-
cosity (Fig. 8C), a quantitative evaluation is further achieved
theoretically.

Usually, for two-state proteins, the time constants in the
absence and presence of viscogen, are compared under
isostable conditions, where the rates without glycerol are com-
pared with the ones with glycerol under higher urea concentra-
tions so that the increased stability due to viscogen is exactly
countered by destabilization due to denaturant concentration
(42). Although the method is reliably achieved with two-state
folding proteins, for proteins like MSG (with equilibrium inter-
mediates present in the system), a direct calculation of higher
urea to compensate for increased stability is not straightfor-
ward. For this reason, the chevron refolding plot under native
buffer (10% glycerol) conditions is compared with the one at
higher glycerol (25% glycerol), considering an entire practical
range of possible urea increments.

For comparison, two chevron refolding plots on a log10 scale
(with and without viscogen) are fitted to quadratic equations
that provide a good fit for all the curved refolding arms under
denaturant range (Fig. 8C). Theoretical yi values (where yi �
log10ki; k1 and k2 are apparent rates of refolding for fast and slow
phases under low viscosity conditions (10% glycerol), and k3
and k4 are apparent rates for fast and slow phases in the pres-
ence of 25% glycerol, respectively) from fits as a function of urea
concentrations are then compared in terms of the quotient “q,”
a ratio of apparent change of yi values in the presence of high
glycerol to the change in the native buffer, i.e. q � (y2 
 y4)/
(y1 
 y3).

By definition, q with a value greater than 1 would imply an
increased time constant and hence higher resistance of the vis-
cogen on the slow-refolding phase as compared with the faster
phase. It is found that for the practical range of such urea incre-
ments (0.25 to �2 M) in achieving isostability, q was always
found to be greater than 1 (Fig. 8D). To achieve a rough approx-
imation, thermodynamic parameters were obtained from the
two-state fit of protein under native and viscogenic conditions
(0 – 8 M urea), which then provides an estimate of urea incre-
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ment to be compared with the native condition (10% glycerol)
kinetics (38). Calculated values of q for this rough approxima-
tion are shown by �.

Discussion

The previous studies of the large multidomain protein MSG
gave hints of burst phase intermediate formation within milli-
seconds, which later on resulted in the formation of native-like
intermediate. The detailed mechanism of the folding pathway
of the protein could not be interpreted. Our investigations of
the (un)folding pathway of MSG, probed by multiple biophysi-
cal tools, give information regarding the mechanism as dis-
cussed below.

IM is on-pathway misfolded intermediate

The refolding from the IM shows a denaturant-assisted
refolding behavior, characteristic of off-pathway type species.
However, the placement of IM, on the off-pathway to the
unfolded state, requires its complete unfolding before proceed-
ing to the correct folding route (Fig. 9A). The notion would
require IM 3 U conversion to be a rate-limiting step during
refolding for the fast phase (�0.197 � 0.003 s
1 under strongly

native conditions). As the IM populates within dead time of
mixing (�100 ms), the rate for U3 IM conversion can be mod-
eled to �50 s
1 to allow rapid equilibration. The exact collinear
behavior of the initial fluorescence with the intermediate equil-

Figure 8. Effect of viscogenic conditions on refolding kinetics. A, effect of glycerol addition on the stability of MSG. The solid lines represent two-state fit of
the data points considered until 8 M urea (limited solubility of urea in presence of glycerol). The equilibrium plots were found to be reversible except in case of
30% glycerol (Fig. S7). A similar cooperativity index until 25% of the viscogen ensures minimal relative alteration of the energy landscape due to glycerol. B, plot
indicates a linear effect of dynamic viscosity of the solvent on two refolding rates and excludes any possibility of alteration in the free energy of refolding due
to presence of glycerol. C, comparison of refolding rates for both phases under normal native conditions (10% glycerol) and viscogenic conditions (25%
glycerol) where yi � log10ki. The higher effect of the viscogen on the slow refolding phase can be observed visually. D, as the stability of protein increases
appreciably in presence of viscogen like glycerol, the comparison in refolding rates is only viable under equal stability of native state with respect to denatured
conformation (isostable conditions). For simpler systems (two-state systems) the isostability is achieved by addition of denaturant to the refolding solution
under viscogenic conditions to exactly counter the resulting stabilization. For multistate protein MSG, the relative alteration in the slow refolding rate as
compared with that of faster phase, i.e. q (� (y2 
 y4)/(y1 
 y3)), is explored under different practical urea increments for achieving isostability, and it was found
to be greater than 1 always. The red dots for each urea concentration indicate multiple q values obtained for increments of 0.05 M urea intervals. The black
crosses represent q values for isostable conditions under the approximation of two-state behavior of the protein as shown in A. Under two-state assumption,
the rates of refolding in native buffer at 1 M urea can be directly compared with refolding rates at 1.61 M urea in viscogenic conditions. Error bars represent the
standard deviation of three individual studies.

Figure 9. Alternative (incorrect) schemes for modeling IM. A, model indi-
cates off-pathway placement of IM to unfolded state (U), and requires com-
plete unfolding prior to achieving correct folding rate. B, model contains
another possibility of placing IM, where the intermediate is considered as
off-pathway to another less unfolded on-pathway intermediate.
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ibrated in 4 – 6 M urea should imply a significant conversion
(probably complete) of the unfolded state to the IM (Fig. 4A),
and it requires a large bias of the Uº IM equilibria toward IM;
k(U 3 IM) �� k(U 4 IM). As IM 3 U is the unfolding step,
proceeding to correction, the net folding reaction can only pro-
ceed to native state if the rate for subsequent reaction, i.e. U3
I (Fig. 9A) is larger than that for U3 IM. The establishment will
make it impossible to populate IM in the initial stages of
refolding.

The additional possibility of placing IM in refolding model
could be as shown in Fig. 9B, where a fast rate (�50 s
1) for U3
ID conversion is proceeded by another fast ID3 IM (�50 s
1)
reaction, resulting in population of the misfolded intermediate.
However, modeling of IM 3 ID in accordance with the fast
refolding phase (�0.0197 � 0.003 s
1), a partial unfolding
before the correct route, would not allow the population to
come out of the IM trap due to huge bias toward it. As the
following reactions, i.e. ID3 IP etc., would have to be modeled
according to the chevron refolding limb near mid-point, and
they would have much lesser rates than �50 s
1, it becomes
impossible for the IM to overcome misfolding trap.

The only feasible way to draw kinetics scheme for the fast
phase of refolding could be if IM lies as an on-pathway mis-
folded intermediate whose partial unfolding (to ID) is modeled
in accordance with the apparent refolding rates at �1 M urea
(Fig. 10A). The further refolding step from ID to the next species

on the correct pathway becomes the rate determining step at
higher urea (between 1.5 and 2.5 M), resulting in the formation
of IN, another off-pathway species.

Sequential nature of two refolding reactions

As both the refolding chevron arms indicate assistance by
denaturant under strongly native conditions it can be inferred
that both of them stem from kinetic traps. Although it seems
intuitive to assume a common origin (IM) for both the reac-
tions, the slower phase with a slow rate of partial unfolding
(another rate-limiting step) would not take place due to the
availability of a parallel faster route. The two refolding reactions
need to be sequential in nature, which is further confirmed by
folding kinetics probed by fluorescence in the quencher’s pres-
ence (Fig. 5A). The interrupted refolding experiments despite
their low signal to noise ratio also support the notion of sequen-
tial nature of two refolding phases (Fig. 7).

As observed from the behavior of the interrupted refolding
kinetics, the amplitudes corresponding to the phase-1 (fast
unfolding phase at 7 M urea) do not reach to zero even after
complete refolding of MSG (confirmed by native MSG unfold-
ing kinetics). However, what appears to be the partial and slow
decay of the amplitude after completion of fast reaction should
result in a complete folding of the protein. The observation can
be explained based on the unfolding behavior of the protein in

Figure 10. Kinetic models for refolding and unfolding. A, refolding kinetics model for MSG under strong native conditions. Rates for unobservable kinetic
steps are hypothetical values and are shown in red. The values in black represent rate-determining steps of refolding and are adjusted according to hypothet-
ical rate values. IN behaves as an off-pathway intermediate whose partial unfolding to IP is a prerequisite for correct folding. The values in parentheses indicate
the dependence of natural log of rates on urea concentration. The microscopic rates for reverse reactions are neglected due to the assumption of refolding
under strong native conditions. B, unfolding kinetic model consists of initial rapid partition toward two unfolding pathways. The hypothetical rates (red) for
initial partition are adjusted to obtain amplitudes corresponding to phase-1 (fast phase) and -2 (slow phase) for unfolding at 7 M urea within �100 ms dead time
of mixing. The rest of the values (black) are proposed unfolding rates in the absence of urea whose variation with the denaturant is tuned by values shown in
parentheses. A common kinetic model satisfying both refolding and unfolding data requires the inclusion of additional species in the system, and will be
unreliable due to a large number of hypothetical rates. C, fitting of urea dependence of theoretical rates on the chevron plot. Where R1, R2, R3, R4, and R5 are
the refolding model rates corresponding to U3 IM, IM3 ID, ID3 IP, IP3 IN, IN3 IP steps, respectively. U1, U2, U3, and U4 are the unfolding model rates
corresponding to steps, N3 IY, IY3 IP, IP3U, and IX3U, respectively. D, population variation of individual species; U (red), IM (orange), IN (blue), and N (purple)
with time during refolding at 0.1 M urea (dashed lines). ID and IP do not populate to appreciable amounts during refolding (at 0.1 M urea). The net resultant signal
(thick gray line) is hypothesized based on optical signals for individual species, where the fluorescence for U, IM, and N have been fixed in accordance with
observed kinetic trace.
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which the fast unfolding phase is unable to distinguish native
species from populated stable intermediates (Fig. 10B).

During unfolding, an initial partition of the native state (N)
should result in fast and slow unfolding phases, where the
slower phase would correspond specifically to the native state,
with no intermediary species. However, the faster unfolding
phase (phase-1) should involve IY3 IP3 U reaction, where IP
should also populate during refolding. The scheme would imply
that the population probed by the phase-1 in interrupted
refolding kinetics corresponds to the combined population of
native (N) and on-pathway intermediate species (IP). Addition-
ally, the fast rate of IN 3 IP at 7 M urea should remain unob-
served, making amplitudes probed by phase-1, a result of com-
bined population of native and IN species together (IP being less
stable under native conditions).

Nature of initial collapse of unfolded polypeptide

Recent refolding studies with TIM barrel class of proteins
and analysis of other folds have provided clues in the formation
of misfolded intermediates and their correlation with the
tightly packed hydrophobic clusters of ILV residues, also
known as BASiC (for Branched Aliphatic amino acid Side
Chain) clusters (43–45). The tendency of ILV residues to
exclude water molecules combined with compaction due to
dewetting transition (46) provides a driving force for hydropho-
bic collapse and may stabilize a compact core with unsuitable
docking sites for further structure formation. The presence of
several hydrophobic clusters in MSG structure (Table 3; Fig.
S8) would result in polypeptide collapse and might be a feasible
reason for IM. The relatively lower absolute contact orders
(ACO) of the ILV residues in two large clusters (clusters 1 and
2) ensures correspondingly low entropic cost, pointing toward
their contribution to fast and stable core formation. However,
cluster 3 with a large number of contacts along with higher
ACO would require a much longer time, making the polypep-
tide vulnerable to non-native contact formation.

Furthermore, as the compact clusters are known to impede
penetration of water in the structure and are hypothesized to be
stable enough to reside in the high-energy intermediates, the
residual structure of MSG in 4 – 6 M urea might be a conse-
quence of the resulting stabilized core. Although the analysis
provides an intuitive molecular justification, it needs to be fur-
ther verified by mutational analysis.

Refolding mechanism of MSG

The refolding of MSG starts with a sub-millisecond collapse
of the unfolded polypeptide, resulting in the formation of com-

pact IM devoid of significant secondary structure. Although the
transient species appears to encounter the misfolding trap only
under strongly native conditions (�1 M urea), the collinear
behavior of its fluorescence and relative ellipticity signals with
that of equilibrium intermediate in 4 – 6 M urea point toward a
correlation between the two species. It was found that the
Stern-Volmer analysis of the equilibrium intermediates points
toward their highly open conformation; however, the equilib-
rium unfolding curve (Trp fluorescence probe) hints toward a
residual tertiary structure. At the molecular level, the kinetic
intermediate IM can be perceived as a product of hydrophobic
compaction with the formation of stable hydrophobic clusters
guiding the conformational search. Because of the large size of
the protein (and hence huge conformational entropy cost of
refolding), combined with the compact nature of IM, it becomes
highly probable for the polypeptide to form non-native interac-
tions in the initially collapsed state (i.e. misfolding trap). In the
same way, the equilibration of MSG to higher urea concentra-
tions (4 – 6 M) probably does not result in a complete loss of
tertiary structure due to the presence of stable hydrophobic
clusters (Fig. S8). Consequently, the protein achieves a residual
tertiary structure-containing state with lost �-helical content.
It can be imagined that the protein maintains similar interac-
tions in 4 – 6 M urea as formed in the kinetically populated IM
state; however, it remains open enough to have no helical con-
tent with a very high (similar to unfolded state) Stern-Volmer
coefficient (Fig. 2, B and C, and Table S1). As the available
evidence only allows us to propose the possible mechanism, the
exact link between two entities needs to be determined by using
techniques such as hydrogen-deuterium exchange probed by
mass spectrometry.

After achieving the conformational collapse, the correction
in misfolded state (IM) is achieved via partial unfolding (break-
ing of non-native interactions), which subsequently leads it to
another off-pathway trap, forming IN. The slow conversion of
IN to the native state is assisted by denaturant concentrations
(under strongly native conditions) (Fig. 3B) but meanwhile gets
impeded in the presence of microscopic viscogen (Fig. 8). As a
consequence, the molecular nature of IN appears to be an entity
with large sections (domains) of the protein folded but oriented
incorrectly, forming several non-native interactions. The slow
correction step involving partial disruption of the structure
would result in native state formation.

Kinetic modeling of refolding and unfolding mechanism

A common kinetic model of refolding and unfolding path-
ways over entire urea range requires the inclusion of additional
intermediate species. However, in the absence of sufficient
information, the defined pathways were only proposed under
strongly native and unfolding conditions (Fig. 10, A and B). As
the microscopic rates of all the steps could not be calculated,
hypothetical values (shown in red) were taken for obtaining fit
of the chevron plot (Fig. 10C). The relative concentrations of
the components in a kinetic model are a function of individual
microscopic rate constants as well as their denaturant depen-
dence, and hence the concentration of the putative intermedi-
ate species could not be derived based on the present evidence.

Table 3
BASiC clusters (43, 50) in MSG
The absolute contact orders for the clusters were calculated based on the identified
amino acids of the clusters (51, 52). The high values of absolute contact orders are
due to the large size of the protein.

Major clusters identified by
“BASiC networks (49, 50)”

(>500 Å2 buried)

No. of amino
acids

involved

No. of total
contacts
formed

Absolute
contact

order (51, 52)

Cluster 1 24 41 67.19
Cluster 2 20 31 51.03
Cluster 3 23 31 106.9
Cluster 6 14 16 96.75
Cluster 7 14 20 80.5
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Fig. 10D represents the fluorescence refolding trace for MSG,
based on theoretical fluorescence of intermediate species.

The unfolding theoretical model (Fig. 10B) agrees with the
initial missing signal of unfolding, which is modeled by a very
fast parallel partition, in accordance with the amplitudes of two
unfolding phases. The availability of two fast unfolding phases
for �7.5 M urea is justified by development of a transition bar-
rier (IP3 U) at high urea concentrations.

Scenario of the large multidomain protein folding

In this study, with the help of a number of biophysical tools
and computational techniques, we were able to propose the
sequence of events taking place during refolding of MSG.
Because of the large size of the protein, it is intuitive that the
high entropic cost of correct contacts formation, the complex
domain topology, and dominant hydrophobic clusters in the
protein should result in multiple misfolding traps on the folding
pathway. However, the spontaneous reversibility from such
local traps and the ability to achieve the final native state signify
a highly efficient folding mechanism. Although the refolding of
protein requires no assistance under in vitro (diluted) condi-
tions, the apparently slow refolding rate along with aggrega-
tion-prone tendencies of the intermediates (24) may highlight a
requirement of in vivo folding assistance under crowding cellu-
lar concentrations (47).

Experimental procedures

Protein production and buffer conditions

MSG was overexpressed and purified using nickel-nitrilotri-
acetic acid affinity chromatography as mentioned previously
(24). The protein is known to be stable and exhibits reversible
unfolding under optimized buffer conditions containing 20 mM

Tris (pH 7.9), 10 mM MgSO4, 300 mM NaCl, 10% glycerol, and 1
mM Tris(2-carboxyethyl)phosphine hydrochloride as reducing
agent. All the studies, unless specified, were conducted in the
described buffer conditions at 25 °C. Unfolding buffer was
prepared fresh with the same composition and additional
ultrapure grade urea as the denaturing agent. The concen-
tration of urea was determined by refractive index (Abbe-3L
refractometer).

Ensemble equilibrium unfolding experiments

The native MSG was equilibrated at a number of urea con-
centrations for a minimum of 10 h at 25 °C. Trp fluorescence
scans were accumulated in 315–500 nm (slit width � 10 nm)
range by excitation at 295 nm (slit width � 10 nm) in a 10-mm
quartz cuvette using Cary Eclipse fluorescence spectrophotom-
eter (Agilent Technologies). The emission signal intensity for
specific wavelength, e.g. 340 nm, was collected for 30 s and
averaged. Each data point is an average of three readings from
individual samples where a correction of signals due to buffer as
a background has been made. Reversibility was verified by equi-
librium refolding studies starting from 6.5 M urea unfolded
MSG.

Ellipticity scans and measurements at 222 nm were carried
out for samples prepared similarly, in 1-mm path length optical
cuvette using JASCO J-815 CD spectrophotometer (Jasco Inc.).

The reversibility of unfolding was verified by conducting equi-
librium refolding studies.

Ensemble kinetic experiments

All kinetic experiments were conducted in above-mentioned
buffer conditions at 25 °C to achieve reversibility. The Trp fluo-
rescence signals were collected at 340 nm by excitation at 295
nm and were corrected for background buffer fluorescence.
Signals for ANS were obtained at 450 nm, by excitation at 350
nm. The ellipticity of the protein at 222 nm was recorded to
monitor conformational transition.

Refolding—Unfolded MSG at 6.5 M urea was diluted in native
buffer manually, as well as via RX2000 stopped-flow module
(�100 ms of dead time) to record the refolding traces in a
10-mm quartz optical cuvette. The refolding protein concen-
tration was always kept between 0.1 and 0.4 �M, to achieve
complete reversibility (24). Refolding traces using Trp fluores-
cence in the presence of acrylamide were corrected for inner
filter effect (48).

Unfolding—Native protein was unfolded to a number of urea
concentrations via stopped-flow module as well as manual
method to obtain unfolding traces.

Interrupted refolding studies—The 6.5 M urea unfolded MSG
was allowed to refold in 0.1 or 2 M urea (as mentioned above)
for a definite amount of refolding time points, followed by a
second unfolding jump in 7 M urea. The unfolding traces at
different refolding time points were collected and analyzed
for amplitudes.

Interrupted unfolding studies—The native protein was al-
lowed to unfold in 8 M urea for a number of unfolding time
points, followed by a fast refolding jump (in 1 M urea). Refolding
kinetics traces were collected and analyzed.

Viscosity measurements

The viscosities of solutions were measured at 25 °C using
Cannon-Fenske viscometer size 50, calibrated using double-
distilled deionized water.

BASiC clusters in MSG

The BASiC clusters, with �500 Å2 surface area buried, were
identified using BASiC Networks on-line server (49, 50) and
verified by an in-house computational algorithm that considers
cluster as sets of contacts with a minimum six ILV side chains
arranged in compact form (�4.2 Å distance between heavy
atoms counts as a contact) (43). The ACO for the clusters was
calculated based on the identified amino acids of the clusters
(51, 52),

ACO � �1/N � ��nij (Eq. 1)

where N is the total number of contacts, and �nij represents
number of residues separating the pairs in contact.

Data analysis

Equilibrium studies—Equilibrium unfolding scans with Trp
fluorescence were subjected to singular value decomposition
(SVD) analysis using MATLAB (The Mathworks Inc.) to deter-
mine distinguishable components and their amplitudes. The
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two-state global fit of equilibrium unfolding curves is carried
out by nonlinear least-square regression to Equation 2,

yobs �
�a � b�urea	 � ��d � f�urea	 exp�
m�c50% 	 �urea	

1 � exp�
m�c50% 	 �urea	

(Eq. 2)

where yobs � experimental signal; a, b, and d, f represent the
y-intercept and slopes of native and unfolding baselines respec-
tively. m and c50% are the cooperativity index and denaturant
concentration where half of the protein population is unfolded,
respectively.

Kinetic studies and modeling—The kinetic traces were fitted
to exponential equations to obtain apparent rates as shown in
Equation 3,

y�t � y�� � �
i � 1

n

y iexp�
kt (Eq. 3)

where y(t) represents signals with respect to time and y(∞) is the
final signal after completion of kinetics. k represents apparent
rate, and t is the time. The pathways for refolding and unfolding
were modeled separately by calculation of the eigenvalues and
eigenvectors of the rate matrix (Fig. 10) as described previously
(53). The eigenvalue decomposition of the rate matrix was con-
ducted by MATLAB.
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V. (2010) Aggregation of a multidomain protein: a coagulation mecha-
nism governs aggregation of a model IgG1 antibody under weak thermal
stress. Protein Sci. 19, 279 –290 CrossRef Medline

21. Saluja, A., Sadineni, V., Mungikar, A., Nashine, V., Kroetsch, A., Dahl-
heim, C., and Rao, V. M. (2014) Significance of unfolding thermodynamics
for predicting aggregation kinetics: a case study on high concentration
solutions of a multi-domain protein. Pharm. Res. 31, 1575–1587 CrossRef
Medline

22. Fink, A. L. (1998) Protein aggregation: folding aggregates, inclusion bodies
and amyloid. Fold. Des. 3, R9 –R23 CrossRef Medline

23. Souillac, P. O. (2005) Biophysical characterization of insoluble aggregates
of a multi-domain protein: an insight into the role of the various domains.
J. Pharm. Sci. 94, 2069 –2083 CrossRef Medline

24. Dahiya, V., and Chaudhuri, T. K. (2013) Functional intermediate in the
refolding pathway of a large and multidomain protein malate synthase G.
Biochemistry 52, 4517– 4530 CrossRef Medline

25. Mayr, E. M., Jaenicke, R., and Glockshuber, R. (1997) The domains in
�B-crystallin: identical fold-different stabilities. J. Mol. Biol. 269, 260 –269
CrossRef Medline

Multidomain protein folding through misfolding traps

13282 J. Biol. Chem. (2018) 293(34) 13270 –13283

http://dx.doi.org/10.1016/S0959-440X(99)80053-0
http://www.ncbi.nlm.nih.gov/pubmed/10361097
http://dx.doi.org/10.1016/j.sbi.2004.03.011
http://www.ncbi.nlm.nih.gov/pubmed/15093836
http://dx.doi.org/10.1017/S0033583514000092
http://www.ncbi.nlm.nih.gov/pubmed/25225856
http://dx.doi.org/10.1073/pnas.1222130110
http://www.ncbi.nlm.nih.gov/pubmed/23319605
http://dx.doi.org/10.1074/jbc.M115.673871
http://www.ncbi.nlm.nih.gov/pubmed/26703476
http://dx.doi.org/10.1371/journal.pcbi.1004933
http://www.ncbi.nlm.nih.gov/pubmed/27163669
http://dx.doi.org/10.1038/ncomms9861
http://www.ncbi.nlm.nih.gov/pubmed/26572969
http://dx.doi.org/10.1038/nature10099
http://www.ncbi.nlm.nih.gov/pubmed/21623368
http://dx.doi.org/10.1073/pnas.0604580103
http://www.ncbi.nlm.nih.gov/pubmed/17108086
http://dx.doi.org/10.1038/nrm2144
http://www.ncbi.nlm.nih.gov/pubmed/17356578
http://dx.doi.org/10.1016/j.jmb.2011.04.057
http://www.ncbi.nlm.nih.gov/pubmed/21554889
http://dx.doi.org/10.1110/ps.051460505
http://www.ncbi.nlm.nih.gov/pubmed/16046626
http://dx.doi.org/10.1073/pnas.1406244111
http://www.ncbi.nlm.nih.gov/pubmed/25267632
http://dx.doi.org/10.1021/bi992519h
http://www.ncbi.nlm.nih.gov/pubmed/10715138
http://dx.doi.org/10.1074/jbc.M209248200
http://www.ncbi.nlm.nih.gov/pubmed/12393860
http://dx.doi.org/10.1074/jbc.M116.750877
http://www.ncbi.nlm.nih.gov/pubmed/27738104
http://dx.doi.org/10.1016/j.chembiol.2012.09.018
http://www.ncbi.nlm.nih.gov/pubmed/23261599
http://dx.doi.org/10.1073/pnas.0407792102
http://www.ncbi.nlm.nih.gov/pubmed/15637152
http://dx.doi.org/10.1110/ps.03174303
http://www.ncbi.nlm.nih.gov/pubmed/12930982
http://dx.doi.org/10.1002/pro.309
http://www.ncbi.nlm.nih.gov/pubmed/20014440
http://dx.doi.org/10.1007/s11095-013-1263-5
http://www.ncbi.nlm.nih.gov/pubmed/24398696
http://dx.doi.org/10.1016/S1359-0278(98)00002-9
http://www.ncbi.nlm.nih.gov/pubmed/9502314
http://dx.doi.org/10.1002/jps.20423
http://www.ncbi.nlm.nih.gov/pubmed/16052560
http://dx.doi.org/10.1021/bi400328a
http://www.ncbi.nlm.nih.gov/pubmed/23718231
http://dx.doi.org/10.1006/jmbi.1997.1033
http://www.ncbi.nlm.nih.gov/pubmed/9191069


26. Scott, K. A., Steward, A., Fowler, S. B., and Clarke, J. (2002) Titin; a mul-
tidomain protein that behaves as the sum of its parts. J. Mol. Biol. 315,
819 – 829 CrossRef Medline

27. Steward, A., Adhya, S., and Clarke, J. (2002) Sequence conservation in
Ig-like domains: the role of highly conserved proline residues in the fi-
bronectin type III superfamily. J. Mol. Biol. 318, 935–940 CrossRef
Medline

28. Das, B. K., Bhattacharyya, T., and Roy, S. (1995) Characterization of a urea
induced molten globule intermediate state of glutaminyl-tRNA synthe-
tase from Escherichia coli. Biochemistry 34, 5242–5247 CrossRef Medline

29. Acharya, N., Mishra, P., and Jha, S. K. (2016) Evidence for dry molten
globule-like domains in the pH-induced equilibrium folding intermediate
of a multidomain protein. J. Phys. Chem. Lett. 7, 173–179 CrossRef
Medline

30. Holzman, T. F., Dougherty, J. J., Jr., Brems, D. N., and MacKenzie, N. E.
(1990) pH-induced conformational states of bovine growth hormone. Bio-
chemistry 29, 1255–1261 CrossRef Medline

31. Silow, M., and Oliveberg, M. (1997) Transient aggregates in protein fold-
ing are easily mistaken for folding intermediates. Proc. Natl. Acad. Sci.
U.S.A. 94, 6084 – 6086 CrossRef Medline

32. Ptitsyn, O. B., Pain, R. H., Semisotnov, G. V., Zerovnik, E., and Razgulyaev,
O. I. (1990) Evidence for a molten globule state as a general intermediate in
protein folding. FEBS Lett. 262, 20 –24 CrossRef Medline

33. Mann, C. J., and Matthews, C. R. (1993) Structure and stability of an early
folding intermediate of Escherichia coli Trp aporepressor measured by
far-UV stopped-flow circular dichroism and 8-anilino-1-naphthalene sul-
fonate binding. Biochemistry 32, 5282–5290 CrossRef Medline

34. Jones, B. E., Jennings, P. A., Pierre, R. A., and Matthews, C. R. (1994)
Development of nonpolar surfaces in the folding of Escherichia coli dihy-
drofolate reductase detected by 1-anilinonaphthalene-8-sulfonate bind-
ing. Biochemistry 33, 15250 –15258 CrossRef Medline

35. Fan, Y. X., Zhou, J. M., Kihara, H., and Tsou, C. L. (1998) Unfolding and
refolding of dimeric creatine kinase equilibrium and kinetic studies. Pro-
tein Sci. 7, 2631–2641 CrossRef Medline

36. Vanhove, M., Lejeune, A., Guillaume, G., Virden, R., Pain, R. H., Schmid,
F. X., and Frère, J. M. (1998) A collapsed intermediate with non-native
packing of hydrophobic residues in the folding of TEM-1 �-lactamase.
Biochemistry 37, 1941–1950 CrossRef Medline

37. Wani, A. H., and Udgaonkar, J. B. (2009) Revealing a concealed interme-
diate that forms after the rate-limiting step of refolding of the SH3 domain
of PI3 kinase. J. Mol. Biol. 387, 348 –362 CrossRef Medline

38. Chrunyk, B. A., and Matthews, C. R. (1990) Role of diffusion in the folding
of the � subunit of tryptophan synthase from Escherichia coli. Biochemis-
try 29, 2149 –2154 CrossRef Medline

39. Jacob, M., and Schmid, F. X. (1999) Protein folding as a diffusional process.
Biochemistry 38, 13773–13779 CrossRef Medline

40. Hurle, M. R., Michelotti, G. A., Crisanti, M. M., and Matthews, C. R. (1987)
Characterization of a slow folding reaction for the � subunit of tryptophan
synthase. Proteins 2, 54 – 63 CrossRef Medline

41. Gekko, K., and Timasheff, S. N. (1981) Mechanism of protein stabilization
by glycerol: preferential hydration in glycerol-water mixtures. Biochemis-
try 20, 4667– 4676 CrossRef Medline

42. Hagen, S. J. (2010) Solvent viscosity and friction in protein folding dynam-
ics. Curr. Protein Pept. Sci. 11, 385–395 CrossRef Medline

43. Wu, Y., Vadrevu, R., Kathuria, S., Yang, X., and Matthews, C. R. (2007) A
tightly packed hydrophobic cluster directs the formation of an off-path-
way sub-millisecond folding intermediate in the � subunit of tryptophan
synthase, a TIM barrel protein. J. Mol. Biol. 366, 1624 –1638 CrossRef
Medline

44. Gu, Z., Zitzewitz, J. A., and Matthews, C. R. (2007) Mapping the structure
of folding cores in TIM barrel proteins by hydrogen exchange mass spec-
trometry: the roles of motif and sequence for the indole-3-glycerol phos-
phate synthase from Sulfolobus solfataricus. J. Mol. Biol. 368, 582–594
CrossRef Medline

45. Forsyth, W. R., Bilsel, O., Gu, Z., and Matthews, C. R. (2007) Topology and
sequence in the folding of a TIM barrel protein: global analysis highlights
partitioning between transient off-pathway and stable on-pathway folding
intermediates in the complex folding mechanism of a (��)8 barrel of
unknown function from B. subtilis. J. Mol. Biol. 372, 236 –253 CrossRef
Medline

46. Liu, P., Huang, X., Zhou, R., and Berne, B. J. (2005) Observation of a
dewetting transition in the collapse of the melittin tetramer. Nature 437,
159 –162 CrossRef Medline

47. Dahiya, V., and Chaudhuri, T. K. (2014) Chaperones GroEL/GroES accel-
erate the refolding of a multidomain protein through modulating on-
pathway intermediates. J. Biol. Chem. 289, 286 –298 CrossRef Medline
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