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Abstract

Experimental determination of the key features of the free energy landscapes of proteins, which dictate their
adeptness to fold correctly, or propensity to misfold and aggregate and which are modulated upon a change
from physiological to aggregation-prone conditions, is a difficult challenge. In this study, sub-millisecond
kinetic measurements of the folding and unfolding of the mouse prion protein reveal how the free energy
landscape becomes more complex upon a shift from physiological (pH 7) to aggregation-prone (pH 4)
conditions. Folding and unfolding utilize the same single pathway at pH 7, but at pH 4, folding occurs on a
pathway distinct from the unfolding pathway. Moreover, the kinetics of both folding and unfolding at pH 4
depend not only on the final conditions but also on the conditions under which the processes are initiated.
Unfolding can be made to switch to occur on the folding pathway by varying the initial conditions. Folding and
unfolding pathways appear to occupy different regions of the free energy landscape, which are separated by
large free energy barriers that change with a change in the initial conditions. These barriers direct unfolding of
the native protein to proceed via an aggregation-prone intermediate previously identified to initiate the
misfolding of the mouse prion protein at low pH, thus identifying a plausible mechanism by which the

ruggedness of the free energy landscape of a protein may modulate its aggregation propensity.

© 2018 Published by Elsevier Ltd.

Introduction

The free energy landscape of a protein describes
all possible conformations of the protein: the
monomeric unfolded (U), native (N), and intermediate
(I) states, as well as aggregated states. The free
energy landscape is encoded in the protein sequence
[1,2] and is modulated by external factors such as pH,
temperature, and solvent, which are also important in
the maintenance of protein solubility and function.
Under physiological conditions, aggregated states of
proteins may be more stable than soluble, monomeric
states [3]. Nevertheless, proteins conformationally
convert into aggregated forms with surprising rarity in
vivo, which suggests that large free energy barriers
and other kinetic factors obviate their aggregation
propensities [4,5]. However, the differences in the
nature of intrinsic free energy barriers which separate
the different monomeric soluble states of proteins, and

0022-2836/© 2018 Published by Elsevier Ltd.

which separate these states from aggregated states,
remains unclear.

Energy barriers on a protein free energy surface
originate from incomplete enthalpy-entropy compen-
sation [6-9], which may be due to conformational
frustration [10]. The foldability of the protein is
determined by the heights of these energy barriers
[11]. Large barriers on folding pathways can lead to
the transient population of apparently discrete
intermediate states. The partially formed structures
of folding intermediates may make them prone to
misfolding and aggregation, especially if the inter-
mediates are long-lived. On the other hand, small
energy barriers, which would be the result of near-
perfect enthalpy-entropy compensation, lead to an
apparently barrier-less folding process [12—-15]. It
has been suggested that very fast folding proteins,
which fold in a down-hill, barrier-less manner, could
be more aggregation-prone [16]. It has become clear
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Prion misfolds on a rugged free-energy landscape

that the cooperativity of folding reactions has an
important role in determining whether the protein will
misfold or not.

The presence of a single dominant energy barrier,
as against a multitude of small barriers, to folding, is
often considered to be an evolutionary strategy to
minimize the aggregation of proteins. Nevertheless,
if only a single folding pathway were to be present,
deleterious mutations might make the protein either
unable to fold or more susceptible to misfolding [17].
Multiple folding routes not only make proteins more
robust folders and less susceptible to the effects of
mutations [18], but they also enhance the adaptabil-
ity of proteins to variations in cellular demands and
facilitates the acquisition of new traits during
evolution [19]. A comprehensive understanding of
how barrier heights or folding cooperativity, as well
as multiplicity of folding routes or folding heteroge-
neity, modulate the aggregation propensities of
proteins demands a comparative analysis of the
free energy surface of a protein in soluble and in
aggregation-prone conditions.

In the case of the prion protein, aggregation-prone
intermediates have been identified in both folding
[20—23] and unfolding [24] studies, as well as by
pressure perturbation studies [25]. In the case of the
mouse prion protein (moPrP), an early study could
not detect any intermediate at physiological pH [26],
but recent studies carried out at low pH have
detected a molten globule-like, aggregation-prone
intermediate, obligatory for the folding of the protein
[27,28]. These studies indicated that the folding of
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moPrP is a barrier-limited process, with predomi-
nantly one folding pathway being operative. In
contrast, single-molecule force spectroscopy studies
have provided evidence for multiple misfolding
pathways accessed from the unfolded state of the
protein [29] and have indicated that the energy
landscape is rugged.

The current study reports the results of kinetic
folding studies that were carried out on the C-terminal
globular domain of the mouse prion protein (CTD
moPrP), to gain insights into the complexities of the
free energy landscape under both physiological
(pH 7) and aggregation-prone (pH 4) conditions. A
fluorescence-sensitive variant of CTD moPrP
(W144F/F174W CTD), dm CTD (Fig. 1) was used.
At pH 7, both the folding and unfolding reactions
were found to be describable, quantitatively, by a
mechanism that incorporates a sequential, linear
pathway on which at least two intermediate states
are transiently populated. In marked contrast, at
pH 4, at least two pathways were found to be
utilized, with the unfolding pathway being distinct
from the refolding pathway. Even more remarkably,
the folding/unfolding pathway utilized depended on
the initial conditions, that is, where on the energy
landscape folding/unfolding was commenced from.
Denaturant modulated the energy landscape, so
that that the unfolding pathway could be made to
become accessible during refolding, and the refold-
ing pathway could be made to become accessible
during unfolding. Importantly, the intermediate
identified on the unfolding pathway appeared to be
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Fig. 1. Structural and spectroscopic characterization of dm CTD. (a) Residues W144 and F174 (orange) mutated to
W144F/F174W moPrP (121-231) referred to as dm CTD. The a-helices are shown in green, B-strands in red, loops in pale
yellow and the disulfide linking residues C178 and C213 in blue. The PDB ID is 1AG2. (b) Fluorescence spectrum of native
(=) and unfolded (- -) dm CTD upon excitation at 295 nm at pH 4, 25 °C, normalized to the fluorescence signal of the native

protein at 360 nm.
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similar to the intermediate previously identified to be
the monomeric precursor conformation from which
misfolding initiates [30]. In summary, the current
study experimentally validated several theoretically
predicted features of energy landscapes of proteins,
which have been rarely observed in earlier studies.

Results

Kinetic studies of dm CTD at pH 7

Figure 2a shows representative kinetic traces of
the unfolding of native dm CTD, starting from 3 M
urea, to final urea concentrations in the range of 5 to
6.8 M. Figure 2b shows a kinetic unfolding trace at
6.8 M urea with single (red) and double exponential
(black) fits through the data. It is seen that this kinetic
trace and all the other kinetic unfolding traces fit
satisfactorily only to a double exponential equation.
An initial lag phase was observed in all the kinetic
unfolding traces, which suggested the existence of
an intermediate with native-like fluorescence, which
populates within ~50 ps of the initiation of unfolding.

dm CTD, unfolded in 7.9 M urea, was refolded at
final urea concentrations ranging from 2.3 to 5 M.
Figure 2c shows representative kinetic refolding
traces, which, along with all other kinetic refolding
traces, fit satisfactorily to a double exponential
equation as evident from the residuals of a represen-
tative trace in Fig. 2d. At any urea concentration, the
fluorescence value obtained by extrapolating the
double exponential fit to zero time, was found to be
higher than the fluorescence value obtained by
linearly extrapolating the unfolded protein baseline
of the equilibrium unfolding transition, to the same
urea concentration.

Figure 3a is a plot of the dependence of the
observed rate constants of the fast and slow phases
obtained from double exponential fits to the unfold-
ing and refolding kinetic traces, on urea concentra-
tion. It is important to note here that at the
intermediate concentration of 5 M urea, the ob-
served rate constant of unfolding of native dm CTD
was identical to that obtained from refolding to 5
from 7.9 M urea. The initial and final fluorescence
signals of all kinetic traces of unfolding were
identical to those expected from equilibrium unfold-
ing of the protein (Fig. 3b), indicating that all
unfolding reactions were monitored till completion.
In contrast, the initial signals of the kinetic traces of
refolding were higher than those expected from the
linear extrapolation of the unfolded protein baseline
of the equilibrium unfolding study (Fig. 3b). This
indicated that a refolding intermediate with a
fluorescence signal higher than expected for the
unfolded state in refolding conditions (which is
given by the linearly extrapolated unfolded protein

baseline) was populated during the burst phase of
refolding. The final fluorescence signals of kinetic
traces of refolding in concentrations of urea in the
range of 2.3 to 4 M were in agreement with the
equilibrium unfolding curve of the protein (Fig. 3b).
However, the final fluorescence signal in refolding
to intermediate urea concentrations in the range of
4 to 5 M was higher than expected (Fig. S1 in Sl),
suggesting that dm CTD refolds to native-like N*
state in the sub-millisecond timescale from where it
folds to N-state on a much slower timescale. This
slow phase was not observed during the unfolding
of native dm CTD to identical final urea
concentrations.

Global analysis of kinetic data at pH 7

The kinetic traces of unfolding in urea at concen-
trations in the range of 5 to 6.8 M and that of
refolding in the range of 2.3 to 4 M urea, along with
the dependences of the observed rate constants of
the fast and slow kinetic phases on urea concentra-
tion, were globally fit to a reduced three-state model
(Scheme 2 in Materials and Methods). The solid
lines in Fig. 3a represent the rate constants obtained
from a numerical solution of the differential equations
describing Scheme 2 (see Materials and Methods).
The global fits of representative refolding and
unfolding kinetic traces are shown in Fig. S2 (SI).
The fluorescence values obtained for the intermedi-
ate states |y and I, were 0.9 + 0.02 and 8.5 + 0.6,
indicating that 1; had native-like fluorescence prop-
erties, whereas |, had unfolded-like fluorescence
properties. The burst-phase increase in signal during
refolding was accounted for by the very fast
accumulation of |,, as observed from the kinetic
traces simulated at these urea concentrations using
a four-state kinetic model (Fig. S2 in Sl). The global
analysis yielded the values of the microscopic rate
constants defining the reduced three-state mecha-
nism, as well as of the parameters, which define their
denaturant dependences (Fig. 3). These parameters
are listed in Table 1. The equilibrium constants
obtained for each elementary step were used to
calculate the fractional populations of N, 14, I, and U
at equilibrium at different denaturant concentrations,
as shown in Fig. 3c. The fluorescence signal arising
from the populations of the N, |4, I, and U at any urea
concentration was in good agreement with the
fluorescent signal expected at that urea concentra-
tion from equilibrium unfolding studies (data not
shown). Figure 3c indicates that the kinetic interme-
diates were populated substantially at equilibrium at
concentrations of urea greaterthan 5 M. |, and |, are
maximally populated to 20% and 17% at high urea
concentrations. Interestingly, in a previous study, co-
incident equilibrium unfolding transitions monitored
by circular dichroism and by fluorescence at 280-nm
excitation had suggested that the unfolding transition
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is two-state [30]. It seems that |4, in addition to having tural content similar to that of U. Hence, these
N-like fluorescence properties, also has secondary  intermediates could not be distinguished in the
structure similar to that of N. I,, in addition to having previous equilibrium unfolding study of dm CTD at
U-like fluorescence properties, has secondary struc- pH 7 [30].
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Fig. 2. Folding kinetics of dm CTD at pH 7. Effect of urea on the folding kinetics of dm CTD monitored by a change
in intrinsic tryptophan fluorescence at 360 nm. (a) Unfolding kinetic traces: 3 -5 M (@), 3 > 6 M (e), and 3 — 6.8 (e) urea
(bottom to top); non-linear least square fits of the data to a double exponential equation (—) shown. Inset shows the initial
parts of the reactions. (b) Representative unfolding kinetic trace in 6.8 M urea (e). Fits of the kinetic unfolding trace to a
double (—) and a single exponential equation (—), respectively, with corresponding residuals (black: double and red: single
exponential fit) shown. Fluorescence signal of native dm CTD in 3 M urea (- -) shown in panels a and b. (c) Refolding
kinetic traces of dm CTD unfolded in 7.9 M urea: 7.9 - 4 M (@), 7.9 -> 3.5 M (e), and 7.9 - 2.3 M (e) (top to bottom); non-
linear squares fits of the data to a double exponential equation (—) shown. Inset shows the initial parts of the reactions. (d)
Representative refolding kinetic trace in 2.3 M urea (e). Double (=) and single (—) exponential fits to the data with the
corresponding residuals shown below (cyan: single and black: double exponential fit). Fluorescence signal of dm CTD
unfolded in 7.9 M urea (- -) shown in panels ¢ and d. All the kinetic refolding and unfolding traces have been normalized to
the fluorescence of the native protein in 3 M urea.
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Fig. 3. Dependence of the rates and amplitudes of the fast and slow kinetic phases of folding of dm CTD at pH 7 on urea
concentration. (a) Denaturant dependences of observed rate constants of the fast (o) and slow phases (o) of refolding and
unfolding; Apparent rate constants of refolding and unfolding (—) predicted by global analysis of the kinetic data using
Scheme 2 (Materials and Methods); global analysis also yielded rate constants of inter-conversion of I, and U in the
denatured state ensemble; forward (- -) and backward (- -) microscopic rate constants of the N « |, step; forward (---) and

the I, < U step. (b) o, Equilibrium unfolding transition relative to the N-state fluorescence in 3 M urea; a, t=0and v, t=
fluorescence signals, in 2.3—4 M urea obtained from double exponential fits to the refolding kinetic traces; A, t=0and v, f=«
fluorescence signals, in 5—6.8 M urea obtained from double exponential fits to unfolding kinetic traces; fluorescence signals

N (o), intermediates |4 (4) and I» (T), and U (v) on urea concentration, determined from the equilibrium constants obtained
from global analysis of the kinetic data.

Kinetic folding studies on dm CTD at pH 4

Destabilization of the nat|ve state of dm CTD by as
much as 2.6 kcal mol™" and an increase in the
aggregation propensity of the protein at pH 4 are
indirect indications of the potential influence pH
might have on tuning the free energy landscape of
the prion protein. At pH 4, an aggregation-prone,
partially unfolded intermediate [30] is known to be
selectively populated; hence, folding studies in such
solvent conditions were expected to provide insights
into whether this intermediate is obligatory for
folding.

Kinetic unfolding and refolding experiments of
native dm CTD were carried out at pH 4 at protein

concentrations ranging from 6 to 24 pM. As shown in
Fig. S3, folding kinetics at pH 4 was observed to be
independent of protein concentration. Kinetic unfold-
ing studies were carried out by unfolding the native
protein at high urea concentrations in the range of 3
to 6.2 M. Since the rate constants obtained from
kinetic unfolding data for native dm CTD starting
from 0 to 1.9 M urea were identical (data not shown),
all unfolding kinetic data reported here were obtain-
ed starting with native dm CTD in 1.9 M urea, which
enabled the study of unfolding of the protein at
higher urea concentrations. Figure 4a shows repre-
sentative kinetic unfolding traces along with the fits
to a double exponential equation. Figure 4b shows a
representative kinetic trace of unfolding in 6.2 M

Table 1. Kinetic parameters obtained from a global analysis of the folding and unfolding kinetics of dm CTD at pH 7, using

Scheme 2 (reduced from Scheme 1)

Unfolding Refolding Free energy (kcal mol™")
Rate constants m value Rate constants m value AGJy =6.5
(s (kcal mol™" M) (s (kcal mol™" M)
K 151 +3 m 0.43 £ 0.02 K, 28,790 + 2000 m_ -0.28 + 0.005 AGY 45
K3 435 + 55 ms 0.3 + 0.01 K% 15,582 + 1000 m_s -0.01 + 0.002 AGS 2.1
K3 7820 = 750 ms 0.8 = 0.05 K 6967680 m_s -0.7 = 0.04 AGS -0.7

The global fits indicated that the fluorescence values of I and | relative to the fluorescence value of N at pH 7 are 0.9 + 0.02 and 8.5 +
0.6, respectlvely The denaturant dependences, s, and s;,of the fluorescence of |y and I,, are 0.001 and 1.5 + 0.2, respectively. AGRU,
AGO, AG2,and AG3 represent the free energy change of unfoldlng from N to U, N to |4, I1 to I, and I to U, respectively, in the absence of
urea.
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Fig. 4. Folding kinetics of dm CTD at pH 4. Effect of urea on the folding kinetics of dm CTD monitored by the change in
intrinsic tryptophan fluorescence at 360 nm. (a) Kinetic unfolding traces: 1.9 -4 M (@), 1.9 -5 M (), and 1.9 - 6.2 M (»)
urea (bottom to top); non-linear least squares fits of the data (—) to a double exponential equation shown. Inset shows the
initial parts of the reactions. (b) Representative unfolding kinetic trace in 5 M urea (#); fits of the kinetic unfolding trace to a
double (—) and a single (—) exponential equation shown with the corresponding residuals (black: double and red: single
exponential fit). (¢) Kinetic refolding traces: 6 -~ 4.2 M (), 6 -~ 3.7 (») Mand 6 -~ 1.7 M (e) urea (top to bottom); non-linear
least-squares fit of the data (—) to a double exponential equation. Inset shows the initial parts of the reactions.
(d) Representative kinetic refolding trace in 1.7 M urea (#); double (=) and single (—) exponential fits to the data with the
corresponding residuals shown (upper: single, lower: double exponential fit). All kinetic refolding and unfolding traces have
been normalized to the signal of the native protein in 1.9 M urea. - - shows relative fluorescence signals for native protein in
1.9 M urea in panels a and b and for unfolded protein in 6 M urea in panels ¢ and d.

urea, where the presence of a lag phase is evident.
In all kinetic unfolding traces, a lag phase that
completes in ~50 ps was observed. From the single
and double exponential fits to the data in Fig. 4b and
from the residuals of both the fits, it is quite evident
that the kinetic trace fits best to a double exponential
equation, which accounted for the lag phase. This
suggested that an intermediate with N-like fluores-
cence accumulates within 50 ps, which unfolded

across a rate-limiting energy barrier to the denatured
state ensemble. All the kinetic unfolding traces, as
well as the dependences of the observed rate
constants on urea concentration, obtained from fits
to these traces, were fit globally to a reduced three-
state unfolding mechanism (Scheme 2). Figure S4
(SI) shows representative simulated unfolding kinet-
ic traces, which fit to the data. The microscopic rate
constants of interconversion between the
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Table 2. Kinetic parameters obtained from a global analysis of the unfolding kinetics of dm CTD at pH 4, using Scheme 2
(reduced from Scheme 1)

Unfolding Refolding Free energy (kcal mol™)
Rate constants m value Rate constants m value AG%U 4.7
(s™ (kcal mol~' M) (s (kcal mol™* M)
K 2x10%+66 my  0.1%0.04 K, 19+006x10° m,; -05=0.012 AGY 2.7 £ 0.1
kI 14x10°+£290 m, 023216 K  61x24x10* m., -0.26 + 0.01 AG32.3 0.1
K 42x4 ms 00420013 K5 22+2 m.;  -0.043 + 0.01 AG3-0.3+0.1

The global fits indicated that the fluorescence values of I (I; in Scheme 2) and |, at pH 4 relative to the fluorescence value of the native
state at pH 4 are 1.1 + 0.07 and 2.8 + 0.9, respectively. The denaturant dependences, s;, and s,,of the fluorescence of Iy and I, at pH 4,
are 0.04 + 0.01 and 1.0 + 0.3, respectively. AGX, AG?, AG3,and AGS represent the free energy change of unfolding fromNto U, N to Iy,

Iy to I, and I to U, respectively, in the absence of urea.

conformations populated on the unfolding pathway
and their dependences on urea concentration are
reported in Table 2. The equilibrium populations of
N, unfolding intermediate Iy (I; in Scheme 2) and
denatured state ensemble (lo" which is D’ at pH 4)
determined from the global analysis of the unfolding
data (Table 2), predicted the experimentally ob-
served equilibrium unfolding curve [30].

Kinetic refolding studies of dm CTD at pH 4 were
carried out at urea concentrations in the range of 1.7
to 5 M. Representative kinetic refolding traces are
shown in Fig. 4c. All refolding traces fit well to a
double exponential equation, as seen for a repre-
sentative kinetic trace of refolding to 1.7 M urea
shown in Fig. 4d. Figure 4c and d shows that a burst-
phase increase in fluorescence occurred during the
37-us dead time of mixing, indicating that a hyper-
fluorescent intermediate (l,") must be populated
during the dead time of mixing. The hyperfluores-
cence phase is most prominent at lower urea
concentrations where the extrapolated fluorescence
signal at the initiation of the refolding reaction is
maximum (Fig. S5, Sl). Surprisingly, the hyperfluor-
escence signal observed at the initiation of refolding
also increased with an increase in the concentration
of urea in which dm CTD was denatured, as shown
for refolding in 4 M urea of dm CTD that had been
unfolded in 6.5, 7, and 7.5 M urea (Fig. S5, Sl).

An important result was that when refolding and
unfolding reactions were carried out in 4 M urea,
starting from 6 and 1.9 M urea, respectively, the
kinetics of the approach to equilibrium were not
identical (Fig. 5a). Refolding was faster than unfolding.
Figure 5b confirms that the rate constants of relaxation
at4 M urea were indeed different when the relaxation
was started from U or from N. Figure 5¢ shows that the
observed rate constant of the fast phase, which
defines chevron A4, did not depend on the starting
concentration of urea, but that the observed rate
constant of the slow phase did depend on the starting
concentration of urea. The relaxation rate constants
observed for refolding starting from protein unfolded in
6 M urea defined chevron A,, and those observed for

unfolding starting from native protein in 1.9 M urea
defined chevron A5 (Fig. 5¢). Figure 5d shows that the
fractional amplitudes of the fast and slow phases of
folding and unfolding did not depend on the starting
concentration of urea. The unexpected observation
that the relaxation rate constants at the same urea
concentration depended on whether the relaxation
was commenced from U or from N suggests that the
folding and unfolding pathways are different at least in
the range of urea concentrations where both can be
studied. Consequently, it was not possible to fit both
the folding and unfolding data to a single pathway of
folding and unfolding (Fig. S4, Sl).

Kinetic unfolding studies on dm CTD
pre-equilibrated in 3 or 4 M urea at pH 4

To further validate the observation that the
relaxation kinetics at intermediate urea concentra-
tions depended on the initial conditions from which
the jump in urea concentration was affected, the
kinetics of unfolding in 5.6 M urea was studied when
unfolding was commenced from protein that had been
equilibrated in 1.9 M urea, and from protein that had
been equilibrated in 3 or 4 M urea. Figure 6a and b
shows that the approach to equilibrium in 5.6 M urea
was significantly faster when the protein was initially in
3 or 4 M urea than when it was initially in 1.9 M urea.
Surprisingly, the observed rate constants of the slow
unfolding phase for the 3 to 5.6 M urea and from 4 to
5.6 M urea jumps did not fall on the A3 chevron (Fig.
5c¢) as did the rate constant observed for the 1.9 to
5.6 M urea jump but fell instead on the A, chevron
defined by the rate constants observed for refolding.

Previously, it had been shown thatin 4 M urea, dm
CTD exists as 33% N, 44% U, and 23% Iy, where Iy
is an aggregation-prone intermediate [30]. The near
absence of a lag phase for unfolding from 3 or 4 M
urea to higher concentrations of urea (Fig. 6a) may
be attributed to the faster unfolding of Ig, which has
higher fluorescence compared to the unfolding of N.
In contrast, the protein exists as Nin 1.9 M urea, and
the lag phase was clearly apparent.
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Fig. 5. Evidence for different pathways of refolding and unfolding of dm CTD at pH 4. (a) Representative kinetic trace of
refolding: 6 — 4 M urea, (@), and unfolding: 1.9 — 4 M urea, (»). — shows free fits of the kinetic traces to double exponential
equations; — shows fluorescence signal at equilibrium in 4 M urea. Inset: Solid black line through the refolding kinetic trace e) is
the fit to a double exponential equation with the rate constants constrained to those from a free fit of the unfolding trace
obtained in 4 M urea. — through the unfolding kinetic trace (#) shows the fit to a double exponential equation by constraining the
rate constants obtained from a free fit of the refolding kinetic trace at 4 M urea. (b) Residuals of the free fit (purple) and
constrained fit (pink) to the kinetic trace of refolding and that of the free fit (red) and constrained fit (cyan) to the kinetic trace of
unfolding in 4 M urea. (c) Denaturant dependences of the observed rate constants of the fast (squares) and slow (circles)
phases of refolding (red) and unfolding (green) obtained from double exponential fits to refolding kinetic traces starting from
6 M urea, and unfolding kinetic traces starting from 1.9 M urea, to various concentrations of urea. The lines through the data are
drawn to guide the eye. (d) Dependence of the fractional amplitudes of the fast (squares) and slow (circles) kinetic phases of
unfolding from 1.9 M urea to higher urea concentrations (green) and refolding from 6 M urea, to lower urea concentrations
(red). In all cases, the amplitudes are obtained from double exponential fits of the kinetic traces of unfolding and refolding.

When refolding from 6 M urea was carried out at  was commenced from 3 M urea to identical lower

lower concentrations of urea, the fast and slow
relaxation rate constants defined the chevrons A4
and A, (Fig. 5¢), respectively. Refolding from 4 M to
lower urea concentrations occurred, however, in a
single kinetic phase (Fig. 6b) at rate constants
defining the A5 chevron. Surprisingly, when refolding

concentrations of urea as refolding from 6 or 4 M
urea, the entire fluorescence change occurred again
in a single phase but at a rate constant falling on the
Az chevron and as predicted from global analysis of
kinetic unfolding data for those urea concentrations
[Figs. 6b, ¢ and S4c (Sl)]. Hence, refolding was
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5.6 M kinetic trace to a double exponential equation shown (—). Non-linear least squares fit of the kinetic traces: 3 - 5.6 M
(=) and 4 - 5.6 M (—) urea to a single exponential equation shown. Inset shows the initial parts of the reactions;
fluorescence signals in 4 M (--), 3 M (-+), and 1.9 M (--) urea, shown relative to fluorescence signal in 1.9 M urea.
(b) Kinetic trace of refolding from 6 — 2.5 M urea (—); non-linear least squares fit of the data to a double exponential
equation (—); refolding kinetic traces from 4 -~ 2.5 M (—) and 3 - 2.5 M (—) urea, respectively. (—) and (-) are non-linear

urea, relative to fluorescence signal in 1.9 M urea shown. Inset shows the initial parts of the reactions. — in panels a and b
is the fluorescence signal at 5.6 and 2.5 M urea, respectively, obtained from equilibrium unfolding transition of dm CTD at
pH 4. (c) Denaturant dependences of the observed rate constants of the fast (squares) and slow (circles) phases of
refolding (red) and unfolding (green) obtained from double exponential fits to refolding kinetic traces starting from 6 M urea
and unfolding starting from 1.9 M urea to various concentrations of urea; observed rate constants of the fast (inverted) and
slow (upright) unfolding phases from 4 M (dark red) and from 3 M (black) to higher concentrations of urea obtained from
double exponential fits to the data. Kinetic traces of unfolding from 4 - 7 M and 4 » 7.5 M were fit to single exponential
equations as the lag phase was not temporally resolvable. Observed rate constants of refolding from 3 M (v) and from 4 M
(v) to lower concentrations of urea obtained from single exponential fits to the kinetic traces of refolding. (d) Dependence of
the fractional amplitudes of the fast (squares) and slow (circles) kinetic phases of unfolding from 1.9 M urea to higher urea
concentrations (green) and refolding from 6 M urea, to lower urea concentrations (red) obtained from double exponenial
fits of the kinetic traces of unfolding and refolding. The dark red and black triangles are the dependence of fractional
amplitudes of the fast (inverted) and slow (upright) phases of unfolding from 4 and 3 M urea, respectively, to higher
concentrations of urea; fractional amplitudes of refolding from 4 (v) and 3 M (v) urea to lower concentrations of urea. The
lines through the data in panels ¢ and d are to guide the eye.
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slower when commenced from 3 M than from 6 or
4 M urea.

Discussion

The free energy landscape is relatively smooth
atpH 7

The equilibrium unfolding study at pH 7, which
suggested two-state unfolding of dm CTD [30], was
unable to capture the complexities observed in the
kinetic folding studies reported here. The kinetic
studies indicate that unfolding/folding at pH 7 occurs
predominantly via a linear, sequential folding pathway,
on which at least two intermediates are populated.
Folding becomes more complex at intermediate urea
concentrations (4—5 M), where the relative stabilities of
N and U differ by only ~2.5 kcal mol™'. The final
fluorescence of the protein at 1 ms of refolding was
higher than that expected from the equilibrium unfold-
ing transition and reached the equilibrium fluorescence
signal on a slower time scale (Fig. S1, SlI). This
suggests that an additional slow kinetic phase of
refolding occurs from a N* state of higher fluorescence
to the N state, which is not observed during unfolding
to identical urea concentrations. The slower time scale
of conversion from N* to N suggests that a large
energy barrier is present. The data suggest that in 4 to
5 M urea, folding dm CTD molecules, after crossing
the major folding energy barriers, get trapped in the N*
state while searching for the N state.

Distinct unfolding and refolding pathways are
utilized at pH 4

When protein folding and unfolding reactions
occur via the same pathway in opposite directions,
the observed kinetics of relaxation following a jump
or drop in denaturant concentration will depend only
on the final denaturant concentration and be
independent of the initial conditions [31-35]. On
the other hand, when the folding or unfolding kinetics
are found to depend on the initial conditions, the
utilization of multiple parallel pathways, accompa-
nied by shifts in the positions of the native,
intermediate or unfolded conformations along a
multidimensional free energy surface, is indicated
[36—-39]. In this study, the observation that when dm
CTD was unfolded and refolded at the same final
urea concentration, starting from different initial
conditions, the rate constant of the major (80%)
phase of unfolding was half that of the major (80%)
phase of refolding, indicates that folding does not
follow the same kinetic pathway as unfolding. It was
not possible to fit both the folding and unfolding data
to any model involving reversible folding pathways,
which are linear or parallel. When the unfolding data

were globally fit to Scheme 2 to obtain the
microscopic rate constants of folding and unfolding
for each of the individual steps, it was found that the
predicted folding rate constants did not predict the
experimentally determined A values (Fig. 5c). More-
over, during folding, an initial burst of hyperfluores-
cence was observed, which represents the formation
of the denatured ensemble D'. Global analysis of the
kinetic data on unfolding does not, however, predict
the occurrence of an initial burst of hyperfluores-
cence during refolding. Very importantly, the results
suggest that folding protein molecules traverse a
different region of the free energy landscape than do
unfolding protein molecules. The thermodynamic
states accessible from the unfolding pathway are not
accessible to folding molecules, and vice versa; if
they were, then the rate constants observed for
folding and unfolding would have depended only on
the final urea concentration and not on the initial urea
concentration from which the folding and unfolding
reactions were commenced.

A switch in the unfolding pathway is observed
upon change in the initial conditions

In a previous equilibrium unfolding study [30], it
had been shown that the unfolding of dm CTD was
describable by a N « | « U mechanism, where | is an
intermediate with N-like fluorescence. In 3 M urea,
the three-state analysis suggested that the popula-
tion of protein molecules consists of 67% N, 18% |,
and 15% U, while in 4 M urea, it consists of 33% N,
23% |, and 44% U. Surprisingly, however, the total
fluorescence change that occurred upon unfolding
protein pre-equilibrated in either 3 or 4 M urea was
found to occur in only one kinetic phase. This
suggests that the earlier minimalistic three-state
analysis of the equilibrium unfolding data was an
over-simplification and that unfolding is more com-
plex: more intermediates must be present. What,
however, is more remarkable is that the kinetics of
unfolding starting from protein pre-equilibrated in
either 3or4 M urea is very different from that starting
from protein pre-equilibrated in 1.9 M urea (in which
the protein is native). In fact, the observed rate
constants of unfolding from 3 or 4 M urea fall on the
Ao chevron defined by the observed rate constants of
refolding and not on the A3 chevron defined by the
observed rate constant of unfolding starting from
1.9 M urea. This result indicates that in 3 or 4 M
urea, but not in 1.9 M urea, protein molecules can
access the refolding pathway on the free energy
landscape. In addition, the data in Fig. 6 indicate that
while the protein in 4 M urea can refold via the
refolding pathway (with an apparent rate constant
defined by the A, chevron), protein in 3 M urea
refolds by the unfolding pathway used by native
protein molecules (starting from 1.9 M urea) to
unfold. It appears therefore that at intermediate
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Fig. 7. Schematic representation of the free energy surfaces at varying urea concentrations. x; and x, represent
generalized unfolding reaction coordinates. The symbols N, Iy, and TSy represent the native state, unfolding intermediate
and transition state on the unfolding pathway, respectively. The symbols Iz and TSy are the refolding intermediate, and
transition state of the refolding pathway, respectively. D’ refers to the denatured state ensemble. The subscripts denote the
urea concentration. The arrows represent jumps from an initial to a final urea concentration. The arrows on the final surface
indicate possible pathways. The refolding pathway is indicated by red arrows and unfolding pathway by green arrows. The
black arrows with a cross indicate that the thermodynamic states are not accessible from each other. The roughness of the
landscape and a large energy barrier between TS, and TSg, which make these two pathways inaccessible, have been

indicated by an arrow with a cross for simplification.

urea concentrations, protein molecules are parti-
tioned into two different regions of the free energy
landscape, which are separated by large free energy
barriers. Protein molecules in one region cannot
access the other region in the sub-millisecond time
domain over which folding occurs. In future studies, it
would be interesting to examine the effect of varying
the time of equilibration in 3 M or 4 M urea, on the
folding and unfolding kinetics of the protein. Surpris-
ingly, the rate constant corresponding to the fastest
phase of refolding (~20,000 s~') is not observed in
the fit to the kinetic refolding traces of dm CTD,
obtained upon jumps from either 3 or 4 M urea, to
lower urea concentrations.

Experimental evidence of folding of dm CTD on
a multi-dimensional energy landscape

The observation that the major pathway utilized for
(un)folding depends on the initial conditions can be
explained only if un(folding) is considered to com-

mence from different points on a multi-dimensional
free energy landscape, with the positions of the N, I,
and denatured states being dependent on the urea
concentration. Figure 7 illustrates how the complex
free energy surfaces of dm CTD at pH 4 might vary at
different concentrations of urea. Two scenarios of un
(folding) have been illustrated: (a) When the urea
concentration is jumped from 0-1.9 to 6 M urea,
unfolding proceeds via the intermediate I, and
transition state TSy to the denatured state ensemble.
When the urea concentration is jumped from 6 M
to lower urea concentrations, refolding proceeds via
the refolding intermediate Ig and transition state TSg.
(b) Starting from 3 M urea, unfolding at higher urea
concentrations proceeds via Iz and TSg, while
refolding at lower urea concentrations proceeds via
IU and TSU

When equilibrated in 3 M urea, 67% of dm CTD
molecules are present as N [30], which should unfold
at rates identical to those seen for the unfolding of N
starting from 0 to 1.9 M urea. However, 80% of the
molecules were observed to unfold with rate
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constants falling on the refolding chevron arm (Ay),
suggesting that although N has identical fluores-
cence properties in 0—1.9 M urea and in 3 M urea,
the N state in 3 M urea must have shifted on the free
energy surface along another reaction coordinate
where the lowest energy pathway for unfolding is the
refolding pathway. Similarly, the 15% U molecules
presentin 3 M urea should refold with rate constants
identical to those observed for the refolding of U
starting from 6 M urea. But this was not observed
(Fig. 6). All U molecules, starting from 3 M urea,
refolded with rate constants falling on the unfolding
chevron arm (A3). These observations suggest that
both N and U, and likely the | states as well, shift
along a reaction coordinate different from the
fluorescence coordinate. Such movements of N
and U on a multi-dimensional free energy landscape
results in to the folding pathway utilized being
dependent on initial conditions, as has been
observed earlier for small proteins, which are two-
state or downhill folders [36,37,39].

Low pH-induced energetic frustration results in
folding via multiple pathways

For dm CTD, it seems that the free energy
landscape at pH 7 is sufficiently smooth that the
folding and unfolding routes utilized are separated
by very small energy barriers. Consequently, the
folding and unfolding routes all merge into a single,
sequential, linear pathway. It seems that a change in
pH to 4 induces barriers on the free energy
landscape, which are large enough to prevent
exchange between the populations of folding and
unfolding molecules on the millisecond time scale.
Consequently, unfolding and folding protein mole-
cules would utilize different, distinct pathways
separated by the energy barriers, and traverse
different regions of the free energy landscape. The
barriers and free energy landscape themselves
appear to change with a change in denaturant
concentration in such a way that a previously
inaccessible region defining a folding pathway
becomes accessible to unfolding protein molecules,
or a previously inaccessible region defining an
unfolding pathway becomes accessible to folding
protein molecules.

At pH 4, energy barriers large enough to separate
the populations of folding and unfolding molecules
could arise from structural and energetic constraints
in the conformations sampled, which would be the
result of competing native and non-native interac-
tions, cavity formation from imperfect fits of amino
acid side chains, or structural rearrangements
between locally favorable secondary and tertiary
structures [8,10,40,41]. In the case of moPrP, it
might even be possible that its single disulfide bond
is present in alternative conformations at pH 4 but
not at pH 7. The transitions between the alternative

conformations could be slow (in the millisecond time
domain) [42,43] compared to the folding transitions,
and this may lead to the folding and unfolding
kinetics being dependent on the initial conditions.
This explanation for pH-induced energy barriers
keeping apart folding and unfolding conformations
on the free energy landscape at pH 4 appears,
however, unlikely because an NMR study of prion
proteins in the pH range of 3.5 to 7 did not observe
any line broadening of the resonances arising from
the disulfide-bonding residues [44], and because
another NMR study did not detect any structural
perturbation of the disulfide-bonded residues in the
native state of moPrP at intermediate urea concen-
trations [45].

The most plausible reason for the heights of
barriers separating the populations of molecules on
the folding and unfolding pathways on the free
energy landscape of moPrP, increasing dramatically
upon a reduction in pH from 7 to 4, is that
electrostatic interactions become significantly per-
turbed. NMR studies have shown that structure at
the C-terminus of helix 2 of moPrP, is drastically
affected when the pH is lowered to below pH 4.8,
because of the protonation of H186. Molecular
dynamics simulations have indicated that the pro-
tonation of H186 in turn disrupts the network of
electrostatic interactions in the protein [46-48].
Theoretical studies have also indicated that
electrostatic networks, including salt bridges, play
a critical role in maintaining the integrity of PrP
structure [49,50], and it is well known that the
perturbation of a salt bridge can drastically alter the
height of a free energy barrier in protein folding [51].
In the case of moPrP itself, it is the perturbation of
the K193—-E195 salt bridge that initiates misfolding
and oligomerization [52]. Moreover, mutational
studies on other proteins have brought out how
sub-optimal electrostatic interactions can lead to
significant frustration on the free energy landscape
[53].

Ruggedness on protein free energy landscapes
make the energy basins of thermodynamic states
rough [19,41,54-56]. This slows down diffusion of
the folding protein chain on the free energy
landscape and increases the barrier crossing time
(the pre-exponential factor in Kramer's theory). On a
one-dimensional free energy landscape, the diffu-
sion constant has been shown to increase expo-
nentially with the mean of squared ruggedness [54].
On the multi-dimensional free energy landscape of
protein folding, ruggedness could be expected to
have an even larger effect on the diffusion constant
and hence on the barrier crossing time. In this
context, it should be noted that dm CTD folds and
unfolds in the sub-millisecond time domain, indicat-
ing that the barrier heights on the folding and
unfolding pathways, which slow down the reactions,
are about 5-6 kgT. It might therefore be expected
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that the ruggedness observed at pH 4 would make
the folding of dm CTD slower at pH 4 than at pH 7,
but that is not observed (Figs. 3—-6). It seems that the
large free energy barrier dominates over the
ruggedness of the free energy landscape.

Ruggedness of energy landscape and its role in
protein aggregation

A free energy landscape defined by many small and
large barriers separating different states is expected to
be populated by intermediate states to different
extents, depending on their Boltzmann distribution.
Since the free energy landscape appears to reflect a
trade-off between folding and function [11,57], the
presence of multiple minima could be crucial for
function [58-60]. Multiple states of similar energies
but marginally different structures may be selectively
populated in the presence of specific ligands, or by
changing the pH or solvent conditions, which are
crucial for its function. Although protein sequences
have evolved to decrease their propensity to aggre-
gate [61], protein motions may lead to the population of
functionally relevant metastable states which are
nevertheless aggregation-prone, such as those ob-
served in the case of apomyoglobin [5], iLBPs [62],
serpins [63], and ataxins [64].

In the case of moPrP, previous studies have
indicated that the N state is structurally dynamic and
can access high energy folding intermediate states
referred to as partially unfolded forms (PUFs) [65].
One of these PUFs (PUF2) was seen to initiate
misfolding and oligomerization at low pH [30]. In the
current study, it was observed that PUF2 is similar in
energy to Iy (I; in Scheme 2), the unfolding
intermediate, which is populated on the unfolding
pathway of native protein. The ruggedness on the
free-energy landscape of dm CTD at pH 4 is such
that it results in the protein unfolding via the
obligatory aggregation-prone intermediate. This is
most likely the reason behind the high oligomeriza-
tion propensity of the protein at low pH. At
physiological pH, the protein aggregates only upon
destabilization of the native state by denaturant, or
upon exposure to harsh conditions.

A very early stopped-flow kinetic study, with
millisecond time resolution, of the folding of the
CTD of the F174W variant of moPrP, at pH 7 and at
4 °C, had failed to detect any folding intermediates
[26]. In contrast, the current study of the folding of dm
CTD, using continuous flow mixing with microsecond
time resolution, has identified two folding intermedi-
ates. Folding intermediates have also been identified
in folding studies of the human prion protein [20—-23]
and the sheep prion protein [24]. The effect of
pathogenic mutations on the extent to which these
intermediates were populated suggested the in-
volvement of the intermediates in the aggregation
of the proteins [21,24].

Earlier studies of the folding and unfolding of the
Y217W mutant variant of moPrP atlow pH (pH 2 and
4.8) had revealed four-state reversible unfolding and
the accumulation of a molten globule-like intermedi-
ate [27,28]. Although the same studies reported
single exponential folding kinetics, the curvature
seen in the folding arm of the chevron was indicative
of at least one folding intermediate. The current
study has revealed an even greater complexity in the
folding and unfolding of the dm CTD variant of
moPrP at low pH (pH 4), with the folding and
unfolding kinetics being observed to be dependent
on the initial conditions. This dependence on initial
conditions, which was not investigated in the earlier
studies of the folding/unfolding of the human PrP
and Syrian hamster PrP [20-24,27,28], makes it
difficult to compare the intermediates observed in
the earlier studies to those observed in the current
study. In the earlier studies, aggregation has been
implicated to initiate from early refolding intermedi-
ates [20,21,23] or from the unfolded state [29,66].
The aggregation propensities of the intermediates
identified in the current study will be studied in the
future.

Conclusion

The free energy surface of dm CTD has been
shown to be altered drastically by a change in pH. At
pH 7, where the protein misfolds only upon drastic
destabilization, folding and unfolding occur via one
principal pathway populated by two intermediates. At
pH 4, where the protein is prone to aggregation,
folding and unfolding occur via independent path-
ways, both of which are populated by intermediate
states accessible either for folding or for unfolding.
The two pathways on the free energy landscape
appear to be kept separate by large and small
barriers that attest to a ruggedness of the landscape
at pH 4, which is not seen at pH 7. The utilization of
the pathways and hence the rate constants ob-
served for folding and unfolding depend surprisingly
on not only the final conditions but also on the
starting conditions. This observation provides strong
evidence for the modulation of the free energy
landscape by the physico-chemical conditions in
which the protein is present. Misfolding and aggre-
gation appear to initiate from the intermediate
populated on the unfolding pathway of the protein
starting from native-like conditions.

Materials and Methods

Protein expression and purification

dm CTD [W144F/F174W moPrP (121-231)] was
purified as described earlier [30].
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Chemicals and buffers

The chemicals used in this study were obtained
from Sigma, unless mentioned otherwise. For
experiments that were carried out at pH 4, the
native buffer (NB) was 20 mM sodium acetate, and
the unfolding buffer (UB) was NB containing
variable concentrations of urea (obtained from US
Biochemicals) in the range 0—10 M. The pH in both
buffers was adjusted to 4. For experiments that
were carried out at physiological pH, the NB was
50 mM sodium phosphate and the UB was NB
containing variable concentrations of urea in the
range 0—10 M. The pH in both buffers was adjusted
to 7. All solutions were filtered through 0.22 pm
filters from Whatman.

Microsecond mixing kinetic studies of the
folding and unfolding of dm CTD

All folding kinetic studies were carried out at
25 °C. The intrinsic fluorescence of W174 of dm
CTD was used to monitor the urea-induced unfold-
ing/refolding of dm CTD using a custom-made
continuous flow set up described elsewhere [67].
The excitation wavelength used was 295 nm and
emission was monitored at 360 nm. The mixing
dead time was determined to be 37 +5 us by
monitoring the kinetics of the quenching of the
fluorescence of NATA (N-acetyl-L-tryptophana-
mide) by different concentrations of N-bromo succi-
nimide (NBS), under pseudo first-order reaction
conditions.

Non-uniform illumination along the length of the
channel was accounted for by expressing the signal
from the continuous flow as relative fluorescence [68]
which was calculated according to the following
equation:

SRel = a——a— (1)

where Sge is the relative fluorescence signal, Sy is
the signal from the reaction, and Sg is the signal from
the corresponding buffer. Sy refers to the signal of
the sample used for normalization which is constant
with time, and Sy is the signal of the corresponding
buffer. The unfolding traces were normalized to the
fluorescence of native dm CTD at identical protein
concentration, in 1.9 M urea at pH 4, orin 3 M urea
at pH 7. The refolding kinetic traces were normal-
ized to the signal of unfolded protein of identical
concentration, in 6 M urea at pH 4, orin 7.9 M urea
atpH 7.

In unfolding studies carried out at pH 4, native dm
CTD in 1.9 M urea was mixed in a 3:4 ratio with UB
to obtain final urea concentrations in the range 3 to
6.2 M. For refolding studies carried out at pH 4, dm
CTD was unfolded in 6 M urea and equilibrated for

15 to 30 min. The refolding reaction was initiated by
mixing the unfolded protein with NB containing
variable concentrations of urea either in the ratio
2:5 or in the ratio 3:4 such that the final urea
concentration was in the range of 1.7 to 4.5 M.

In unfolding studies carried out at pH 7, native dm
CTD (in 3 M urea) was mixed in a 3:4 ratio with UB to
obtain final urea concentrations in the range of 5 to
6.8 M. For refolding studies at pH 7, dm CTD was
unfolded in 7.9 M urea and equilibrated for 30 min.
Refolding was initiated by mixing the unfolded
protein with NB in the ratio 2:5 or 3:4 such that the
final concentration of urea was in the range of 2.3 to
5 M.

The relative fluorescence values defining each
kinetic trace at both pH 4 and at pH 7 was calculated
using Eq. (1). The protein concentrations used for
the kinetic folding experiments were in the range of 6
to 24 pM, and the combined flow rate used in mixing
was 7 mL/min.

Folding kinetics at pH 4 from different initial
conditions

dm CTD, pre-equilibrated in either 3 or 4 M urea,
was either unfolded by mixing with UB, to obtain final
urea concentrations in the range of 5.6 to 7.5 M, or
refolded by mixing with NB, to obtain final urea
concentrations in the range of 1.7 to 2.5 M.

dm CTD pre-equilibrated in 6.5 to 7.5 M urea was
refolded by mixing with NB to a final urea concen-
tration of 4 M.

Data analysis

The normalized kinetic traces of the unfolding and
refolding of dm CTD at pH 4 and pH 7 were fitted to a
single or a double exponential equation using Sigma
plot. In every case, the residuals were carefully
compared to determine the best fit to the data. From
the double exponential fits to the kinetic traces, the
rate constant and amplitude of each kinetic phase of
refolding or unfolding at any particular denaturant
concentration were obtained.

Global analysis of kinetic data at pH 7

For global analysis of the kinetic refolding and
unfolding data, all kinetic traces were normalized to
the signal of the native protein at 3 M urea. The
normalized kinetic traces were fit to a kinetic model,
after making the following assumptions: all folding
and unfolding reactions were considered to be uni-
molecular. Indeed, the rate constants obtained from
the kinetic studies were found to be independent of
the concentration of the protein used. The depen-
dence of the log of each microscopic rate constant of
conversion between two species was considered to
have a linear dependence on urea concentration, as
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shown in Eq. (2).

i
Ink; = Ink? + ( %) x [urea] 2)

Here, k° and k; are the microscopic rate constants
in the absence and presence of the denaturant urea,
respectively. i is an elementary reaction step
between two conformations. m# is a measure of
the difference in accessible surface area between
the starting conformation and the transition state
(TS) defining the step, R is the universal gas
constant, and T is the temperature. The protein
was considered to be completely in the unfolded
state (U) in strongly denaturing solvent conditions
and completely in the native (N) state in native
solvent conditions. The global fitting of the kinetic
data was done using a matrix-based program [32,69]
written in MATLAB® [70].

Solution for the four-state sequential scheme

Global fits of the kinetic data to a three-state linear
or parallel pathway model were unable to account for
the experimental kinetic data. However, a simple
linear model with four states (Scheme 1) could fit the
normalized refolding and unfolding kinetic traces of
dm CTD at pH 7. The four-state model when further
simplified and reduced to a three-state linear
pathway model was also able to explain the kinetic
data. This is described as below:

ki (mi) k2 (m2) K3 (m3
é“ é‘ —
N= ,
k-1 (m-l) k—z (m-2) k-3 (m-3)
Scheme 1.

Here, ki, ko, and ks are the microscopic rate
constants of conversion of Nto Iy, Iy to I, and I, to U,
respectively, and the microscopic rate constants for
the backward reactions I to N, I>to Iy, and U to |, are
k_1, ko, and k_s, respectively. The kinetic mvalue for
each step is m;, where iis any elementary reaction
step between two conformations as indicated in the
scheme. The net equilibrium constant (K) of the
overall unfolding reaction shown in Scheme 1 is
equal to the product of the ratios of the forward to
backward rate constants of each step involved, as
shown in Eq. (4).

The assumption that under all denaturing condi-
tions, the I, to U inter-conversion is much faster than
the inter-conversion rates of the other elementary
reaction steps would mean that a pre-equilibrium is
established between I, and U. Hence, the four-state
scheme may be reduced to the following three state
scheme in which I’ represents the pre-equilibrium
mixture of I, and U.

Here,

and

Ky — Ko _ Ul (4)

~
w

where k_3 = —k":’,‘fﬁ(

Kis the net equilibrium constant of unfolding from
N to U. Scheme 2 may be described by the following
system of first order linear differential equations:

dN

M kN + k) (52)
d/1 ’ 1
. ki.[NJ=(k-1 + k2).[4] + KLp.[l;]  (5Db)
Cgt ka.[l1]=KL,.[1] (5¢)
K1 (m1) k2 (m2)
q é
I\J‘<&--:]5-<%-- ][2
k-1 (m-1) k-2'(m-2")
Scheme 2.

The elementary rate constants at any given dena-
turant concentration calculated using Eq. (2) were
used to define a rate matrix based on the above
differential equations [Egs. (5a)—(5c)] describing a
reduced three-state sequential scheme. The eigen-
values of the rate matrices at each denaturant
concentration were calculated using the MATLAB
function eig. To generate fluorescence monitored
kinetic refolding and unfolding traces, MATLAB
function odes23s was used to solve the differential
equations for Scheme 2 [Egs. (5a)—(5c)] for a particular
set of initial conditions, and the fractional concentra-
tions of N, Iy, and I, were obtained at different times, ,
at any particular denaturant condition. The fluores-
cence monitored kinetic unfolding and refolding traces
were then generated using Egs. (6)—(8).

Fr(t) = Fx.INJ(t) + Fi,.[4](t) + Fy.[lo] () (8)
where,
~ (Fi,+ Ks.Fu)
Fo=—trKe ()
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Here, Fr is the normalized fluorescence signal
at time f Fn, F, F, and Fy are the relative
fluorescence signals of the N, |4, I, and U states
relative to that of the N state in 3 M urea; and the [N
(0], [11(H],and [lo'(H)] are the concentrations of N, Iy,
and I;" at any time t. The fluorescence of I’ was
determined using Eq. (7). The fluorescence values
of the Iy and |, states were assumed to be linearly
dependent on urea as shown in Eq. (8), where F? is
the fluorescence of state jin the absence of urea,
and s;is its dependence on urea concentration. The
fluorescence values of the native (Fy) and unfolded
(Fy) states were obtained from linear extrapolations
of the native and unfolded protein baselines to high
and low urea concentrations, respectively, as shown
by the dashed and dotted lines in Fig. 3b.

Fi = F° + s.urea] (8)

For fitting, the initial set of values of the fitting
parameters (k, m;, F l\(l)/l1/l2/U, and sy 2u) Were
simultaneously varied using the MATLAB function
“fminsearchbnd.” At any urea concentration, the
fluorescence value obtained by extrapolating the
double exponential fit to zero time was found to be
higher than the fluorescence value obtained by
linearly extrapolating the unfolded protein baseline
of the equilibrium unfolding transition, to the same
urea concentration to achieve the lowest least-
squares difference between the experimental and
simulated kinetic data by MATLAB.

The parameters thus obtained from the best fit of the
global analysis of folding kinetics at pH 7 obtained the
dependence of the forward and backward microscopic
rate constants of individual steps upon unfolding from
N to U on urea, the resultant observed kinetic rate
constant and the relative fluorescence change upon
unfolding or refolding.

Global analysis of unfolding kinetic data at pH 4

Since the rate constants observed for unfolding
and refolding at identical final urea concentrations
were two-fold different, a combined global analysis
of both unfolding and refolding data was not
possible. Kinetic unfolding traces of dm CTD at
pH 4 normalized to the fluorescence signal of native
dm CTD at 1.9 M urea were globally fit to Scheme 2.
In the subsequent text and figures for pH 4, |4 in
Scheme 2 is referred to as Iy and |, represents the
denatured state ensemble, D'.
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