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This paper analyzes the effect of pH on thermodynamic stability, low-frequency local motions and
microsecond folding kinetics of carbonmonoxycytochrome c¢ (Cyt-CO) all across the alkaline pH-
unfolding transition of protein. Thermodynamic analysis of urea-induced unfolding transitions of Cyt-
CO measured between pH 6 and pH 11.9 reveals that Cyt-CO is maximally stable at pH~9.5. Dilution of
unfolded Cyt-CO into refolding medium forms a native-like compact state (NCO-state), where Fe?*—CO
interaction persists. Kinetic and thermodynamic parameters measured for slow thermally-driven CO
dissociation (NCO— N+CO) and association (N+CO— NCO) reactions between pH 6.5 and pH 13 reveal
that the thermal-motions of M80-containing Q-loop are decreased in subdenaturing limit of alkaline pH.
Laser photolysis of Fe>*-CO bond in NCO-state triggers the microsecond folding (NCO— N). The micro-
second kinetics measured all across the alkaline pH-unfolding transition of Cyt-CO produce rate rollover
in the refolding limb of chevron plot, which suggests a glass transition of NCO en route to N. Between pH
7 and pH 11.9, the natural logarithm of the microsecond folding rate varies by < 1.5 units while the
natural logarithm of apparent equilibrium constant varies by 11.8 units. This finding indicates that the
pH-dependent ionic-interactions greatly affect the global stability of protein but have very small effect on

folding kinetics.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

The stability of proteins is generally governed by electrostatic
[1-3], hydrophobic [4,5] and hydrogen bonding [6,7] interactions.
However, the relative contributions of each of these interactions
vary from one protein to another and also with the solution con-
ditions under which protein is exposed [3,5]. Particularly, the ionic
interactions in proteins seem to be very complex, sometimes
favorable and sometimes unfavorable. The electrostatic in-
teractions have great importance in protein structure and function
[8,9]. The contributions of electrostatic interactions to protein sta-
bility are generally determined by evaluating the thermodynamic
stability of protein as a function of pH [9—11]. In general, pH
modulates the thermodynamic stability of proteins by altering the
charges on ionizable groups. A number of previous studies indicate
that the ionic interactions among the charged residues play
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important roles in protein folding and stability [8,12—15]. Apart
from the stability of native proteins, the ionic interactions also play
significant role in the folding pathway. Two recent pH-dependent
theoretical and experimental studies on prion protein have
revealed that the extreme acidic pH can misfold the prion protein
which could refold again by enhancing the pH back to 7 [16—18].
The pH-dependence of stability [9—11,19—40] and millisecond
folding kinetics of proteins have been widely investigated
[9—11,36—40]. However, the pH-dependence of internal dynamics
and microsecond folding dynamics of proteins have received less
attention [41,42]. The present work analyzes the effect of pH on
thermodynamic stability, low-frequency local motions (i.e., thermal
collisions due to collective motional mode of the M80-containing
Q-loop) and microsecond folding kinetics of Cyt-CO all across the
alkaline pH-unfolding transition of protein. The present work also
estimates the development of electrostatic interactions in the
transition state for folding of Cyt-CO. Cytochrome c (Cyt c) is pri-
marily known as an electron-carrying mitochondrial heme protein
that also involves in initiation of apoptosis. Upon release of Cyt c to
the cytoplasm, the protein binds apoptotic protease activating
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factor-1 (Apaf-1). The clusters of anionic and cationic residues on
Cyt c play an important role in binding of Cyt c to cyt oxidase, cyt
reductase and other components of electron transfer chain [43,44].
An earlier report showed that the (de)protonations of ionic residues
due to the change in pH of mitochondrial intermembrane space
influence the binding efficacy of Cyt c to these components, which
in result alter the normal function of Cyt ¢ and thus induce the
apoptosis [45].

The axial ligands of heme iron in native ferrocytochrome c
(Ferrocyt c) are H18 and M80. Furthermore, the binding of alter-
native ligands is strongly disfavored under physiological conditions
[46]. However, CO and other exogenous ligands have such a strong
affinity for binding with Fe’>* of heme that they can displace the
native M80 ligand under partially denaturing conditions [47—52].
Cyt-CO continues to be a standard model for protein folding and
dynamics studies [47—52]. The dilution of unfolded Cyt-CO into
native buffer results in the collapse and formation of native-like
compact state (NCO-state) [48—50]. NCO-state preserves the non-
native Fe?*—CO contact and exhibits the generic properties of
molten globules (MGs) [48—50]. Pulsed laser photolysis of the CO
ligand in NCO-state triggers the microsecond folding (NCO— N)
[48—50]. Thermal-fluctuations of the M80-containing Q-loop con-
trol the slow thermally-driven CO dissociation (NCO— N-+CO) and
association (N+CO—NCO) reactions [51,52]. Analysis of pH-
dependent thermal-fluctuations and microsecond folding kinetics
of NCO reveals that (i) thermal-motions of Q-loop are decreased in
subdenaturing limit of alkaline pH, and (ii) NCO— N folding pro-
ceeds via at least one glassy state.

2. Materials and methods
2.1. Chemicals and protein

Horse heart cytochrome c (Cyt c) (type VI) and all other chemical
were purchased from Sigma. All equilibrium and kinetic experi-
ments of Cyt-CO were carried out in a mixer of buffers (10 mM of
each Tris, disodium hydrogen phosphate and CAPS (3-[Cyclo-
hexylamino]-1-propanesulfonic acid) under controlled anaerobic
atmosphere.

2.2. Equilibrium unfolding measurements

Cyt ¢ samples were prepared in 0—11.0 M range of urea. For
equilibrium unfolding measurement of Ferrocyt ¢, Cyt ¢ samples
containing different concentrations of urea were deaerated by us-
ing dry nitrogen gas and reduced by using freshly prepared sodium
dithionite solution. Cyt-CO samples were prepared by purging dry
CO gas into freshly prepared Ferrocyt ¢ samples for a minute. Prior
to fluorescence measurements, Ferrocyt c and Cyt-CO samples were
incubated for an hour at 25 °C. Fluorescence emission spectra
(excitation: 280 nm, emission: 310—410 nm) were measured at
25 °C using a FluoroMax-3 instrument (Jobin-Yvon, Horiba). The
final concentrations of reductant and protein were ~3 mM and
12 pM, respectively. The concentrations of the urea solutions were
measured on the basis of refractive index (Abbe refractometer). The
final concentrations of urea are those measured after experiments.

2.3. Measurement of pH-titrations of Ferrocyt c both in the absence
and presence of CO

Cyt c samples were prepared in a mixer of buffers. pH of protein
samples were adjusted from pH 7 to pH 13.5 by using concentrated
NaOH. These protein samples were deaerated using dry N; gas and
reduced by adding freshly prepared sodium dithionite solution
under strict anaerobic atmosphere. For measurement of pH

titration of Cyt-CO, dithionite-reduced protein samples were
saturated with CO by passing a slow stream of dry CO gas through
solution for a minute. Protein samples were incubated for ~40 min
in tightly capped glass tubes at 25 °C. Fluorescence emission
(excitation: 280 nm, emission: 310—410 nm) and optical absorption
(380—750 nm) spectra were recorded at 25 °C. The final concen-
trations of sodium dithionite and protein were ~3 mM and ~12 uM,
respectively. The final pH of protein samples were those measured
after experiments. pH titration curves of Cyt-CO were analyzed by
using the transformed Henderson-Hasselbalch equation (eq (1))
[53],

A+ B[107(PH—Cn)]

17 107 M

Yobs -

where, A and B are the normalized spectroscopic signals for the
denatured and folded states, respectively, C, is pH denaturation
midpoint, and n is the number of OH™ ions titrated during
transitions.

2.4. Measurement of far-UV CD spectra of Cyt-CO

Urea-unfolded Cyt-CO (UCO) was prepared by passing the dry
CO gas into Ferrocyt ¢ containing ~10.5 M urea at pH 7 under N,
atmosphere. UCO was diluted into degassed and dithionite reduced
CO-free buffers between pH 7 and pH 13. This procedure allows
refolding of UCO to NCO between pH 7 and pH 12. However, above
pH 12.5, UCO remains unfolded. The far-UV CD spectra of NCO-state
between pH 7 and pH 13 were recorded on Jasco 810 CD
spectrophotometer.

2.5. Measurement of 'TH NMR spectra of Cyt-CO

Base-unfolded Cyt-CO (UCO) was prepared by passing dry CO
gas into alkaline Ferrocyt at pH 13 under N atmosphere. UCO (pH
13) was diluted into degassed and dithionite reduced buffer at pH 6,
7.5 and 13. This procedure allowed refolding of UCO to NCO at pH 6
and 7.5 but at pH 13, UCO remains unfolded. After dilution of UCO
(pH 13) into pH 6 and pH 7.5 buffers, the pH of these buffers drifted
from 6 to 7.5 and 7.5 to 10.7. The 'H NMR spectra of NCO at pH 7.5
and 10.7 and UCO at pH 13 were recorded on JEOL 400 MHz
spectrometer.

2.6. Preparation of the NCO-state and measurement of CO
dissociation kinetics

Unfolded Cyt-CO (UCO) was prepared by CO ligation to unfolded
Ferrocyt c at pH 7 under N, atmosphere. NCO-state was prepared by
about 100 fold dilution of UCO into a desired pH deaerated and
dithionite-reduced CO-free refolding buffer. The fast UCO— NCO
process subsequently follows the slow thermally-driven
NCO— N+CO dissociation. CO dissociation kinetics was measured
by heme absorbance (550 nm) at 22 °C. For CO dissociation kinetic
experiments, the final concentrations of protein and sodium
dithionite were ~10 uM and ~3 mM, respectively.

2.7. Measurement of CO association kinetics

CO-association kinetics was performed with the same method
as described previously [52]. Briefly, ~20 pl solution of Ferrocyt ¢
(1 mM, pH 7) was mixed rapidly with a 2 ml of CO-saturated buffer
of a desired pH containing ~2.5 mM sodium dithionite. CO associ-
ation kinetics was measured by heme absorbance (550 nm) at
22 °C. For CO association kinetic experiments, the final concen-
trations of protein and sodium dithionite were ~10 uM and ~3 mM,
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respectively.
2.8. Measurement of millisecond refolding kinetics of UCO-state

Cyt ¢ was dissolved in a mixer of buffers that contained 5 M
GdnHCl and 0.5 M NaCl. The pH of unfolded protein sample was
adjusted to 7 and 12.8 and deaerated by using dry N, gas. These
proteins samples were reduced by adding freshly prepared sodium
dithionite solution under strict anaerobic atmosphere. Unfolded
Cyt-CO (UCO) was prepared by CO-ligation to Ferrocyt ¢ (5 M
GdnHCl) under N, atmosphere. While urea is a better denaturant
for electrostatic interaction studies [11,24] but for the millisecond
refolding studies of Cyt-CO, UCO was prepared by CO-ligation to
Ferrocyt c in 5 M GdnHCI than in 10 M urea because CO-ligation to
Ferocity c is a denaturation reaction (since the very stable intrinsic
native Fe>"- M80 bond is broken, creating a 5-coordinate heme
capable of binding CO) and which occurs faster in 5 M GdnHCI than
in 10 M urea [51-52]. UCO samples thus prepared at pH 7 and 12.8
were refolded by stopped-flow dilution in 50 mM phosphate buffer
(pH 7, 0.5 M Na(l) and in 20 mM CAPS buffer (pH 11.7, 0.5 M Nacl),
respectively. The final concentrations of protein, sodium dithionite
and GdnHClI in refolding buffer were ~15 uM, ~3 mM and 0.8 M,
respectively. The refolding kinetics was measured using a SFM 400
mixing module (Biologic). Excitation wavelength was 280 nm and
emission was measured using a 358 nm cut-off filter at pH 7 and
335 nm cut-off filter at pH 12.8. Typically, 7-8 shots were averaged.

2.9. Measurement of microsecond folding kinetics of NCO-state

UCO was prepared with the same procedure as mentioned for
the slow CO dissociation kinetics of NCO. The NCO-state was pre-
pared by 25 fold dilution of UCO into a degassed and dithionite-
reduced CO-free refolding buffer of desired pH. The NCO-state
preserves the Fe?"—CO contact for ~45 min at pH 7, 22 °C [52].
Single-pulse CO-photolysis experiments of NCO were completed
within 1-3 min of preparation of NCO state. CO photolysis of NCO
was carried out on a nanosecond flash photolysis apparatus
(Applied Photophysics) by irradiation with 80 (+10) mJ pulses of
the 532-nm second harmonic output of a Spectra Physics Q-
switched Nd/YAG laser (10 Hz). Following the photolysis pulse, the
spectral changes at 550 nm were recorded with a pulsed Xe lamp. A
fresh sample was used for each single-pulse kinetic trace. For each
pH sample, three to four kinetic traces were taken at 25 °C. The final
concentrations of CO, sodium dithionite and protein were about
50 uM, 3 mM and 45 uM, respectively.

3. Results
3.1. pH-dependence of AGp°® and mg of Cyt-CO

Native Cyt c is fluorescence-silent due to excitation energy
transfer from lone W59 to the heme [54]. Unfolding results in in-
crease of heme-tryptophan distance due to molecular expansion
[54,55]. Fig. 1a presents the W59 fluorescence-monitored normal-
ized urea-induced equilibrium unfolding transitions of Cyt-CO
measured at several different pH values, ranging from 6 to 11.9.
To assess the effect of pH on thermodynamic stability of Cyt-CO,
these urea-induced unfolding curves of Cyt-CO (Fig. 1a) were
analyzed using the standard two-state equation (eq (2)) [56],

(an +my[D]) + (ay + my[D])exp

~AGy+my[D]
—RT

Yobs = N
1+exp {7_“%% [D}]

The resulting unfolding free energy (AGp°) and surface area
exposed by the solvent (mg) are provided in Table 1. Fig. 1b shows
the pH dependence of AGp°. As pH is increased from 6 to 11.9, the
AGp° initially increases and reaches a maximum at pH ~9.5 and
then decreases (Fig. 1b). The pH dependence of myg is shown in
Fig. 1c. The mg value does not change greatly up to pH ~11.9 (Fig. 1c).

3.2. pH titrations of Ferrocyt c and Cyt-CO

Fig. 1d shows the normalized tryptophan fluorescence-
monitored pH-titration curves of Ferrocyt ¢ and Cyt-CO at 25 °C.
The data in Fig. 1d revealed that within the pH range from 7 to 13.5,
Ferrocyt c possesses structural integrity very similar but Cyt-CO
almost denatured at pH > 12.6. Previous NMR studies of alkaline
Ferrocyt ¢ and Cyt-CO also showed that the secondary and tertiary
structural contents of alkaline Ferrocyt ¢ (pH 12.7) are very similar
to native Ferrocyt ¢ (pH 7) but Cyt-CO almost denatured at pH ~12.7
[57,58]. Fig. 1d also shows the normalized visible absorbance
(550 nm)-monitored pH-titration curve of Cyt-CO at 25 °C. Data in
Fig. 1d clearly suggested that the absorbance monitored CO-
induced unfolding transition shifts to lower pH, relative to that
measured by fluorescence (CO-induced unfolding pH-midpoints for
the absorbance and fluorescence-monitored pH-titrations are ~11.8
and 12.4, respectively).

3.3. pH-dependence of log kqss and log Kkgiss

Fig. 2a presents the steady-state visible absorption spectra of
NCO and N-states collected at pH 7 (22 °C). Fig. 2b and ¢ show the
influence of pH on kinetics of CO dissociation and association re-
actions, respectively at 22 °C. CO dissociation kinetic data in Fig. 2b
are best described by a single-exponential rate expression with rate
constant, kgiss ~6.9 x 1074 s71 28 x 10% s ! and
~2.7 x 1073 s~ at pH ~7, 11 and 12.9, respectively. Clearly, as pH is
increased from 7 to 11, kgiss decreases by ~2.5 fold. CO association
kinetic data in Fig. 2c are also best described by a single-
exponential rate expression with rate constant, kass
~84 x 1074571 ~32 x 107%s 1 and ~3.8 x 1072 s~ at pH ~7, 9.8
and 12.9, respectively. Upon increasing pH from 7 to 9.8, kass de-
creases by ~2.7 fold. On contrary, when pH is increased from 7 to
12.9, kqiss and ks increase by ~3.9 and ~44 folds, respectively.

Fig. 2d presents the pH dependence of log k,ss and log kgiss,
which suggests “chevron-like” features for log kass-pH and log kgiss-
pH space. Data in Fig. 2d clearly indicate that above pH 9, log kass
and log kgiss are not superimposable, indicating that different mode
of motions operates in CO association and dissociation processes.
This finding is not surprising because CO association occurred with
native state (N-state) while CO dissociation occurred from an arti-
ficially generated native-like highly compact state (NCO-state). As
pH is raised from 6.5 to 13, log kass and log kqiss initially decrease up
to pH ~9.8 and pH ~11, respectively and then increase (Fig. 2d). The
decrease in log kass and log kgiss in subdenaturing limit of alkaline
pH can be interpreted to arise from protein stabilization that would
retard CO dissociation and association processes. Notably, relative
to pH 7, log k,ss is found to be most decreased (Fig. 2d) near the pH
where Cyt-CO has maximum thermodynamic stability (Fig. 1b and
Table 1) and least CO affinity for active protein site (apparent
dissociation constants, Kq at pH 7, 9.8 and 12.9 are ~580, ~710 and
~62 uM, respectively) (Inset of Fig. 2d). The increase in log k,ss and
log kgiss under strongly alkaline pH conditions can be interpreted to
arise due to protein destabilization and structural unfolding that
would accelerate the CO association and dissociation processes.
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Fig. 1. pH-dependent stability of Cyt-CO. (a) Fluorescence monitored normalized urea-induced unfolding curves of Cyt-CO measured at pH 6.0 (A ), pH 7 (O), pH 8 (A), pH9.5 (J),
pH 10.5 (M), pH 10.8 (¥ ), pH 11 (e), and pH 11.9 (V). The solid curves in panel (a) represent nonlinear least-squares fit using the standard two-state equation [56]. (b) pH

dependence of AGp°® at 25 °C. (c) pH dependence of mg at 25 °C. (d) Tryptophan fluorescence-monitored normalized pH-titrations of Ferrocyt ¢ (M) and Cyt-CO (O

) measured at

25 °C. Cyt-CO gets unfolded at pH > 12.7 ([O) but there is no unfolding in case of Ferrocyt c (M). Panel (d) also presents the heme absorption (550 nm)-monitored normalized pH-
titration of Cyt-CO (¢) measured at 25 °C. The solid lines in panel (d) are fit according to transformed Henderson-Hasselbalch equation [53].

Table 1
AGp°, mg, and Cpy, values for urea-induced unfolding of Cyt-CO monitored by Trp
fluorescence (ex: 280 nm).

pH AGp® mg Cmn pH AGp mg Cm

6 9.3(x1.1) 1.01(+0.2) 9.24 10.5 8.9(+1.2) 0.99(+0.1) 8.90
7 10.8(+1.1)  1.12(+O0. 2) 9.66 108 7.2(x1.1) 0.90(+0.2) 8.03
8 12.0(+0.8) 1.20(+0.2) 9.99 11.0 6.2(+0.6) 1.06(+0.1) 5.79
9.5 129(+1.1) 1.21(+0.2) 1065 119 3.8(+1.2) 0.97(+0.2) 3.89

*AGp°, mg, and Cp, are reported in kcal mol~", kcal mol~! M~', and M, respectively.
The uncertainty (standard error) is indicated in parenthesis.

3.4. pH-dependence of activation thermodynamic parameters

Fig. 3a presents the Eyring plots for CO dissociation reaction
obtained from temperature dependent kinetic data at pH 7, 11 and
12.9. The Eyring plots for CO association reaction obtained from
temperature dependent kinetic data at pH 7, 9.8 and 12.9 are shown
in Fig. 3b. To find out the pH dependency of activation enthalpy
(AHissjdiss) and activation entropy (ASkssjaiss) for CO dissociation
and association reactions, the Eyring plots in Fig. 3a and b were
analyzed by eq (3) [59],

lrl(kass/dissh/kBT) (Asass/dws/R) - (AH (3)

Tables 2 and 3 summarize the effect of pH on activation
enthalpy, activation entropy and activation free energy for CO as-
sociation and dissociation reactions. The data in Tables 2 and 3
provide some important information, (i) relative to pH 7, AHgs
and AHj;s increase at pH ~9.8 and ~11, respectively, which suggest
that some additional internal attractive interactions in N- and NCO-
states were originated in subdenaturing limit of alkaline pH which
in result block the CO association and dissociation processes, (ii) the
increase of AHaSS/diSS is accompanied by a decrease in the entropy
change —TAS* and (iii) the enthalpic effect is more dominated

/RT)

ass/dlss

ass/diss’

than the entropic one.

3.5. pH dependence of millisecond folding kinetics of Cyt-CO

In stopped flow experiments (dead time ~2.5 ms), the dilution of
GdnHCl-unfolded Cyt-CO (UCO-state) into native buffer at pH 7
refolds rapidly UCO-state to NCO-state [48—50]. Fig. 4a and b show
the refolding kinetic profiles for UCO—NCO conformational tran-
sition measured at pH 7 and 11.9, respectively. These refolding ki-
netic data are best described by a two-exponential rate expression
with rate constants, ky; =310 s~ and kp, = 50 s~ at pH 7 (Fig. 4a)
and kf; =145 s~ ! and kp =15 s~ ! at pH 11.9 (Fig. 4b). About ten
percent of the observed amplitude was due to slower minor phase
which was probably due to fraction of oxidized protein. It is to be
noted that between pH 7 and pH 11.9, the activation folding energy
barrier (AGp°* = —RT In(hk¢/ksT)) of the protein varied less than by
0.5 kcal mol~! (AGp°* values were ~10.7 and 11.2 kcal mol ! at pH 7
and 11.9, respectively) while the folding energy barrier (AGp°)
which was measured by equilibrium denaturation experiments of
Cyt-CO varied by 10.1 kcal mol~! (AGp® values were ~11.9 and
1.8 kcal mol~! at pH 7 and pH 11.9, respectively) (Fig. 1b and
Table 1). This finding clearly indicates that the large difference in
thermodynamic stability of Cyt-CO at pH 11.9 relative to pH 7 is not
strongly reflected in the refolding rates.

3.6. pH dependence of microsecond folding kinetics of Cyt-CO

Laser T-jump methods have been vastly used to capture the
ultrafast folding events for a number of peptides and proteins
[60,61]. When photolysed by light pulse (hr), photodissociation of
CO of the Fe**-CO bond in NCO-state triggers folding [48—50].
Fig. 4c presents single pulse CO-photolysis triggered microsecond
folding kinetic profiles for NCO— N transition measured for 25 pM
and 50 pM protein at pH 7, 25 °C. CO photolysed kinetic data are
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Fig. 3. (a) Eyring plots for CO dissociation reaction obtained from temperature-
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pH 9.8 (A) and pH 12.9 (O). The activation enthalpies and activation entropies derived
from linear least-squares fitting of Eyring plots for kgiss (panel (a)) and kass (panel (b))
values (solid line) are summarized in Tables 2 and 3.

best described by a single exponential rate expression with rate
constant, k; = 2.66 x 10° s~! (v = 3.8 ps) for 25 uM protein and
ke = 2.3 x 10° s~ (v = 4.3 ps) for 50 uM protein at pH 7.0, 25 °C.
According to few previous studies, following CO photolysis from

Table 2

pH-dependence of AH* s, AS*ass,—TAS 355, and AGH s for CO association reaction.
PH AHiass ASiass 'TAS!ass AGIdiss
7 24.1(20.2) 7.2(0.5) ~2.1 (£0.1) 22.0 (+0.05)
98 26.0(+0.3) 12.0 (1) ~3.6(x0.3) 22.4(+0.01)
129 16.0(+0.5) ~11.9 (£1.5) 3.5 (+0.4) 19.5(+0.05)

“AH' 555, AS'ass,—TAS"ass, and AGH g are reported as kcal mol !, cal mol 'K, kcal
mol~', and kcal mol~', respectively. The uncertainty (standard error) is indicated in
parenthesis.

Table 3

pH-dependence of AHgiss, AS*giss,— TAS*giss, and AG!giss for CO dissociation reaction.
DH AI"ﬁdiss Asidiss ‘TAsidiss AGidiss
7 24.7(x0.1) 8.9(+0.2) ~2.7 (£0.1) 22.0(+0.04)
1 27.4(02) 16.4(+0.6) ~4.9(x02) 22.5(+0.02)
129 18.8(+0.3) ~7.5(+0.8) 23 (202) 21.0(+0.06)

*AH giss, AS! giss,—TAS! giss, and AG'qiss are reported as kcal mol~", cal mol~ 'K, kcal
mol~', and kcal mol~', respectively. The uncertainty (standard error) is indicated in
parenthesis.

base-denatured Cyt-CO (pH 13) [62,63] or GAdnHCl-unfolded Cyt-CO
(pH 7) [64—66], the side chains of the methionine (M65 and M80)
and histidine (H26 and H33) residues make transient contacts with
Fe?* of heme. Fig. 4d shows the observed changes in 421 nm ab-
sorption from 70 ns to 30 us after photodissociation of CO from the
base-unfolded Cyt-CO (pH 13) in the absence of denaturant. The
kinetic data are best fitted to a bi-exponential relaxation processes
with rate constants, 1; = 4.0 x 10% s7! (z; = 0.25 ps) and
J2 = 5.2 x 108 s71(1y = 1.9 ps). The fast (t; = 0.25 ps) and slow
(T2 = 1.9 ps) relaxation processes are related to the transient
binding of the methionine (M65 and M80) and histidine (H26 and
H33), respectively to the Fe?* of photoproduct (Fig. 4d) [62—66].
Fig. 5a and Fig. 5b show the fluorescence and heme absorption



R. Kumar / Archives of Biochemistry and Biophysics 606 (2016) 16—25

0.02 F71 T T T T T T TTTTHj
0.00 £ o =
g 002 S o
S “r (cu;
§ 0.9 Unfoled signals —
9 o I
i 0.6 :— —:
S 03f =
k] C .
é 0'0 —_ | | IIIIII| | | IIIIII| 11 Illlm
1073 102 101 10°
Time (sec)

0.02 — T T ||||||| T T ||||||| T IIIIHI
0.00 F hninomport e
-0.02 & ETERTTT R R ETTT BRI
[}] T |||||||| T |||||||| T IIIIIIIJ_

2 o5k d
s F (d)r7
o C ]
6 04F \\ ]
3 - 7
© C N

E 0'2 | | IIIIII| | | IIIIII| L1 1111
1073 102 10! 10°

Time (sec)

21

0.01
0.00
-0.01

0.03

A\ FYRPRT Y S0 ) -1
AT s

IIIIIII| |

T ||||||| T

0.02

0.01

II|III|III|_1||||L

OD (550 nm)

le-4

| 1
le-5
Time (sec)
0.01 Sall IR RRLLL BRI
0.00 E i oyt
-0.01 Bl 0 v vl 0wl

JIIII T |||||||| T ||||||I|

le-6

0.00

T |||||||'—_
'I’""I IIIIIII_:

PRI
iy

5
=
=

OD (421 nm)
S
(=3
N

Sl

le-4

1111 IIII|
le-6 le-5
Time (sec)

le-7

0.00

Fig. 4. Panels (a) and (b) show the stopped-flow refolding kinetic profiles for UCO— NCO transition measured at pH 7 and 11.9, respectively. These refolding kinetic data are best
described by a two-exponential rate expression (residual shown) with rate constants, ks; =310 s~ and k, =50 s~ at pH 7 (panel (a)) and kf; =145 s~ and ki, =15 s~' at pH 11.9
(panel (b)). (c) Representative single-pulse CO-photolysis-triggered microsecond folding kinetic traces of NCO (NCO— N folding) at pH 7.0, 25 °C, measured for 25 uM (O) and
50 uM ( x ) protein. The CO photolysed kinetic data for NCO— N folding transition is best described by a single exponential rate expression with rate constant, k; = 2.3 x 10° s~! for
50 pM protein and k; = 2.66 x 10° s~! for 25 uM protein. (d) Microsecond relaxation processes observed in heme optical absorption following photolysis of CO from base-unfolded
Cyt-CO at pH 13, 25 °C. The kinetic data are best fitted to a bi-exponential relaxation processes (residual shown) with rate constants, 4; = 4.0 x 10° s™! (1; = 0.25 ps) and

Jo = 52 x10%s7 (15 = 1.9 ps).

(550 nm)-monitored pH-titration curves of Ferrocyt ¢ and Cyt-CO,
which clearly indicated that Cyt-CO was unfolded at pH > 12.6
but pH > 12.6, there was no unfolding in Ferrocyt c. This finding
suggests that between pH 7 and pH 12.6, photodissociation of CO
from NCO-state could trigger folding. The microsecond folding rate
for NCO—N conformational transition was measured at sixteen
different pH values, ranging from 7 to 12.6. The natural logarithm of
the microsecond folding rate (In kf) is plotted as a function of pH in
Fig. 5¢. The microsecond relaxation rates (41 and A,), measured after
photodissociation of CO from base-unfolded Cyt-CO in the absence
of denaturant at different pH values, ranging from 12.6 to 13.3, are
also plotted as a function of pH in Fig. 5¢. Notably, in the pre-
transition region where NCO-state is most stable (pH < 11), In kf
rolls over. The rollover of the rate at lower pH indicates that there is
no pH dependence of the folding barrier below pH 11. When
destabilizing conditions are approached (pH > 11), the rollover
effect of In kf decreases rapidly (Fig. 5¢). Above pH 12, In ks begins to
increase and finally matches to the rates of microsecond relaxation
processes measured by CO photolysis of base-unfolded Cyt-CO at
pH 12.6. In the absence of denaturant, Cyt-CO is not fully unfolded
at pH < 12.6. Due to this difficulty, the microsecond relaxation rates
of base-unfolded cyt-CO were measured only at pH > 12.6. Biphasic
microsecond relaxation process following CO photolysis from
unfolded Cyt-CO is the hallmark of heme-polypeptide diffusive
dynamics [62—66], hence CO photolysis triggered microsecond rate
for NCO — N conformational transition measured between pH 7 and
pH 11 (Fig. 5c) contain the information related to the ultrafast
folding kinetics. Furthermore, the linear extrapolation of In kf data
from transition region to ordinate provides In k°yy = 16.2, which
correspond to k°yn = 1.1 x 107 s~1 (1 = 0.1 ps). The fastest folding
rate observed here for NCO— N conversion (k°yn = 1.1 x 107 s71)

very much matches to: (i) the rates of local hydrophobic collapse
[67,68], (ii) the rate of tertiary conformational changes following
laser photolysis of CO-bound heme proteins [69—73], and (iii) the
folding rates of model peptide o-helix [74—77] and B-hairpin
fragment [78].

3.7. Av analysis

Comparison of pH-dependent stability profiles and pH-
dependence of folding rates can provide the development of elec-
trostatic interactions in the transition state for folding [9—11]. Be-
tween pH 7 and pH 11.9, In k¢ varied <1.5 units (Fig. 6a) while AGp°®
decreased by 6.9 kcal mol~! (Fig. 1b and Table 1) which correspond
to a change in In K by 11.8 units (Fig. 6b). This comparison dem-
onstrates that the pH-dependent ionic interactions contribute
significantly to thermodynamic stability of protein but have a very
small effect on CO-photolysis induced microsecond folding kinetics
of NCO. The classic Wyman-Tanford (WT) linkage relations can be
used to relate the pH dependence of the apparent free energy of
folding (AG°) and activation folding energy (AG°Y) of protein
[79,80].

0AG’
opH — 2.303RTAv(pH) (4)
0AGH
_ i
opH 2.303RTAv! (pH) (5)

where Av(pH), and Avi(pH) are the differences in the number of
protons bound to native and denatured states, and transition and
unfolded states, respectively. The values of Av (pH) between pH 6
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Fig. 5. (a) Fluorescence-monitored pH-titrations of Ferrocyt c (M) and Cyt-CO (O) at
25 °C. (b) Heme absorption (550 nm)-monitored pH-titrations of Ferrocyt ¢ () and
Cyt-CO (¢) measured at 25 °C. The solid lines in panels (a) and (b) are fit according to
transformed Henderson-Hasselbalch equation [53]. (c) pH-dependence of the micro-
second folding rate (M) for NCO— N conformational transition at 25 °C for 25 pM (9)
and 50 1M (M) protein. Within the subdenaturing limit of alkaline pH (pH < 11), the In
ke rolls over. As destabilizing conditions are approached (pH > 11), the rollover effect of
In k¢ decreases rapidly. The linear extrapolation of the In k¢ data from transition region
to ordinate provides the fastest achievable folding rate (k°yn = 1.1 x 107 s71) for
NCO—N folding process in the absence of barrier. Panel (c) also shows the pH-
dependence of intrachains diffusion rates (transient binding of methionines, M65
and M80 (A) and histidines, H26 and H33 (V)) measured following CO photolysis from
base-unfolded Cyt-CO at pH > 12.6 at 25 °C. In the denaturing milieu (pH > 12), the In
ke began to increase and finally matches to the intrachains diffusion rates measured
following CO photolysis from base-unfolded Cyt-CO at pH 12.6. At pH ~12.6, the
microsecond folding for NCO— N conformational transition was best fitted to a bi-
exponential rate expression and thus exhibits intrachains diffusive dynamics (tran-
sient binding of methionines, M65 and M80 () and histidines, H26 and H33 (e).

and pH 11.9 were obtained by differentiation of the In K versus pH.
Fig. 6¢ presents the variation of Av (pH) as a function of pH. At pH
~8.9, the value of Av (pH) was about zero, indicating that there was
no change in the number of bound proton upon unfolding. At pH
~6, the value of Av (pH) was about two, suggesting that two protons
were taken up by protein upon unfolding.

4. Discussion
4.1. Cyt-CO is maximally stable at moderate alkaline pH

Relative to pH 7, AGp® increases by ~2.1 kcal mol~! at pH 9.5
(AGp® is ~10.8 and ~12.9 kcal mol~! at pH 7 and 9.5, respectively)
(Fig. 1b and Table 1) which indicates that the favorable ionic in-
teractions which stabilize Cyt-CO are increased at pH ~9.5. This
result is consistent with an earlier report that showed yeast iso-2
ferricyt ¢ has maximum stability between pH 9 and pH 10 [81].
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Fig. 6. Panels (a) and (b) show the variations of the In kfand In K with pH. Between pH
7 and pH 11.9, there is very small change in the In k¢ (panel (a)) while within this range
of pH, there is large change in the In K (panel (b)). Panel (c) presents the variation of Av
(pH) with pH. At pH ~8.9, the Av (pH) value is about zero, suggesting that there is no
change in the number of bound proton upon unfolding. At pH ~6, the Av (pH) value is
about two, suggesting that two proton is taken up by protein upon unfolding. The lines
through the data in panel (c) have been drawn by inspection only.

The increase in stability of yeast iso-2 ferricyt c at alkaline pH was
attributed to the pH-induced conformational change of protein
[81]. An earlier report by Linderstrom-Lang [82] has revealed that
the proteins have generally maximum stability at the pH near to
isoelectric point (pl). The estimated pl of Cyt c is at pH ~10 which is
very near to the pH where Cyt-CO has maximum thermodynamic
stability (Fig. 1b). However, several other reports have revealed that
many other proteins with acidic or basic pl are maximum stable
near neutral pH [83,84]. These studies thus suggest that in addition
to overall charges, other factors also play important roles in
determining the folding energy of proteins. At relatively higher
basic pH (pH > 10), the deprotonation of basic amino acid groups of
Cyt-CO lead to unfavorable interactions amongst the negatively
charged groups of protein which as a consequence subdue the
alkaline pH-induced stabilization of Cyt-CO (Fig. 1b). Relative to pH
7, there is a large decrease in AGp° of Cyt-CO at pH 11.9 (Fig. 1b and
Table 1).

4.2. Cyt-CO unfolds via an intermediate

An earlier denaturant-induced equilibrium unfolding and ki-
netic study of Ferrocyt c in the presence of CO (=1 mM) at pH 7.0
revealed that Cyt-CO unfolds via an intermediate [85]. A recent
single-molecule and ensemble-averaged unfolding dynamics study
of yeast iso-1-ferricyt c indicated that native yeast iso-1-ferricyt ¢
unfolds through an intermediate with a native-like compactness



R. Kumar / Archives of Biochemistry and Biophysics 606 (2016) 16—25 23

[86]. In an earlier study [53], the non-coincidence of far-UV CD
(222 nm) and fluorescence-monitored alkaline pH-unfolding
transitions of Ferricyt c is attributed due to the presence of an
equilibrium intermediate. The absorbance (550 nm) and
fluorescence-monitored alkaline pH-unfolding transitions of Cyt-
CO in transition regions are not perfectly superimposable
(Fig. 1d), which indicates accumulation of an equilibrium inter-
mediate during the CO-induced unfolding of protein. However, it is
not clear how the CO-induced unfolding of protein can do so.

4.3. The internal dynamics of Ferrocyt c is restricted in the
subdenaturing limit of alkaline pH

NCO—-N+CO and N+CO—NCO processes are typically
Fe?t—CO—Fe?*—-M80 and Fe’*—M80—Fe?*—CO displacement
reactions, respectively, where the N- and NCO-states acquire en-
ergy required for CO association and dissociation by thermal fluc-
tuations [51,52]. The M80-resident segment of the polypeptide,
which is linked to the heme iron through the Fe>*—M80 bond in N
but is free in NCO, represents the partially unfolded Q-loop formed
between residues 70 and 85. The CO association and dissociation
processes are expected to be controlled by the collective motion of
M80-containing Q-loop because (i) thermal factors for the neigh-
boring residues of M80 are higher in the x-ray structure of cyt ¢
[87], and (ii) intrinsic size and rigidity of ring system suppress the
local mobility of heme ring [88]. An earlier 2D NMR investigation
revealed the substantial perturbed residues during CO dissociation
spans from residues 80 to 85 [85]. It is documented that CO asso-
ciation/dissociation kinetics can be monitored with the decay/rise
of peak height at —3.26 ppm and other side resonances at pH 7,
22 °C[52]. Earlier reports by Bhuyan et al. have revealed that low-
frequency local motions such as thermal collisions due to collective
motional mode of the M80-contaning Q-loop control the CO asso-
ciation and dissociation processes [51,52]. Thus, pH modulation of
log kass/diss in Fig. 2d reveals the manner by which the amplitudes of
thermal-fluctuations responsible for CO association and dissocia-
tion vary in response to changing the pH of reaction medium. The
decrease of log kass and log kgiss at pH ~9.8 and ~11, respectively
(Fig. 2d) revealed that the amplitudes of thermal-fluctuations of the
M80-contaning Q-loop decreased in the subdenaturing limit of
alkaline pH. This result provided the primary evidence that the
internal dynamics of protein is restricted in the subdenaturing limit
of alkaline pH. 'H NMR spectra can also be used to evaluate the
internal mobility and side chain environmental averaging of pro-
tein [89,90]. The NMR lines in 'H NMR spectrum of NCO-state at pH
7 are narrow and well-dispersed (Fig. S1a). As pH is increased from
7 to 10.7, '"H NMR spectrum of NCO-state appears to gain slightly
more dispersion and sharpness of resonances all over the spectral
width (Fig. S1b). This finding indicates that in the subdenaturing
limit of alkaline pH, the internal protein interactions of NCO state
are slightly increased. At relatively higher basic pH (pH ~13), NCO-
state becomes denatured as shown by the loss of both chemical
shift dispersion and line shape (Fig. S1c). The far-UV CD spectra of
NCO state collected between pH 7 and pH 13 also revealed that
NCO-state became denatured at higher basic pH (>12.9) (Figs. S2a
and S2b) while the secondary structure of NCO was stabilized in the
subdenaturing limit of alkaline pH (<11) (Fig. S2a and S2b).

If the amplitudes of thermal-fluctuations of protein or part of it
are decreased in the subdenaturing limit of alkaline pH, the
restricted thermal-fluctuations should slow down the speed of CO
association and dissociation by increasing the activation energy
barrier or activation enthalpy. Clearly, relative to pH 7, AHis
andAHjss are increased at pH 9.8 and 11, respectively (Tables 2 and
3). Furthermore, the increase of AHESS/diSS is also accompanied by a
decrease in —TAS? (Tables 2 and 3).

ass/diss

4.4. Rate rollover in the folding branch of chevron plot indicates
that NCO— N folding proceed via at least one glassy state

Rate rollover in the folding branch is a specific characteristic of
chevron plot for NCO— N conformational transition (Fig. 5¢). Few
earlier studies have shown that Cyt-CO exhibits rate rollover in the
folding branch of chevron plot for UCO=NCOrefolding transition
[47,48]. However, several other proteins such as CspB [91] and CI2
[92] do not show rate rollover in the folding branch of chevron plot.
Several factors are likely to be responsible for rate rollover. If a
protein has perfectly smooth energy landscape, it does not gener-
ally show rate rollover. In contrast, if a protein has rugged energy
landscape, then it can show rate rollover. The pioneering work by
Oliveberg and Silow has shown that the protein oligomerisation/
aggregation can produce the rate rollover in the refolding arm [93].
The effect of varying protein concentration on the refolding kinetics
can be used to determine whether the reaction is limited by ag-
gregation or oligomerisation [94]. Between pH 7.0 and pH 10.5, the
microsecond folding rates of NCO are not greatly changed with
varying the protein concentration from 25 to 50 uM. However, at
low protein concentrations (<15 uM), the signal-to-noise ratio in
the post CO photolysis microsecond folding kinetic trace data
(550 nm) of NCO is very poor to analyze the data. Based on these
observations, it is difficult to ascertain whether the rollover in the
refolding arm is occurred due to protein oligomerisation/aggrega-
tion. Chan and coworkers have reported that rate rollover in the
chevron plot is due to kinetic traps under native-like conditions
[95,96]. Under native-like conditions, the internal frictional effects
could also cause rate rollover in the folding chevron [49,95—98].
Within the formalism of classical kinetics, Roder and coworkers
have expounded that rate rollover occurs due to trapping of
structural intermediate [99]. One more possible reason for rate
rollover is a broad energy barrier because it can separate native
state from initial state [100]. These different explanations thus
reveal that the roughness at the bottom of funnel is the major cause
of slowing down the folding. Several factors such as accumulation
of one or more structural intermediate, Kinetic traps set up by non-
native interactions and the internal frictional effects contribute to
the roughness [49,95—-98,101,102]. These observations thus reveal
that rate rollover in the folding branch of chevron plot for NCO— N
conformational transition attributes at least one kinetic trap in-
termediate, | (NCO=1=N) that occupies an energy well. At higher
pH (>11), the intermediate, I is indeed destabilized and the pH
function of In k¢ is linear.

In accordance of landscape theory, once the folding ensemble
has passed from the MG-like band over the transition state region
of the funnel, the folding is then dominated by glassy dynamics
[103—105]. Glass transitions are generally typified by stretched
exponentials [106]. According to few previous studies, the finding
of non single-exponential relaxation during folding has been
attributed to glassy dynamics behavior of proteins [107,108].
However, under strongly native-like conditions, the simple single
exponential kinetics also exhibits rate rollover due to kinetic
trapping and glassy dynamics [95]. In this perspective, rate rollover
in Fig. 5¢ (pH < 11) suggests kinetic trapping and a glass transition
of NCO en route to N.

4.5. Quantitative estimation of the pH-dependant ionic interactions
in the stability and transition state for folding of Cyt-CO

The relative changes in the apparent free energy of folding
(44G’ (pH,, pH;)) and activation folding energy (44G *(pH,, pH;))
of protein at a pH relative to the initial state can be calculated form
eqs (6) and (7), respectively [9,21],
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AAG (pH,, pHy) = A]_(l;o (PH,) — AG (pHy)
pH,;
— 2.303RT / Av(pH)dpH (6)
pH;

AAG*(pHy, pH,) = AS“i(sz) — AG#(pHy)
pH;
— 2303RT /

pH,

Avi(pH)dpH (7)

The quantitative development of electrostatic interactions in the
transition state for folding can be measured by determining the
ratio [9—11,21],

pH, pH,
BDH: / Avi(pH)de/ / Av(pH)dpH (8)

PH, PH;

BPH = [Inks(pHy) — Ink;(pHy)| /K (pHy) — InK(pHp)] — (9)

Relative to pH 7, the P at different pH, ranging from pH 6 to pH
11.9 were estimated by using eq (9). The BPH thus estimated be-
tween pH 6 and pH 11.9 for both microsecond and millisecond
folding were less than by 0.15 (Table 4). There are few other studies
which estimated the pPH or Avi(pH)/Av(pH) ratio for other proteins
(barnase [40], CTNL9 [11], NTL9 [9], and CI-2 [39]). It is interesting
to compare the current results with those pH-dependent folding
studies. The estimated BP" for barnase [40], CTL9 [11], CI-2 [39], and
NTL9 [9] were ~0.5, ~0.6, ~0.25 and ~0.3, respectively. The larger P!
for barnase (~0.5) and CTNL9 (~0.6) were attributed to a better
development of electrostatic interactions in the transition states for
folding of these two proteins [11,40]. On the other hand, the smaller
BPH for CI-2 (~0.25) and NTL9 (~0.3) were attributed to a weaker
development of electrostatic interactions in the transition states for
folding of CI-2 and NTL9 [9,39]. In the present study, the estimated
BPH for Cyt-CO between pH 6 and pH 11.9 was noticeably smaller
(<0.15) which revealed that the electrostatic interactions were very
poorly developed in the transition state for folding of Cyt-CO.

5. Conclusions

Thermodynamic analysis of urea-induced equilibrium unfolding
transitions measured between pH 6 and pH 11.9 revealed that Cyt-
CO has maximum thermodynamic stability at alkaline pH ~9.5 with
a value of AGp® =12.9 kcal mol~. Unfolded Cyt-CO in refolding
buffer refolds rapidly to a native-like NCO-state. Collective motions
of the Q-loop control the thermally-driven CO dissociation from
NCO-state and association to N-state. Analysis of the pH-dependent
rate coefficients of CO association and dissociation reactions
revealed that the thermal motion of the Q-loop first decreased in
the subdenaturing limit of alkaline pH and then increased as the
protein was taken from subdenaturing to denaturing milieu. Laser
photolysis of the Fe>*-CO bond in NCO-state triggered folding of

Table 4
pH-dependence of the In ki, In K, Av (pH) and P! for cyt-CO.

pH Inke(s™!) InK Av(pH) BP"  pH Inke(s™!) InK Av(pH) BPH

6.0 1239 156 2.6 —0.02 105 12.18 148 -7.9 0.05
7.0 1235 182 1.9 -0.19 108 12.16 121 -9.0 0.03
8.0 12.26 201 14 -0.05 11.0 12.05 103 -6.7 0.04

95 1224 216 -26 -0.03 119 1094 64 —44 0.12

NCO to N-state. The microsecond folding rate for NCO— N confor-
mational transition was measured all across the alkaline pH-
unfolding transitions of protein, which produced the rate rolls
over in the folding branch of chevron plot (pH < 11), indicating that
NCO— N folding proceeds via at least one glassy state. Between pH
7 and 11.9, the In k¢ decreased by < 1.5 units, while the In K
decreased by ~11.8 units. This comparison suggests that the pH-
dependent ionic interactions contributed significantly to the ther-
modynamic stability of protein but had a small effect on the CO
photolysis-triggered microsecond folding kinetics of NCO. By using
the classic W-T linkage relation, the pPH for microsecond and
millisecond folding of cyt-CO were estimated between pH 6 and
11.9, which were less than by 0.15, indicating that the electrostatic
interactions were weakly formed in the transition states for
microsecond and millisecond folding of Cyt-CO.
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