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ABSTRACT: A compatible osmolyte such as glycine betaine (GB) and low
concentrations of a denaturant constrain the internal dynamics of natively folded
carbonmonoxycytochrome ¢ (NCO) at pH 7.0. GB and subdenaturing
concentrations of guanidine hydrochloride (GdnHCI) or urea have a cumulative
effect on the constrained dynamics of NCO. At higher denaturant
concentrations, large-scale unfolding fluctuations dominate the dynamics and
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inclusion of GB opposes the structural fluctuations that cause unfolding of the

protein. These deductions are made from kinetic and thermodynamic parameters measured for the CO dissociation reaction of
NCO at varying concentrations of denaturant in the absence and presence of 1.0 M GB. Intermolecular docking between horse
ferrocytochrome ¢ and a denaturant or GB reveals that the denaturant-mediated constrained dynamics of the protein is due to
polyfunctional interactions between the denaturant and different groups of protein while the GB-mediated restricted dynamics of
the protein arises from both the direct interactions of GB with different side chains of Lys or Arg residues of the protein and
indirect interactions of GB with the protein surface. Thermodynamic analysis of the thermal and GdnHCl-induced unfolding
curves of ferrocytochrome ¢ measured in the absence and presence of 1.0 M GB at pH 7.0 indicates that GB increases the
thermodynamic stability of ferrocytochrome ¢ at neutral pH. Analysis of thermal and urea-induced unfolding curves of
ferricytochrome ¢ measured at different GdnHCI concentrations in the absence and presence of 0.5—1.0 M GB at pH 7.0 and 3.8
suggests that GB counteracts the destabilizing effect of the denaturant at pH 7.0 but exhibits an additive effect on the

destabilizing effect of the denaturant at pH 3.8.

Proteins are multifarious systems that show extensive
structural variability in their native state.’ The native
conformation of proteins under external stress such as
dehydration, temperature variations, variable pH, freezing,
high salinity, and internal stress such as high concentrations
of denaturants can be stabilized by the accumulation of low-
molecular weight organic molecules, termed as osmolytes or
osmoprotectants.”~’ Under protein stabilization conditions,
many physicochemical approaches have provided significant
evidence of the interaction of osmolytes with proteins.®”'®
However, because of the multifarious structures of the native
proteins, an exact molecular explanation of the interaction of
osmolytes with functional groups of proteins has not been
reported. The osmolytes can interact with proteins both
directly'®~** and indirectly.'®**~>* Few previous studies have
suggested that the unfavorable interactions between the
hydration surfaces of proteins and osmolytes stabilize the

native conformation of proteins.>”*>~3°
The interrelationships among protein function, stability, and
dynamics can play important roles in protein engineering and
biological processes. Generally, the stability and dynamics of
proteins in solution are strongly coupled to the dynamics of
solvent.>' > Addition of osmolytes to the protein solution can
alter the stability and internal dynamics of pro-
teins,”!>2072325727:3036739 Compatible  osmolytes such as
trimethylamine N-oxide (TMAO) and glycine betaine (GB)
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have been shown (i) to increase the thermodynamic stability of
proteins,>>>®17293949742 (44} o counteract the destabilizing
effects of denaturants,>>>%172%3040742 ;15 1840 4nd hydro-
static pressure,”?>* and (iii) to refold the partially denatured
proteins.”'>*** Few earlier reports have also shown that
compatible osmolytes such as TMAO and sucrose can restrict
the internal dynamics of proteins.’**™*® The study presented
here investigates the effect of a compatible osmolyte such as
glycine betaine (GB) on the thermodynamic stability and
internal dynamics of horse cytochrome ¢ (cyt c). Being a single-
domain fast folder protein, cyt ¢ is widely used as a model for
studying protein folding and dynamics.**~*

GB is an effective osmoprotectant and a compatible
solute.*’ ™! Earlier studies have revealed that the effect of GB
on protein stability depends on the pH of the solution, the
concentration of GB, and the types of proteins.*"** The study
presented here shows that GB increases the thermodynamic
stability of horse cyt ¢ at neutral pH but decreases at mildly
acidic pH. The major endeavor of this work is to demonstrate
that GB counters the deleterious effect of denaturants
(GdnHCI and urea) at neutral pH while it has cumulative
effect on the deleterious effect of the denaturant at mildly acidic
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pH values. While the counteraction effect of the osmolyte on
the deleterious effect of denaturant (GdnHCI or urea) is
studied extensively,>>7'>7192329 the additive effect of
osmolytes on the denaturing effect of denaturants on proteins
remained elusive.

Though fast protein motions that control conformational
transitions responsible for biological functions have been
extensively studied,>>® few studies that show relatively slow
changes in the structural dynamics of proteins across the
folding—unfolding transition are available.>* By probing the
changes in thermal fluctuations at the atomic and large-scale
collective level, we can determine the possible roles of
structural dynamics in folding. Although the effects of GdnHCl
or urea on the structural fluctuation of native ferrocytochrome ¢
(ferrocyt ¢) have been investigated,ss_57 the effect of GB on the
structural fluctuation of natively folded carbonmonoxycyto-
chrome ¢ (NCO) has not been studied. Furthermore, the effect
of GB on the structural fluctuation of NCO across the folding—
unfolding transition of the protein remained elusive. This work
determines the effect of GB on the structural fluctuation of
NCO across the folding—unfolding transition by measuring the
rate of thermally driven dissociation of CO from NCO at
varying concentrations of the denaturant (GdnHCI or urea) in
the absence and presence of 1.0 M GB at pH 7.0. Our results
demonstrate that (i) GB and subdenaturing concentrations of
urea and GdnHCI constrain the internal dynamics of NCO at
neutral pH, (ii) GB and subdenaturing concentrations of the
denaturant have a cumulative effect on the constrained
dynamics of NCO, and (iii) from the subdenaturing to
denaturing region, GB opposes the structural fluctuations that
cause the structural unfolding of the protein. These results in
conjugation with the results of docking between horse ferrocyt
¢ and the denaturant (GdnHCI or urea) or GB show that the
subdenaturing concentrations of the denaturant restrict the
internal dynamics of the protein by establishing the polyfunc-
tional interactions with different groups of the protein while the
GB restricts the internal dynamics of the protein by making the
direct interactions with different side chains of Lys or Arg
residues of the protein or the N—H group of the peptide bond
as well as indirect interactions with the protein surface.

B MATERIALS AND METHODS

Horse heart cyt ¢ (type VI, Sigma), GdnHCl (USB), urea
(USB), and GB (Sigma) were used in all experiments without
further purification. All experiments were conducted in either
50 mM sodium phosphate buffer (pH 7.0) or 25 mM sodium
acetate buffer (pH 3.8). The required pH values of protein
samples were adjusted by using concentrated HCI and NaOH
solutions. The concentrations of GdnHCl and urea stock
solutions were determined by refractive index measurements
using Abbe’s refractometer.”®

Preparation of NCO and Measurement of CO
Dissociation Kinetics. To prepare unfolded ferrocyt ¢, we
initially dissolved ferricyt ¢ in 6.5 M GdnHCIl and then
deaerated this unfolded protein solution by passing dry N, gas
over it and reduced the solution by adding the freshly prepared
sodium dithionite solution. The CO-liganded unfolded ferrocyt
¢ (UCO) was prepared by passing dry CO gas over the
unfolded ferrocyt ¢ solution for ~1 min under a dry N, gas
atmosphere. NCO was prepared by adding ~25 uL of the UCO
solution to 2.0 mL of deaerated and dithionite-reduced
refolding buffer containing the desired additive concentration.
The final concentrations of protein and dithionite in reaction
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medium were ~10.0 uM and 3.0 mM, respectively. The kinetics
of CO dissociation were monitored on a Shimadzu UV—visible
spectrophotometer at 550 nm heme absorbance, pH 7.0, and
25 °C. The dissociation of CO from NCO under denaturing
conditions is relatively fast, so the kinetics of fast CO
dissocition reactions were measured on a Shimadzu 2450
spectrophotometer coupled with an Applied Photophysics RX
2000 rapid kinetics stopped-flow mixing accessory.

Nuclear Magnetic Resonance (NMR) and CD Spectra
of the NCO State of Cyt c in the Absence and Presence
of Urea. Ferricyt ¢ was unfolded in 10.0 M urea at pH 7.0.
Unfolded ferricyt ¢ thus obtained was deaerated under N, and
was reduced by the addition of sodium dithionite. The reduced
cyt ¢ sample was allowed to bind CO under N, to form UCO.
UCO was added to refolding buffer containing sodium
dithionite and different concentrations of urea, at pH 7.0.
The UCO was converted to NCO in refolding buffer. The
NMR and CD spectra of the NCO state in the absence and
presence of different concentratioins of urea were recorded on
JEOL 400 MHz and Jasco 810 CD spectrophotometers,
respectively. Deutarated urea was used for the NMR experi-
ments.

GdnHCl-Induced Equilibrium Unfolding Measure-
ments of Ferrocyt c. Samples of ferricyt ¢ (~5 uM) were
prepared at different concentrations of GdnHCI ranging from 0
to 7.0 M at pH 7.0 in the absence and presence of 1.0 M GB.
These ferricyt ¢ samples were deaerated by being passed under
N, gas and reduced by the addition of a freshly prepared
sodium dithionite solution (~3 mM) under continuous purging
of dry N, gas. The ferrocyt ¢ samples thus obtained were
incubated for ~0.5 h in tightly rubber capped glass test tubes at
room temperature. Fluorescence (excitation at 280 nm) spectra
of protein samples were recorded on Cary Eclipse Agilent
spectrofluorometers at 25 °C.

Docking of Ferrocyt ¢ with GB, GdnHCI, and Urea. To
gain insight into the protein—denaturant (GdnHCI or urea)
and protein—GB interactions, docking between horse ferrocyt ¢
[Protein Data Bank (PDB) entry 2FRC]* and the denaturant
or GB was performed on the SwissDock server.*”®" Briefly, the
protein and denaturant or GB were uploaded in PDB and Mol2
formats, respectively, for docking on the SwissDock server. The
HEME identifier was renamed from HEC to HEM because it
was not detected by the SwissDock automated setup system as
HEC. The structures of GB, urea, and GdnH" for docking were
prepared by using ChemDraw and were converted to Mol2 files
with the help of OpenBabel.”> On submission of the docking
assay, the CHARMM topology (parameters and coordinates)
files were derived automatically from the Merck Molecular
Force Field (MMEFF).% Charges were also taken from
MMFE.®*"% The docking was executed by using the
“Accurate” parameter at otherwise default parameters, with
no region of interest defined (blind docking). Because our
interest is to determine the putative different binding sites of
GB, urea, and GdnH" with the entire target protein, therefore,
the whole protein structure was considered during docking
(blind docking). The different clusters of GB, urea, and GdnH*
that were involved in binding with the protein at the same site
were screened through their full fitness strength. Different
binding modes of urea, GdnH, and GB—protein hydrogen
bonding were analyzed using UCSF Chimera.*”

Measurement of Thermal Unfolding of Ferrocyt c. To
determine the effect of GB, GdnHCI, and urea on the thermal
unfolding of ferrocyt ¢, we have collected the heme absorbance-
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monitored (550 nm) and far-UV CD-monitored (222 nm,
Jasco 810 CD spectrophotometer) thermal denaturation curves
of ferrocyt ¢ at varying concentrations of GB, GdnHCI, and
urea at pH 7.0. The final concentrations of the protein and
dithionite were ~12 uM and ~1.0 mM, respectively, for CD
measurements and ~10 yM and ~3 mM, respectively, for
absorbance measurements. For both CD and absorbance
measurements, the Peltier-controlled heating rate was 1.0 °C/
min.

Measurement of Thermal Unfolding of Ferricyt c. To
investigate the effect of GB, GdnHCI, and urea on the thermal
unfolding of ferricyt ¢, we have collected the far-UV CD-
monitored (222 nm) thermal unfolding curves of ferricyt ¢ at
varying concentrations GB, GdnHCI, and urea at pH 7.0 and
3.8. The Peltier-controlled heating rate was 2.0 °C/min. The
final protein concentration in the reaction medium was ~10—
12 uM.

Urea-Induced Equilibrium Unfolding Measurements
of Ferricyt c. Samples of ferricyt ¢ (~S M) were prepared in
0—10.5 M urea for pH 7.0 and 0—8.0 M urea for pH 3.8 in the
presence of different concentrations of GAdnHClI in the absence
and presence of 1.0 M GB. Protein samples thus obtained were
incubated for 30 min at room temperature. Fluorescence
spectra (excitation at 280 nm) of protein samples were
recorded on a PerkinElmer LS-55 spectrofluorometer at 25 °C.
The pH values of the samples are those measured after the
experiment.

B RESULTS

Thermal Dissociation of CO from NCO. The a-band
(550 nm) in the electronic absorption spectrum of ferrocyt ¢ at
20 °C and pH 7.0 is the main characteristic of the native Fe**—
M80 bond of ferrocyt ¢.”””" The ligation of CO to Fe*" of
heme causes a decrease in the intensity or absorbance at 550
nm (Fe>*~M80 + CO — Fe**—CO + M80) (Figure 1a). The
dissociation of CO from the natively folded CO-liganded
ferrocyt ¢ (NCO) increases the intensity of the a-band (Fe*'—
CO + M80 — Fe**—M80 + CO) (Figure 1b). After ~100-fold
dilution of the UCO into CO-free refolding buffer, the UCO —
NCO conversion precedes the NCO — N + CO (Fe**—CO +
M80 — Fe?*—M80 + CO) reaction. The concentration of CO
decreases considerably in refolding buffer, and the intrinsic
MBS0 ligand has an affinity for native ferrocyt ¢ higher than that
of CO; hence, the NCO — N + CO conversion results in the
formation of the Fe’*—MS80 bond. The CO dissociation
reaction described here is thermally driven and hence slow.
Figure 1b shows a representative CO dissociation kinetic profile
of NCO in the presence of ~0.3 M GdnHCI (z = 25 min),
which indicates that the absorbance at 550 nm increases
because of dissociation of the CO from NCO.

Nature of the CO Dissociation Reaction and GB
Dependence of Log kg, AHgiss™, ASgist, and AAS,, F.
Slow thermal dissociation of CO from NCO is basically a
Fe?*—CO + M80 — Fe**~M80 + CO displacement process,”>
in which the M80-resident part of protein serves as one reacting
site.”® It has been reported that cyt ¢ forms an Q-loop between
residues 70 and 857 that exists in a partially unfolded form.”*”®
The collective motion of the M80-contaning £2-loop of NCO is
expected to regulate CO dissociation because (i) in its X-ray
structure, the neighboring residues of M80 have considerably
higher thermal factors and (ii) the local mobility of heme ring is
suppressed by the intrinsic size and the rigidity of the ring
system.76 Figure 1c shows the variation of log kg, as a function
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Figure 1. (a) Steady-state visible absorption spectra of NCO (———)
and N (—) states at pH 7.0 and 25 °C. (b) Slow single-phase
dissociation of CO from NCO, NCO — N + CO (r = 25 min, 0.3 M
GdnHCJ, 25 °C). The NCO — N + CO reaction was probed at 550
nm, the 4., of the N-state spectrum. The inset of panel ¢ shows the
CO titration of native ferrocyt ¢ in the absence (<>) and presence of
1.0 M GB (O) at pH 7.0. Fits to data are according to the equation
y(x) = 1/[1 + 10"070]. (c) Effect of GB on rate of the CO
dissociation reaction at 25 °C and pH 7.0. The line through data is
drawn to guide the eye only and does not represent a functional
dependence of kg, on GB concentration. (d) Eyring plots for the CO
dissociation reaction, in S0 mM phosphate buffer (pH 7.0), with no
additives (@) and with 1.0 M GB (O).

of GB concentration. The variation of log kg, with GB
concentration demonstrates how the collective motions of the
Q-loop vary in response to GB in reaction milieu.

As the GB concentration is increased from 0.0 to 2.0 M, kg,
decreases by ~1.5-fold. The decrease in log kg, in the presence
of GB provides a primary indication that GB decreases the level
of structural fluctuation of the protein. The analysis of CO
titrations of ferrocyt ¢ (based on absorbance at 550 nm)
collected in the absence and presence of 1.0 M GB at pH 7.0
(inset of Figure 1c) reveals that GB also decreases the affinity of
CO for the active protein site (apparent dissociation constants,
Ky in the absence and presence of 1.0 M GB of ~638.9 and
~1078.4 uM, respectively). To further investigate the effect of
GB on the structural fluctuation of the protein, we examined
the GB dependence of the activation enthalpy (AHy*) and
activation entropy (AS4.F) of the CO dissociation reaction of
NCO. The logic is that if the structural fluctuation of the
protein is decreased at some concentration of GB, then the
energy barrier or activation enthalpy for the CO dissociation
reaction will be relatively higher. Figure 1d shows the Eyring
plots for the CO dissociation reaction of NCO in the absence
and presence of 1.0 M GB. To estimate the effect of GB on
AHg,F andASy ¥, the Eyring ;)lots in Figure 1d were analyzed
by using the Eyring equation”””

ln(kdissh/kBT) = ASdiss:‘:/R - AHcliss:*:/RT’ (1)

As expected, relative to the case in the absence of GB, the
AHy F value for the CO dissociation reaction increases in the
presence of 1.0 M GB (AHy, values of ~24.4 and ~25.3 kcal
mol™" in the absence and presence of 1.0 M GB, respectively).
The conformational entropy loss for the CO dissociation
reaction in the presence of GB relative to that in its absence
(AAS.F) was calculated according to eq 2
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£ _ £ +
AASdiss - AScliss (x) ASdiss (ref) (2)
where ASdisf(ref) andASdisf(x) are the activation entropies for
the CO dissociation reaction in the absence and presence of a
GB concentration of x, respectively. Table 1 summarizes values

Table 1. Activation Enthalpies (AH,.*), Activation
Entropies (AS,.¥), and Conformational Entropy Losses

(AAS,F) for the Dissociation of CO from NCO at pH 7.0%
[additive]
additive (M) AH F ASgF AASF
control 0.05 239 £ 0.2 6.8 + 0.5 0.0
GB 1.0 24.7 + 0.1 92 + 0.5 24+ 0.1
GdnHCI 2.5 279 £ 02 19.2 + 0.6 124 + 0.1
GdnHCl and 1 M 2.5 289 + 04 219+ 10 15.1 £ 0.5
GB
GdnHCI 4.0 23.1 +0.3 02+ 03
GdnHClI and 1 M 4.0 24.0 + 0.3 0.8 +0.3
GB
urea S.5 27.8 + 0.2 19.1 £ 0.5 123 £ 0.1
urea and 1 M GB S.S 29.0 + 0.3 225 + 1.0 18.7 £ 0.5
urea 7.5 23.7 + 0.3 6.6 + 0.8 -02 + 0.3
urea and 1 M GB 7.5 29.3 + 0.2 23.0 £ 0.5 162 + 0.1
urea 9.0 234 £ 0.1 6.5 + 04 —-02 + 0.1
urea and 1 M GB 9.0 27.7 £ 0.4 186 + 1.2 11.8 = 0.7

“AHy ¥, ASy.F, and AAS,,F are reported in units of kilocalories per
mole, calories per mole per kelvin, and calories per mole per kelvin,
respectively. The uncertainty (standard error) is given.

of AAS.F in the absence and presence of 1.0 M GB. Clearly,
AASg,F is apparently positive in the presence of GB (Table 1),
which indicates that GB decreases the degree of motional
freedom of the native protein at neutral pH.

Effect of GB on the AGp and m, of Ferrocyt c. Figure 2a
shows the fluorescence-monitored normalized GdnHCI and
urea denaturation curves of ferrocyt ¢ in the absence and
presence of 1.0 M GB at pH 7.0 and 25 °C. In the absence and
presence of 1.0 M GB, ferrocyt ¢ is completely unfolded in the
presence of 6.0 M GdnHCI (Figure 2a), while within the limit
of the aqueous solubilities of urea, ferrocyt c¢ exhibits
incomplete unfolding (Figure 2a).*”’” Figure 2a also shows
that the GdnHCl-induced unfolding curve of ferrocyt ¢ shifts
toward the higher concentration of GdnHClI in the presence of
1.0 M GB. Two-state analysis of the GdnHCl-induced
unfolding curves of ferrocyt ¢ measured in the absence and
presence of 1.0 M GB at 25 °C and pH 7.0 yields AGp, the
denaturation free energy, and My, which is proportional to the
surface area exposed by the solvent. The values of AGp, and m,
are ~17.1 kcal mol™" and ~3.3 kcal mol™' M/, respectively, in
the absence of GB, while the corresponding values in the
presence of 1.0 M GB are 18.4 kcal mol™" and 3.4 kcal mol™
M, respectively. This finding suggests that GB increases the
thermodynamic stability of the protein.

Effect of GB on the Denaturant-Dependent Log ky;.
To test the effect of GB on the structural fluctuation of the
native and denatured states of ferrocyt ¢, the rate coefficient of
dissociation of CO from NCO was measured as a function of
GdnHCI or urea concentration in the absence and presence of
1.0 M GB. Figure 2b shows the effect of GB on the denaturant
(urea or GdnHCl) dependence of log kg, When the
concentration of the denaturant in the reaction medium is
increased from 0.0 to 5.0 M GdnHCI or 9.0 M urea, log kg
initially decreases and then increases, displaying inflections
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Figure 2. (a) Denaturant (GdnHCl and urea)-induced fluorescence-
monitored normalized equilibrium unfolding curves of ferrocyt ¢
measured in the absence [GdnHCI (O) or urea (O)] and presence of
1.0 M GB [GdnHCI (M) or urea (@)] at pH 7.0 and 25 °C. The solid
curves are the fits of the data to a two-state equation.”® The values of
AGp and m, obtained are ~17.1 kcal mol™ and 3.3 keal mol™ M™*
and ~18.4 kcal mol™" and ~3.2 kcal mol™ M™ for GdnHClI in the
absence and presence of 1.0 M GB, respectively. (b) GdnHCI and urea
dependence of log kg in the absence [GdnHCI (O) or urea (O)] and
presence of 1.0 M GB [GdnHCI (M) or urea (®)] at pH 7.0 and 25
°C. (c) CO titration of native ferrocyt ¢ in the absence (<) and
presence of 2.5 M GdnHCI (®) and 4.0 M GdnHCI (M) at pH 7.0.
Fits to data are to the equation y(x) = 1/[1 + 10"*707, (d) Eyring
plots for the CO dissociation reaction, in 50 mM phosphate buffer
(pH 7.0), with 0.05 M GdnHCI (@) or with 2.5 M GdnHCl in the
absence (<) and presence (4) of 1.0 M GB or 4.0 M GdnHCl in the
absence (A) and presence (A) of 1.0 M GB. (e) Eyring plots for the
CO dissociation reaction, in 50 mM phosphate buffer (pH 7.0), with
0.05 M GdnHCI (@) or with 5.5 M urea in the absence (<) and
presence (@) of 1.0 M GB, 7.5 M urea in the absence (V) and
presence (V) of 1.0 M GB, or 9.0 M urea in the absence (A) and
presence (A) of 1.0 M GB. Activation enthalpies, activation entropies,
and conformational entropy losses relative to the native-state entropy
are listed in Table 1.

centered at ~2.5 M GdnHCI or ~5.5 M urea in the absence of
GB. The decrease in log kg in the subdenaturing limit of
denaturants has been taken as evidence of the internal motional
constraints of the protein in the subdenaturing limit of
denaturant,>” which tends to block the dissociation of CO
from NCO. Recently, we have shown that in the subdenaturing
limit, the polyfunctional interactions between protein groups
and denaturants serve to cross-link different parts of the protein
and thus restrict the internal dynamics of ferrocyt ¢.”” 'H NMR
spectra can also be used to test the internal mobility and side
chain environmental averaging of the protein in the presence of
additives.””®® The NMR lines in the '"H NMR spectrum of the
NCO state (pH 7.0) are narrow and well-dispersed (Figure Sla
of the Supporting Information). When 5.0 M urea is included,
the spectrum appears to gain slightly more dispersion and
sharpness of resonances all over the spectral width (Figure S1b
of the Supporting Information). This finding indicates that in
the presence of subdenaturing concentrations of the denatur-
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Figure 3. Representative result of docking between horse ferrocyt ¢ (PDB entry 2FRC) and urea, GdnH", and GB. Panel a shows the hydrogen
bonding network established by four urea molecules in which Lys72, Ile75, Met80, Gly84, and Ile8S residues of the Q-loop are involved. Panel a
clearly shows that these four urea molecules establish seven hydrogen bonds with different residues of the Q-loop (Lys72, Ile7S, Met80, Gly84, and
Ile8S) and three hydrogen bonds with other different residues of the protein (Leu68 and Glu69). Panel b represents the hydrogen bonding network
established by two GdnH" ions. The first GdnH* ion (marked as 1) forms the two hydrogen bonds with different residues of the Q-loop (Gly77 and
Met80), while the other GdnH" ion (marked as 2) forms the six hydrogen bonds with different residues of the protein (Thr19, Lys22, Gly23, and
Gly29). Panel c represents the direct single hydrogen bond established by each GB molecule (marked as 1 and 2) with the side chain of Lys72 or
Lys79 of the Q-loop. Panel d represents the two GB molecules (marked as 3 and 4) that do not form direct hydrogen bonds with the protein but are
in contact with the protein surface via indirect interactions. Image processing was performed using UCSE Chimera.” The residues are marked

according to their position.

ant, the internal protein interactions of the NCO state are
slightly enhanced. At relatively higher denaturant concen-
trations (>9.0 M urea), the NCO state becomes denatured as
indicated by the loss of both chemical shift dispersion and line
shape (Figure Slc of the Supporting Information). The far-UV
CD spectra of the NCO state recorded in the absence and
presence of 5.0 and 10.75 M urea also indicate that the high
concentrations of the denaturant (>9.0 M urea) denature the
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NCO state while the low concentrations of the denaturant
stabilize the secondary structure of NCO (Figure S2 of the
Supporting Information). The analysis of CO titrations of
ferrocyt ¢ measured in the absence and presence of 2.5 and 4.0
M GdnHCI at pH 7.0 (Figure 2c) further reveals that
subdenaturing concentrations of the denaturant decrease the
affinity of CO for the active protein site while the higher
concentrations of the denaturant increase the affinity of CO for
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the active protein site (K, values in the absence and presence of
2.5 and 40 M GdnHCI of ~638.9, 848.5, and 67.8 uM,
respectively).

Both GB and subdenaturing concentrations of GdnHCI
(<2.5 M) or urea (<5.5 M) individually decrease the rate of CO
dissociation (Figures 1b and 2b); therefore, the coexistence of
the two in reaction medium is expected to produce a
cumulative effect on the rate of CO dissociation. The
denaturant dependence of log kg, in the absence and presence
of 1.0 M GB is shown in Figure 2b. Figure 2b clearly shows that
the rate—denaturant profile is shifted vertically down to a lower
log kg in the presence of 1.0 M GB (Figure 2b). A horizontal
shift toward a higher concentration of the denaturant is also
apparent in the presence of 1.0 M GB (Figure 2b). Both vertical
and horizontal shifts indicate that within the subdenaturing
limit of the denaturant, GB shows a cumulative effect with the
denaturant on the decrease in the level of structural fluctuation
of the protein. In the subdenaturing to denaturing region, the
increase in log kg, (Figure 2b) can be interpreted to arise from
protein destabilization and structural unfolding action of the
denaturant®” that would facilitate the dissociation of CO from
NCO. Log kg, increases to a lesser extent in the presence of
1.0 M GB than in its absence (Figure 2b), which indicates that
the inclusion of GB opposes the structural fluctuation that
causes the structural unfolding of the protein.

To investigate the effect of GB on the structural fluctuation
of native and denatured states of ferrocyt ¢ further, we have
estimated the values of AHy . and ASyF for the CO
dissociation reaction at different denaturant (GdnHCI or urea)
concentrations in the absence and presence of 1.0 M GB.
Figure 2d shows the Eyring plots for the CO dissociation
reaction in the presence of 0.05 M GdnHCI without GB and in
the presence of 2.5 and 4.0 M GdnHCI with and without 1.0 M
GB. The Eyring plots for the CO dissociation reaction in the
presence of 0.05 M GdnHCI without GB and in the presence of
5.0, 7.5, and 9.0 M urea with and without 1.0 M GB are shown
in Figure 2e. The Eyring plots in panels d and e Figure 2 were
analyzed by using the Eyring equation (eq 1).*””7 The
estimated values of AHy. * and ASy* are summarized in
Table 1. Clearly, in the presence of subdenaturing concen-
trations of denaturants, the denaturant-mediated increase in
AHg,F is more pronounced in the presence of GB than in its
absence, indicating that GB has a cumulative effect on the
denaturant-mediated decreased structural fluctuations of the
protein. On the other hand, in the subdenaturing to denaturing
milieu, the denaturant-mediated decrease in AHy ¥ is less
pronounced in the presence of GB than in its absence,
indicating that GB counteracts the denaturant-mediated
enhanced structural fluctuations of the protein.

The conformational entropy loss, AASy.F, for the CO
dissociation reaction in the presence of the denaturant relative
to that in the absence of the denaturant in the absence and
presence of 1.0 M GB was also calculated by using eq 2, and the
values are summarized in Table 1. The data in Table 1 clearly
show that within the subdenaturing limit of denaturants, the
denaturant-mediated increase in AASy, ¥ is more pronounced
in the presence of GB than in its absence, suggesting that GB
has a cumulative effect on the denaturant-mediated decreased
degree of motional freedom of the protein.

In Silico Identification of GB, Urea, and GdnH* Binding
Sites on Ferrocyt c. The different clusters of GB, urea, and
GdnH" that are involved in binding with the protein at the
same site are screened through their full fitness strength.
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Docking results show that urea and GdnH" can form multiple
variable length hydrogen bonds with the backbone—backbone
or backbone—side chain atoms of the protein that are distant
from each other, whereas the GB is not involved in cross-
linking with different atoms of the protein that are distant from
each other (Figure 3a—c and Table S1 of the Supporting
Information). Docking results suggest that the 19 guanidinium
ions can form 60 two hydrogen bonds (3.26 hydrogen bonds/
GdnH") whereas the 28 urea molecules form 75 hydrogen
bonds on different sites of the protein (2.67 hydrogen bonds/
urea molecule). The docking results also reveal that the 12 GB
molecules can form hydrogen bonds on different sites of the
protein and the 14 GB molecules are in contact with protein
surface via indirect interactions (polar or hydrophobic) (Figure
3d and Tables S1 and S2 of the Supporting Information). The
representative results in Figure 3a clearly indicate that four urea
molecules establish the seven variable length hydrogen bonds
with different residues of the Q-loop and the three variable
length hydrogen bonds with other different residues of protein.
Figure 3b clearly shows that one guanidinium ion can establish
two variable length hydrogen bonds with different residues of
the Q-loop of the protein and another guanidinium ion forms
the six variable length hydrogen bonds with different residues of
the protein. Figure 3c shows that each GB molecule establishes
a direct single hydrogen bond to side chains of the Lys residue.
Figure 3d indicates that two GB molecules are in contact with
the protein surface via indirect interactions (polar or hydro-
phobic).

Effect of GB on the Secondary Structures of Native
and Denatured States of Ferricyt c at Neutral pH 7.0 and
Mildly Acidic pH 3.8. The far-UV CD spectrum of ferricyt ¢
at 25 °C exhibits a negative Cotton effect at 222 nm that
reflects the secondary structure of the native protein at pH 7.0
(Figure 4a) or pH 3.8 (Figure 4b). When the temperature is
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Figure 4. Effect of GB on native and denatured states of ferricyt c.
Panels a and b present far-UV CD spectra of native (—, 25 °C) and
temperature-denatured (———, 90 °C) and GdnHCl-denatured (---, 5.0
M GdnHCl) states of ferricyt ¢ collected at pH 7.0 (a) and 3.8 (b).
The far-UV CD spectra of native ferricyt c in the absence (———) and
presence of 1.0 M GB (+) are shown in panels ¢ and d at pH 7.0 and
3.8, respectively. Panels ¢ and d also show the far-UV CD spectra of
the denaturant-induced denatured state of ferricyt ¢ (8.5 M urea and
5.0 M GdnHCI) in the absence [urea (X) and GdnHCI (@®)] and
presence of 1.0 M GB [urea (A) and GdnHCI (O)] at pH 7.0 and 3.8,
respectively.
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increased from 25 to 90 °C or the denaturant concentration
from 0.0 to 5.0 M GdnHCI, the negative Cotton effect is
eliminated at pH 7.0 (Figure 4a) or pH 3.8 (Figure 4b),
indicating that the secondary structure of the protein is
significantly disrupted. Panels ¢ and d of Figure 4 show the
effect of GB on the far-UV CD spectra of native and denatured
(by ~5.0 M GdnHCl or ~8.5 M urea) states of ferricyt ¢ at pH
7.0 and 3.8, respectively, which reveals that the far-UV CD
signals of native ferricyt ¢ do not change significantly in the
presence of 1.0 M GB, indicating that the GB does not greatly
affect the secondary structure of the native protein (Figure
4c,d). However, in the presence of 1.0 M GB, the denatured
protein gains some far-UV CD signals at pH 7.0, indicating that
the GB induces the formation of the secondary structure of the
denatured protein at pH 7.0 (Figure 4c).

Effect of GB on the T, AH,, and AG; of Cyt c in an
Aqueous Solution. Panels a and b of Figure 5 show that in
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Figure S. (a) Thermally induced unfolding of ferrocyt ¢ monitored at
550 nm in the Soret region as the change in the excitation coefficient
in the absence (O) and presence (@) of 1.0 M GB at pH 7.0. (b)
Thermally induced unfolding of ferrocyt ¢ monitored by CD at 222
nm in the absence (O) and presence (®) of 1.0 M GB at pH 7.0. (c
and d) Far-UV CD-monitored thermal unfolding curves of ferricyt ¢
measured at pH 7.0 and 3.8, respectively, in the absence (O) and
presence (@) of ~1.0 M GB. The solid curves in panels a—d represent
nonlinear least-squares fits to the Gibbs—Helmholtz equation (eq 3).
The insets of panels ¢ and d show the variation of the change in
thermal unfolding free energy, AGry, of ferricyt ¢ with GB
concentration at pH 7.0 and 3.8, respectively. The solid lines in the
insets of panels c and d represent linear least-squares fits of the AGy vs
[GB] data.

the presence of 1.0 M GB, the thermal unfolding curve of
ferrocyt c is shifted to higher temperatures at pH 7.0. Panels ¢

and d reveal that in the presence of 1.0 M GB, the thermal
unfolding curve of ferricyt ¢ is shifted to higher temperatures at
pH 7.0 and shifted to lower temperatures at pH 3.8. The
thermal unfolding curves were analyzed for the thermal
denaturation midpoint (T,,), the enthalpy of denaturation
(AH,,), and the heat capacity change (AC,) by using a
nonlinear least-squares method according to the Gibbs—
Helmholtz equation

post

A(T) or O(T) = lcpre + My T+ (Cpoge + Mo T)

m

(ol ol

[T, -T+T In(T/Tm)]}/(RT]]

exp({AHm(Tl - 1) + ACP[Tm -T+T ln(T/Tm)]}

©)

where A(T) or 6(T) is the observed variable parameter, c,,, and
Cpost Tepresent intercepts of the native (pretransitions and
unfolded (post-transition) baselines, respectively, and m,,, and
Moo Tepresent slopes of the native (pretransitions and
unfolded (post-transition) baselines, respectively. For ferrocyt
¢ and ferricyt ¢, the resulting T;,, AH,,, and AC, values in the
absence and presence of GB are listed in Table S3 of the
Supporting Information and Table 2, respectively. In the
presence of GB, T, increases at pH 7.0 and decreases at pH 3.8
(Table S3 of the Supporting Information and Table 2). By
using AH,, Ty, and AC, values and eq 4, the AGy at 25 °C
was determined as a function of GB concentration

m

T
AG, = AHm(l - T—] + AC,[T - T, — T In(T/T,)]

(4)

At pH 7.0, AGy increases linearly with GB concentration,
and hence, the m value that is equal to the slope of the AGy
versus GB concentration plot is positive (approximately 0.56)
(inset of Figure Sc). However, at pH 3.8, AGy decreases
linearly and gives a negative m value (approximately —1.26)
(inset of Figure Sd). These findings indicate that GB increases
the thermodynamic stability of the protein at neutral pH and
decreases it at mildly acidic pH.

Effect of GB on the Denaturant-Dependent T,,, AH,,,
and AG; Values of Cyt c. Figure 6a shows the representative
heme absorption-monitored (S50 nm) normalized denaturant
(GdnHCI and urea)-dependent thermal unfolding curves of

Table 2. GB Dependence of T,,, AH,,, AC,, and AGy Values for Thermal Unfolding of Ferricyt ¢ (CD at 222 nm) at pH 7.0 and

3.8%
pH 7.0 pH 3.8
[GB] M) T, (K) AH,, (kcal mol™) AC, (keal mol™! K™')  AGy (kcal mol™) T, (K) AH,, (kcal mol™) AC, (kcal mol™! K™)  AG; (kcal mol™)
0.0 362.9 83.5 1.3 6.9 342.8 65.7 1.1 5.2
0.5 363.4 85.0 1.2 7.8 336.6 60.1 1.1 4.4
1.0 364.5 86.0 1.3 7.3 330.9 54.7 1.1 3.6
1.5 365.5 87.0 1.2 8.1 3258.5 45.2 1.0 2.6

“The uncertainties of T,, AH,,, AGy, and AC, values reported here are +0.5 °C, +2.0 kcal mol ™!, +0.5 kcal mol™, and +0.2 kcal mol™! K7,

respectively.
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Figure 6. (a) Thermally induced unfolding of ferrocyt ¢ monitored at
550 nm in the Soret region as the change in the excitation coefficient
at pH 7.0, in the absence of a denaturant (O), in the presence of 3.0
urea (A), in the presence of 3.0 M urea with 1.0 M GB (@), in the
presence of 1.5 M GdnHCl (O), and in the presence of 1.5 M
GdnHCI with 1.0 M GB (A). (b and ¢) Far-UV CD-monitored (222
nm) thermal unfolding curves of ferricyt ¢ at pH 7.0 and 3.,
respectively, in the absence of an additive (O), in the presence of 1.5
M GdnHCI (A), and in the presence 1.5 M GdnHCl with 1.0 M GB
(®@). The solid curves in panels a—d represent nonlinear least-squares
fits of the data to eq 3. (d) Variation of the thermal unfolding
midpoint, T, of ferrocyt ¢ as a function of GdnHCI concentration, in
the absence (O) and presence (®) of 1.0 M GB at pH 7.0. The inset
of panel d shows the variation of AH,, of ferrocyt ¢ at pH 7.0 as a
function of GdnHCI concentration in the absence (O) and presence
(®) of 1.0 M GB. (e and f) Variation of T, of ferricyt ¢ at pH 7.0 and
3.8, respectively, as a function of GdnHCIl concentration in the
absence (O) and presence (@) of 1.0 M GB. Insets of panels e and f
show the variation of AH,, of ferricyt ¢ at pH 7.0 and 3.8, respectively,
as a function of GdnHCI concentration in the absence (O) and
presence (@) of 1.0 M GB. The solid lines in panels d—f and in the
insets of panels d—f represent linear least-squares fits of the data.

ferrocyt ¢ in the absence and presence of 1.0 M GB at pH 7.0.
The representative far-UV CD-monitored (222 nm) GdnHCI-
dependent normalized thermal unfolding curves of ferricyt ¢ in
the absence and presence of 1.0 M GB at pH 7.0 and 3.8 are
shown in panels b and ¢ of Figure 6, respectively. At pH 7.0 and
3.8, the thermal unfolding curve shifts to lower temperatures in
the presence of a denaturant (Figure 6a—c). However, in the
presence of 1.0 M GB, the denaturant-induced shift in the
thermal unfolding curve is less pronounced at pH 7.0 (Figure
6ab) and more pronounced at pH 3.8 (Figure 6c). To
determine the effect of GB on the denaturant dependence of
AH,, T,, and AC,, the thermal unfolding curves of ferrocyt ¢
and ferricyt ¢ collected at various concentrations of GdnHCI or
urea in the absence and presence of 1.0 M GB were analyzed
using eq 3. The resulting T,,, AH,, and AC, are provided in
Tables S4 and SS$ of the Supporting Information. At pH 7.0 and
3.8, in the absence and presence of 1.0 M GB, T,, and AH,,
were found to decrease linearly with GdnHCI concentration
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(Figure 6d—f). However, in the presence of 1.0 M GB, the
decreases in T,,, and AH,, with GdnHCI concentration are less
pronounced at pH 7.0 (Figure 6d,e) and more pronounced at
pH 3.8 (Figure 6f). The dependence of AH,, on T,, obtained
by thermal unfolding of proteins in the presence of various
concentrations of GdnHCI in the absence and presence of 1.0
M GB at pH 7.0 (Figure 7a,b) and pH 3.8 (Figure 7c) is shown
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Figure 7. (a) Variation of AH,, as a function of the T, of ferrocyt ¢
(heme absorbance at 550 nm) at pH 7.0 obtained at different GdnHCl
concentrations in the absence (O) and presence (@) of 1.0 M GB.
The inset of panel b shows the variation of the AGy of ferrocyt ¢ as a
function of GdnHCI concentrations at pH 7.0 in the absence (O) and
presence (@) of 1.0 M GB. (b and c) Variation of AH,, as a function
of the T,, of ferricyt ¢ (CD at 222 nm) at pH 7.0 and 3.8, respectively,
obtained at different GdnHCI concentrations in the absence (O) and
presence (@) of 1.0 M GB. The insets in panels b and c show the
variation of AGy of ferricyt ¢ as a function of GdnHCI concentration at
pH 7.0 and 3.8, respectively, in the absence (O) and presence (@) of
1.0 M GB.

in Figure 7a—c. From the plots of AH,, versus T,,, AC, values
in the absence and presence of 1.0 M GB were determined by a
linear least-squares fit of the data to eq $*~7*

AH, = ACT, + b (5)

By using eq 4 and AC, values (obtained by eq 5), the AGy
values were determined at 25 °C as a function of GdnHCI
concentration in the absence and presence of 1.0 M GB. A
number of previous studies of urea and GdnHCI denaturation
of proteins have revealed that AGp decreases linearly with
denaturant concentration, [D], as®'~**

AGy = AG;° — m[D] (6)
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where AG1° is the Gibbs free energy of denaturation in the
absence of denaturant and m is an empirical parameter (m
value) that reflects the difference between the accessibility of
surface areas of native and denatured states of the polypeptide
chain for a given denaturant.**~ The inset of Figure 7a shows
plots of AGy versus GAnHCI concentration for ferrocyt ¢ in the
absence and presence of 1.0 M GB at pH 7.0. Insets of panels b
and ¢ of Figure 7 shows plots of AGp versus GdnHCI
concentration for ferricyt ¢ at pH 7.0 and 3.8, respectively, in
the absence and presence of 1.0 M GB at pH 7.0. In the
absence and presence of 1.0 M GB, AG decreases linearly with
GdnHCI concentration (insets of Figure 7a—c). However, in
the presence of 1.0 M GB, AGy decreases to a lesser extent at
pH 7.0 (insets of Figure 7a,b) and decreases to a greater extent
at pH 3.8 (inset of Figure 7c). These findings indicate that GB
counteracts the destabilizing action of the denaturant on the
thermal stability of the protein at neutral pH and exhibits a
cumulative effect on the destabilizing action of the denaturant
on the thermal stability of the protein at mildly acidic pH
values. The m value of ferricyt ¢ for GdnHCl in the absence and
presence of GB is also estimated at pH 7.0 and 3.8 from linear
least-squares fitting of the data (AGy vs [D]) to eq 6 (insets of
Figure 7b,c and Table SS of the Supporting Information). Data
in Table SS clearly show that at pH 7.0 and 3.8, the presence of
GB in the reaction medium changes the m value of ferricyt ¢ for
GdnHCIL It is most likely that the interactions between GB and
the denaturant affect the slope of this plot. The pioneering
work by Record and co-workers has described that the
interactions of the solute (GdnH*, urea, or GB) with certain
groups of protein (amide O, aliphatic C, and aromatic C)
provide the main contributions to the m value.*” GdnH" has
multiple hydrogen bond donors, but GB does not have any
hydrogen bond donor.*” The current docking results suggest
that GdnH" forms a hydrogen bond with the C=O group of
peptide bonds but GB does not form such hydrogen bonds
(Table S2 of the Supporting Information). GB also forms a
hydrogen bond with the N—H group of peptide bonds, but
GdnH" acts exclusively as a hydrogen bond donor and does not
form a hydrogen bond with the N—H group of peptide bonds
(Table S2 of the Supporting Information). GB does not
interact preferentially with the N—H group of the peptide bond
because only one GB molecule is engaged with the N—H group
of the peptide bond (Table S2 of the Supporting Information).
However, GB interacts more preferentially with the cationic
nitrogen of Arg and Lys by forming a hydrogen bond as
compared to the N—H group of the peptide bond. GdnH" but
not GB interacts preferentially with the carboxylate/side chain
oxygen of Glu, Asp, and Asn residues by forming hydrogen
bonds. These interactions between the denaturant and different
groups of the protein are destabilizing, while the interactions of
GB with different groups of the protein are stabilizing.*

At pH 7.0, as the GdnH" concentration is increased in the
mixture of GdnH* and GB, the extent of the GB—GdnH"
interaction also increases, which as a result weakens the
denaturing power of GdnH" than in the absence of GB.
Because of these concentration-dependent GB—GdnH" inter-
actions, AGy values do not show similar additive behavior over
the entire GdnHCI concentration range, which as a result
affects the slope of the plot of AGy vs denaturant
concentration. An earlier report has shown that the protonated
GB at mildly acidic pH values can interact preferentially with
the protein backbone and thus can act as a denaturant.* At pH
3.8, as the GdnH" concentration is increased in the mixture of
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GdnH" and GB, both solutes compete with each other for
making destabilizing interactions with some common sites of
the protein, which as a result affects the slope of the plot of
AGr versus denaturant concentration.

Effect of GB on the AGp and C,, Values of Cyt c in an
Aqueous Solution. Panels a and b of Figure 8 show the
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Figure 8. (a and b) Fluorescence-monitored normalized equilibrium
urea-induced unfolding curves of ferricyt ¢ at pH 7.0 and 3.,
respectively, in the presence of 0.0 (@), 0.3 (O), 0.5 (A), and 1.0 M
GB (A) at 25 °C. The solid curves represent nonlinear least-squares
fits according to the standard two-state equation.”® (c) Variation of the
change in unfolding free energy, AGp, of ferricyt ¢ with GB
concentration at pH 7.0 (@) and 3.8 (O). (d) Variation of the urea
unfolding midpoint, C,, of ferricyt ¢ with GB concentration at pH 7.0
(@) and 3.8 (O).

fluorescence-monitored normalized urea-induced unfolded
curves of ferricyt ¢ at pH 7.0 and 3.8, respectively, in the
absence and presence of ~0.3, 0.5, and 1.0 M GB at 25 °C. The
urea-induced unfolded curve of ferricyt ¢ shifts toward the
higher concentration of urea in the presence of GB at pH 7.0
and shifts toward the lower concentration of urea at pH 3.8.
Two-state analysis’® of the urea-induced unfolded curves of
ferricyt ¢ [Figure 8a (pH 7.0) and Figure 8b (pH 3.8)]
provided the AGp, and m, values at different GB concentrations
(Table 3). The urea unfolding midpoint, C,, (=AGp/ mg), for
different GB concentrations was also calculated (Table 3). As
the GB concentration is increased from 0.0 to 1.0 M, AGp and
C,, increase at pH 7.0 and decrease at pH 3.8 (Figure 8c,d).
The increase in AGp, in the presence of GB at pH 7.0 indicates
that GB increases the thermodynamic stability of the native
protein at neutral pH. On the other hand, the decrease in AGp
in the presence of GB at pH 3.8 suggests that GB decreases the
thermodynamic stability of the native protein at mildly acidic
pH values.

Effect of GB on the Denaturant-Dependent AGj and
C., Values of Cyt c. Panels a and b of Figure 9 show that at
pH 7.0 and 3.8, the inclusion of GdnHCI shifts the urea-
induced unfolding curve to lower urea concentrations.
However, in the presence of 0.5 M GB, the GdnHCl-triggered
shift in the urea-induced unfolding curve is less pronounced at
pH 7.0 (Figure 9a) and more pronounced at pH 3.8 (Figure
9b). To determine the effect of GB on the GdnHCI
dependence of AGp, and m,, the urea-induced unfolded curves
of ferricyt ¢ collected at various GdnHCI concentration in the
absence and presence of 0.5 M GB were analyzed by using a
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Table 3. Dependence of the AGy, my,
Fluorescence (excitation at 280 and emission at 365 nm)“

pH 7.0
[GB] (M) C,, (M) AGp (keal mol™) my (keal mol™" M™")
0.0 6.8 8.6 1.25
0.1 7.6 8.7 1.14
0.3 7.8 9.1 1.13
0.5 8.4 9.4 1.13
1.0 9.3 10.7 1.14

and C,, Values of Ferricyt c on GB Concentration at pH 7.0 and 3.8 As Monitored by Trp

pH 3.8
[GB] (M) C, (M) AGp (kcal mol™) my (keal mol™" M™")
0.0 3.6 5.9 1.7
0.1 2.6 5.8 22
0.3 2.9 5.6 2.0
0.5 3.0 5.5 1.8
1.0 3.1 5.2 1.7

“The uncertainties associated with AGp, mg, and C,, are 0.5 keal mol ™!, +0.2 kcal mol™ M, and +0.2 M, respectively.
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Figure 9. (a) Urea-induced denaturation curves of ferricyt ¢ at pH 7.0
and 25 °C, in the absence of an additive (@), in the presence of 1.0 M
GdnHCI (A), and in the presence of 1.0 M GdnHCl with 0.5 M GB
(O). (b) Urea-induced denaturation curves of ferricyt ¢ at pH 3.8 and
25 °C, in the absence of an additive (@), in the presence of 0.5 M
GdnHCI (A), and in the presence of 0.5 M GdnHCl with 0.5 M GB
(O). The solid curves in panels a and b represent nonlinear least-
squares fits of the data according to the standard two-state equation.”®
(c and d) Variation of the change in unfolding free energy, AGp, of
ferricyt ¢ with GAnHCI concentration in the absence (O) and presence
(®) of 0.5 M GB at pH 7.0 and 3.8, respectively. The insets of panels ¢
and d show the variation of the urea unfolding midpoint, C,, of
ferricyt ¢ in the absence (O) and presence (@) of 0.5 M GB at pH 7.0
and 3.8, respectively.

two-state equation.”® The resulting AGp and m, values are
listed in Table S6 of the Supporting Information. The urea
unfolding midpoint, C,, (=AGp/my), for different GdnHCI
concentrations was also calculated in the absence and presence
of GB (Table S6 of the Supporting Information). The data in
Table S6 of the Supporting Information clearly show that at pH
7.0 and 3.8, the m,, value calculated in the absence and presence
of GB is not greatly changed. At pH 7.0 and 3.8, AGp, and C,
decrease linearly with GdnHCl concentration (Figure 9¢,d and
insets of Figure 9¢,d). However, in the presence of 0.5 M GB,
the decrease in AGp and C,, with GdnHCI concentration is less
pronounced at pH 7.0 (Figure 9c and inset of Figure 9¢) and
more pronounced at pH 3.8 (Figure 9d and inset of Figure 9d).
These findings indicate that the GB counteracts the denaturing
action of GdnHCI at neutral pH while it shows an additive
effect on the denaturing action of GdnHCI at mildly acidic pH
values.

B DISCUSSION

Kinetic and thermodynamic studies of NCO in the presence of
different concentrations of GB or a denaturant (GdnHCI or
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urea) have provided evidence of the internal motional
constraints and entropy reduction of NCO in the presence of
GB and subdenaturing concentrations of the denaturant. The
probable explanations for the restricted dynamics of the protein
in the presence of GB and subdenaturing concentrations of
urea and GdnHCI as well as the effect of GB on structural
fluctuations of the protein across the folding—unfolding
transition are discussed. Thermal and chemical denaturation
studies of native ferrocyt ¢ at pH 7.0 and ferricyt ¢ at pH 7.0 and
3.8 in the presence of different concentrations of GB have
provided evidence that GB increases the thermodynamic
stability of the native protein at neutral pH but decreases it
at mildly acidic pH values. The probable explanations for why
GB increases the thermodynamic stability of the native protein
at neutral pH but decreases it at mildly acidic pH values as well
as the effect of GB on the GdnHCl-dependent thermodynamic
stability of the native protein at pH 7.0 and 3.8 are discussed.

How Could GB, Urea, and GdnHCI Restrict the Internal
Dynamics of Ferrocyt ¢? Figure lc shows that as the GB
concentration is increased, log kg, decreases monoexponen-
tially. Figure 2b shows that as the denaturant concentration is
increased from 0.0 to 5.0 M GdnHCI or 9.5 M urea, log kg
initially decreases and then increases, showing a minimum at
~2.5 M GdnHCl or ~5.5 M urea. These results provide
primary evidence that GB and subdenaturing concentrations of
the denaturant restrict the internal dynamics of NCO. If the
internal dynamics of the protein is restricted in the presence of
GB or subdenaturing concentrations of the denaturant, then
the restricted dynamics should decrease the amplitude of
structural fluctuation of the protein. Some earlier hydrogen
exchange (HX) experiments have also shown that osmolytes
such as sugar decrease the amplitude of structural fluctuation of
native proteins.>”’*°°~** Because both entropy and fluctuation
have the same origin, therefore, the restricted dynamics in the
presence of GB or a subdenaturing amount of denaturant must
alter the conformational entropy of the protein. The data in
Table 1 clearly show in the absence of additives the increase in
the conformational entropy loss in the presence of 1.0 M GB,
2.5 M GdnHC], and 5.5 M urea. These results suggest that GB
and subdenaturing concentrations of urea or GAnHCI decrease
the degree of motional freedom of NCO and thus restrict the
internal dynamics of the native protein. Few recent reports have
shown that urea forms hydrogen bonds to both C=0 and N—
H groups of the peptide bond while GdnH"* forms hydrogen
bonds to only the C=0O group of the peptide bond.”>?® A very
recent report reveals that GB also forms hydrogen bonds with
the N—H group of the peptide bond.* These findings suggest
that in an aqueous solution, urea can act as a good hydrogen
bond donor and acceptor while GdnH* and GB can act as a
hydrogen bond donor and acceptor, respectively.**”>® Results
of docking between ferrocyt ¢ and GB or the denaturant (urea
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or GdnH") reveal that the denaturant forms polyfunctional
interactions with different groups of the protein (Figure 3a,b
and Table S1 of the Supporting Information) while GB forms
only a direct single hydrogen bond with the protein group
(Figure 3c and Table S1 of the Supporting Information). Few
earlier reports have shown that the denaturant-mediated
polyfunctional interactions with different groups of cyt ¢
restrict the internal dynamics of the protein.’>”” However,
osmolytes such as GB do not involve any kind of polyfunctional
interactions with different groups of the protein (Figure 3c and
Table S1 of the Supporting Information) and still restrict the
internal dynamics of the protein (Figure 1c). How could GB
restrict the internal dynamics of the protein without making
any polyfunctional interaction? Figure 3c shows that GB forms
a direct single hydrogen bond with different side chains of Lys
or Arg residues of ferrocyt ¢ or the N—H group of the peptide
bond (Table S1 of the Supporting Information). Figure 3d
shows that in addition to direct hydrogen bonding, GB also
interacts with the protein surface via indirect polar and
hydrophobic interactions (Table S2 of the Supporting
Information). We can speculate that GB-mediated restricted
dynamics of ferrocyt ¢ originates from both direct interactions
of GB with different side chains of Lys or Arg residues of the
protein or the N—H group of the peptide bond and indirect
interaction of GB with the protein surface.

Effects of GB on the Structural Fluctuation of NCO
across the Folding—Unfolding Transition of the Protein.
Pioneering works by Englander and co-workers have shown
that the subglobal unfoldin§ units of cyt ¢ govern a limited set
of folding pathways.>*”>7*?7~1% Therefore, it is important to
evaluate the effect of GB on the thermal motions of NCO
across the folding—unfolding transition. As the denaturant
concentration is increased from 0.0 to 5.0 M GdnHCl or 9.5 M
urea, log kg, first decreases up to ~2.5 M GdnHCl or ~5.5 M
urea and then increases (Figure 2b). The linear decrease in log
k4s with denaturant concentration indicates that the
amplitudes of structural fluctuation of the NCO state
progressively decrease within the subdenaturing limit of the
denaturant. We have recently shown that within the
subdenaturing limit of the denaturant, the polyfunctional
interactions between protein groups and the denaturant
decrease the conformational entropy and thus restrict the
internal dynamics of the protein.”””’ Because both GB and
subdenaturing concentrations of the denaturant individually
decrease the amplitudes of structural fluctuation of the protein
(Figures 1c and 2b), the coexistence of two in reaction medium
is expected to produce a cumulative effect on the constrained
dynamics of NCO. In the subdenaturing limit of the
denaturant, the increase in the conformational entropy loss
for the CO dissociation reaction is more pronounced in the
presence of GB than in its absence (Figure 2d,e and Table 1).
This finding indicates that the excluded volume interactions of
GB also contribute to the constrained dynamics of NCO.*® En
route from subdenaturing to denaturing conditions, large-scale
unfolding fluctuation dominates the dynamics,> which
increases the configurational entropy and decreases the
activation enthalpy and activation entropy (Table 1).
Remarkably, the extents of the decreases in activation enthalpy
and activation entropy are smaller in the presence of GB than
in its absence (Table 1), indicating that GB opposes the
structural fluctuations that result in unfolding of the protein.

Results of docking between ferrocyt ¢ and GB or the
denaturant (urea or GdnH") reveal that the denaturant forms
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polyfunctional interactions with different groups of the protein
(Figure 3ab and Table S1 of the Supporting Information)
while GB forms only a direct single hydrogen bond with the
protein group (Figure 3c and Table SI of the Supporting
Information). In addition, GB also forms a contact with the
protein surface via indirect polar and hydrophobic interactions
(Table S2 of the Supporting Information). We can speculate
that within the subdenturing limit of the denaturant, the
polyfunctional interactions of the denaturant with different
groups of the protein and the direct interactions of GB with
different side chains of Lys or Arg residues of the protein or the
N—-H group of the peptide bond as well as the indirect
interaction of GB with the protein surface restrict the internal
dynamics of the protein. En route from subdenaturing to
denaturing conditions, the large-scale subglobal unfolding
motions dominate the dynamics, and under strongly destabiliz-
ing conditions, global unfolding completely takes over.>”””
Thus, it is possible that in the subdenaturing to denaturing
milieu, the direct interactions of GB with different side chains
of Lys or Arg residues of the protein or the N—H group of the
peptide bond as well as the indirect interactions of GB with the
protein surface oppose the structural fluctuations that cause
unfolding of the protein.

How Does GB Modulate the Thermodynamic Stability
of Native Cyt c at Neutral and Mildly Acidic pH Values?
The results presented here show that at neutral pH, GB
increases the thermodynamic stability of native ferrocyt c
(Figures 2a and Sa,b) and ferricyt ¢ (Figures Sc and 8c). This
result is consistent with an earlier report that found that GB
increases the thermal stability of a-lactalbumin, RNase A, and
lysozyme at neutral pH.** A recent report by Singh et al. shows
that the effect of GB at acidic pH values may vary from one
protein to another.*” They showed that at acidic pH values, GB
decreases the thermal stability of a-lactalbumin, increases the
thermal stability of RNase A, and does not change the thermal
stability of lysozyme significantly. Our results show that GB
decreases the thermodynamic stability of ferricyt ¢ at pH 3.8
(Figures Sd and 8c). How could GB increase the thermody-
namic stability of native ferricyt ¢ at neutral pH but decrease it
at mildly acidic pH values? In general, the preferential exclusion
of the osmolyte stabilizes the proteins while preferential
binding of the osmolyte destabilizes the proteins.'®" It may
be possible that at neutral pH, zwitterionic GB is excluded from
the protein surface because of unfavorable interaction with the
protein backbone, i.e., act as stabilizers, while in its positively
charged form at low pH, it directly interacts with the protein
backbone, preferentially stabilizing the denatured state and
decreasing the free energy of unfolding, AGp_y.*”'**'*

GB Counteracts the Destabilizing Actions of the
Denaturant at Neutral pH and Shows an Additive Effect
with the Denaturant at Acidic pH Values. The denaturing
actions of urea and GdnH" are generally based on their ability
to bind with the protein.’>'**~'*® Within the pH range from
7.0 to 3.8, the thermodynamic stabilities of native ferrocyt ¢
(Figure 6d) and native ferricyt ¢ (Figures 6ef and 9c,d)
decrease in the presence of the denaturant. However, the
inclusion of GB results in the counteraction of the destabilizing
action of the denaturant at neutral pH 7.0 (Figures 6d,e and 9c)
and has an additive effect on the denaturing action of the
denaturant at pH 3.8 (Figures 6f and 9d). Timasheff et al. have
reported that the TMAO counteracts the denaturing effect of
urea mainly by shifting the equilibrium between preferential
binding of urea and preferential exclusion of TMAO, which
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results in the enhanced hydration of the protein.'>'%” Similarly,
in case of cyt ¢ at pH 7.0, it is possible that the addition of GB
alters the balance between the preferential binding of the
denaturant and preferential exclusion of GB, resulting in an
increased level of hydration of the protein, and helps in the
counteraction of the destabilizing action of the denaturant.
However, at pH 3.8, it is possible that the preferential binding
interactions of both the denaturant and protonated GB show a
cumulative effect on the destabilization of the protein.

Mechanism of Osmolyte-Induced Protein Stabiliza-
tion. Timasheff and co-workers have shown that the major
driving force for osmolyte-induced stabilization of proteins is
the preferential exclusion of the osmolyte from the immediate
vicinity of the protein domain.'”®'% The pioneering work by
Bolen has shown that the terms preferential exclusion of
osmolyte and preferential hydration of protein are interchange-
able and indicate the same phenomenon.''® Accordingly, these
results indicate that the GB stabilizes the ferricyt ¢ at pH 7.0
because it exists in zwitterionic form and is excluded from the
protein surface. However, in its positively charged form at low
pH values, it directly interacts with the protein backbone and
hence destabilizes the protein.*>'*>'*

By using the transfer model, Timasheff and co-workers and
Bolen demonstrated that the osmolytes stabilize the proteins
mainly by interacting with the denatured state, leavin§ the
native state comparatively unaltered and functional.'>"'° A
recent theoretical study involving the molecular dynamics
simulations of a number of model peptides in an aqueous
solution of TMAO has shown that the entropic stabilization of
proteins in a crowded environment is due to excluded volume
interactions.*® Bolen et al. have reported that the unfavorable
interaction between the backbone and protecting osmolytes
increases the stability of proteins by increasing the chemical
potential of the denatured state and by producing a collateral
effect that contracts the denatured state.''' The contraction
decreases the conformational entropy of the denatured state
and increases the density of the hydrophobic groups.''’ These
two effects also contribute to the ability of protecting osmolytes
to force proteins to fold."'" Recently, Thirumalai et al. studied
the effects of TMAO on the stability of RNA hairpins and
revealed that TMAO preferentially interacts with the base
through the formation of a single hydrogen bond.''” The
current docking results also reveal that some GB molecules
form a single hydrogen bond with different side chains of Lys or
Arg residues of the protein, while others are also in contact with
the protein surface via indirect interactions (polar or hydro-
phobic) and hence stabilize the protein at pH 7.0.
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