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Abstract

The role of crowding agents on structure and a®®iof heme proteins has been established.
Analysis of kinetic and thermodynamic parametersasneed for CO-dissociation reaction of
natively-folded carbonmonoxycytochrone (NCO) and carbonmonoxymyoglobin (MbCO) at
different [GdnHCI] or [Urea] in the presence of widing agents (dextran 40,dextran 70 and ficoll
70) demonstrate that (i) at low denaturant conediotrs, crowder presence enhances the
denaturant-mediated restricted dynamics of NCO MimCO, and (i) at higher denaturant
concentrations, large scale unfolding-fluctuatidosninate the dynamics and inclusion of crowder
counteracts the structural-fluctuations causinguhflding of proteins. Thermodynamic analysis
of thermal and urea-unfolding curves of cytochrom@yt ) and myoglobin (Mb) measured at
different [GdnHCI] in presence of crowding agergsaals that crowder presence counterbalances
and strengthens the destabilizing action of GdnétCstability of Cytc and Mb, respectively. This
study further demonstrates that the size, shapecandentration of crowding agent modulate the

effect of crowder on denaturant-mediated dynammcsthermodynamic stability of heme proteins.

Keywords: Crowding agents; constrained dynamics; thermodymatability; counteracting effect;

excluded volume effect



1. Introduction

The interface of protein structure and protein higics is mostly investigated im-vitro
condition with diluted aqueous environment. Howevproteins synthesis and its associated
processes such as protein folding, enzyme actiatgyctural allosteryetc occur inin-vivo
conditions of crowded cellular environment. Theragellular environment, offers an extremely
crowded milieu that influences protein structurd a&iophysics [1-3]. It has been estimated that the
concentration of macromolecules in the cytoplasin the range of 80 to 400 mg Ti#-5]. About
10 to 40% of cellular volume is occupied by differenacromolecules [6-7]. The fraction of
available intracellular volume for other macromaolles depends on the concentration, size and
shape of different biomolecules present in eachpastment and with limited amount of free water.
The crowded environment influences excluded volueféects, probability of nonspecific
intermolecular interactions, and solvent viscosity.previous reports, the influence of crowding
effects was explained by two different theoriesrdhare repulsions and soft.g., chemical)
interactions [8]. In hardcore repulsion, crowdireduces the available space and induces the
compactness of protein being studied. However, duaed repulsive effect considers only the
arrangement of molecules, and avoids their intemactvith proteins. In addition, it improves
protein stability by decreasing the entropy of ddiftg [9-12]. On the other hand, the soft or
chemical interactions can be either attractive epulsive. In case of attractive interactions, the
nonspecific binding of cosolutes with protein bamhé leads to a preferential exclusion of the
osmolytes or crowders from the protein surface r@sdlts into a preferential hydration of proteins
[13]. As the solvent accessible surface area ofutifelded state of protein increases, the folding

equilibrium shifts towards the native state [12;15}.
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A high concentration of selected polymers servesm@msvding agents”. A number of studies
have also been carried out under these conditorassess the effect of molecular crowding on
protein structure and function [16-59]. Sasahetral (2003) showed that high concentration of
smaller crowder dextran 35 forced the acid-dendtaggochromec (Cyt ) to a near-native molten
globule state [16]. In addition, a number of repdrave demonstrated the influence of crowders on
the functional properties of proteins or enzyme8-76]. Dharet al (2010) documented the
enhanced activity of phosphoglycerate kinase (PB®Kinore than ten folds upon macromolecular
crowding [17]. Aokiet al (2011) proposed quasi-processive phosphorylatioBRK under the
physiological state of molecular crowding [18]. 8arly, remarkable changes in the diffusional
behavior of intracellular proteins and moleculaogarties of motor proteins, kinesins were also
documented [19-21]. In addition, potential role abwding agents has also been reported for
human diseases associated with protein aggregatmh fibril formation such as various
neurodegenerative disorders [22-28]number of reports demonstrated that crowding egalso
influence the stability and structural contentatied and unfolded proteins [3, 30-36, 71-73]. Chen
et al. (2012) assessed the effect of macromolecular argaveh burst phase kinetics of cytochrome
c folding [74]. Pioneering works by Wittung-Stafsleegroup evaluated the effect of crowding
agents on the denaturant-dependent thermal syabfliterricytochromec (Ferricytc) [71]. They
demonstrated that the size, shape and concentratigynthetic crowding agents modulate the
GdnHCI-dependent thermal stability of native Feftric

Although the effect of crowding agents on fast grmoidynamics that control conformational
transitions linked with protein function has beémdged [73-77], the effects of crowding agents on
slow changes in structural dynamics of proteawsoss the folding-unfolding transitioare not

explored so far. An understanding of the slow cleanig structural fluctuations in folding can be
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achieved by measuring the alterations in thermattdlations at both atomic and large-scale
collective level [78-81]. Though the role of crowdiagents on thermal fluctuations @floop of
NCO has been investigated [78], the role of crogdigents on structural fluctuations of MbCO is
not explored so far.

In present work, the roles of variations of sizeae, and concentration of crowding agent
on the denaturant-dependent structural dynami®$G® and MbCO were evaluated by measuring
the rates of CO dissociation from NCO [78] and Mb[8@] in the absence and presence of 50-200
mg ml* crowder of varying sizes (dextran 40 and dextr@nahd shape (dextran 70 and ficoll 70)
under variable concentrations of denaturants (areeGdnHCI). In addition, the roles of variations
of crowding agents were also evaluated on denatdiggrendent stability of heme proteins by
analyzing the thermal and chemical denaturatiomeziof Cytc and Mb at fixed concentrations of
crowding agents (dextran 40, dextran 70 and fic) under variable concentrations of
denaturants. These results revealed that (i) aéraenaturant concentration, crowder potentiates
the denaturant-mediated constrained dynamics of N@@ MbCO but at higher denaturant
concentrations it opposes the structural flucttmtausing the unfolding of protein, and (i) the
size, shape and concentrations of crowding ageotiulate the effect of crowder on denaturant-

dependent dynamics and thermodynamic stabilityeafid proteins.

2. Materials and Methods

Proteins (Horse heart Cgt(type VI) and horse heart Mb), crowding agents {(@dex40, dextran 70
and Ficoll 70) and salt of buffer (NaPiO, and NaHPO,) were purchased from Sigma-Aldrich.

Denaturants, GdnHCI and urea of ultra pure grade warchased from USB. All others chemicals



were of analytical grade. All experiments werefgened in 0.1 M sodium phosphate buffer at pH
7. The experiments for reduced form of heme pretewere carried out under strictly anaerobic
conditions. The kinetics and thermodynamic dataewasralyzed with the program Sigma Plot (v.
11). Concentrations of FerrocytochrorodFerrocytc), Ferricytc and Mb were measured using
absorptioncoefficient, 28000 N cmi' for Ferrocytc at 550, 106000 M cni® for Ferricytc at 410

nm, and 171000 Mcm* for Mb at 409 nm.

2.1. Kinetics of thermally-driven CO-dissociationNCO at different concentrations of denaturant

in the presence of crowding agent

Unfolded Ferricytc was prepared in 6.5 M GdnHCI, deaerated by pas$ind\, gas and
further reduced by ~3.0 mM of sodium dithionitelgmn. The stock solution of sodium dithionite
was prepared in a sleeved rubber stoppers glass lybdissolving 120 mg of solid sodium
dithionite in 1.0 mL of deaerated phosphate bufbét,7.0 under dry Natmosphere. The unfolded
Ferrocytc represented as “U” thus obtained was liganded @i by passing the dry CO gas
through the protein solution under dry Bkmosphere. To determine the effect of crowdingnésgy
on denaturant-dependent dynamics of Ferragy€O-liganded unfolded Ferrocyt (UCO) was
diluted 101-fold into a degassed and dithionitedcedl CO-free refolding buffer with series of
dilution of denaturants (GdnHCI and urea) in theeaize and presence of 50-200 mgardwder
(dextran 70, dextran 40 and ficoll 70) at pH 7.sThpproach facilitates the conversion of UCO-
state to NCO-state. In the stopped-flow experimeshien denaturant is diluted out into a CO-free
refolding buffer, the UCO-state collapses to aveatike compact state (NCO-state) within 3.5 ms

(k = 305 & at pH 7, 22°C), where the non-native #eCO contact persists [80]. Recently, the
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NCO-state was characterized using various spedpasctechniques (near and far-UvV CD,
tryptophan (Trp) fluorescence afl NMR) and found that the NCO-state exhibits theeagie
properties of molten globules [78]. The comparisbthe far-UV CD spectra of N-state, UCO-state
and NCO-state shows that upon refolding of UCQestatNCO-state, the NCO-state acquires the
native-like secondary structure (Fig. S1).

The slow thermally-driven CO dissociation kineti®CO — N+CO) was monitored by
absorbance of heme (pH 7, 22°C) at 550 nm on ShEmad50 spectrophotometer coupled with S-
1700 thermoelectric system. The final concentratibprotein was ~7 uM. The kinetic data were

analyzed by nonlinear least squares fit to a siegfgnential rate expression.

2.2 Kinetics of CO dissociation of MbCO by hexaofamrate ion at different concentrations of

denaturant in the presence of crowding agent

CO dissociation from MbCO was carried out by COlaepment of MbCO by hexacyanoferrate ion
(MbCO + CN — MbCN + CO) [82] at pH 7.0, 22C. Briefly, Mb (~1 mM) initially dissolved in
phosphate buffer (pH 7.0) and afterward deaeratddeduced by the addition of sodium dithionite
(final concentration ~0.5 mM). The reduced Mb waent liganded with CO under dry,;N
atmosphere, by passing a slow stream of dry COTgadetermine the effect of crowding agents on
structural dynamics of Mb, ~28 of CO-liganded protein (MbCO) was added into &hl0solution

of potassium hexacyanoferrate containing a desioedentration of the crowding agent. In order to
evaluate the effect of crowding agents on denatidapendent dynamics of Mb, CO dissociation
from MbCO was also carried out under variable catre¢gion of GdnHCI at fixed concentration of

crowding agent (dextran 70, dextran 40 and fic0), pH 7, 22°C. The change in the absorbance of
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the reaction medium was monitored at 421 nm on &tirm (UV-2450) spectrophotometer at 22°C.

The final concentrations of protein and hexacyamate ion are 12 and 5QM, respectively.

2.3. Activation thermodynamic parameters for COsdasation kinetics of NCO at different

concentrations of denaturant in the presence ofvdiog agent

To evaluate the effect of crowding agents on denatwdependent activation
thermodynamic parameters (activation enthalmHg,iS:) and activation entropyA(SﬂiSSi)), the

temperature dependent rate profile for CO-dissmriatof NCO, recorded under variable
concentrations of denaturant (urea and GdnHGhermabsence and presence of fixed concentration
of crowding agent (dextran 70, dextran 40 and fico) was analyzed using Eyring equation (1)

[78],

In(ky kg T) =(AS,.J IR) (A Hy.o IRT) (1)

diss diss

where kg’ is the Boltzmann constanty‘is the Planck constantR’ is the gas constankissis the

t

thermally-driven CO dissociation rate constant @@ and AH_*and AS,. are changes in

activation enthalpy and activation entropy, respett for CO-dissociation reaction of NCO-state.

2.4 Effect of crowding agents on the denaturantedeent far-UV CD spectra of heme proteins

To determine the effect of crowding agents on theatlirant-dependent far-UV CD spectra

of heme proteins, the Far-UV CD (200-250 nm, 1.0 oeh) spectra of Ferricyt and Mb were



collected under variable concentrations of denatsrin the presence of 200 mg ‘mtrowder
(dextran 70, dextran 40, ficoll 70) at pH 7, 25 8& JASCO 815 spectropolarimeter coupled with
PTC 424S/15 peltier system (-10-110 °C). The Clxspeof these proteins were normalized by
subtracting the CD spectra of the correspondhlagk solutions of sameoncentration of different
crowding agents at pH 7.0, 25 °C. The final conegiuns of Ferricyt and Mb were 15M and 12

uM, respectively.

2.5 Effect of crowding agents on the denaturantedéeent thermal denaturations of heme proteins

To determine the effect of crowding agents on daaat-dependent thermal denaturation of
heme proteins, the visible absorbance and far-UVn@ibitored thermal denaturation profiles of
Ferrocytc (Abs at 550 nm, 416 nm and CD at 222 nm) and Mis(at 409 nm and CD at 222 nm)
were collected under variable concentrations ofateant (urea and GdnHCI) in the absence and
presence of ~100, 200 and 300 mg miowder (dextran 40, dextran 70 and ficoll 70pldt7.0 The
pathlength of the cuvettes used for visible abswbaand far-UV CD were 10 mm and 1.0 mm,
respectively. The absorbance (409 nm, 416 nm afAdch&H monitored melting data were collected
on Shimadzu (UV-2450) spectrophotometer couplett 81700 thermoelectric system (0-110
°C). The Far-UV CD (222 nm) monitored melting datarev collected on JASCO 815 CD-
spectrophotometer coupled with PTC 424S/15 systel-110 °C). The temperature ranges
were 25 to 110 °C for Ferrocygtand 25 to 90 °C for Mb. The final protein concetitnas for
absorbance and CD monitored thermal denaturatiovesuwere ~5.0uM and ~12 uM,
respectively. The dithionite concentrations weremi8l and ~1 mM for visible absorbance (550

nm) and far-UV CD (222 nm) monitored thermal unfoll measurements of Ferrocy
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respectively. The peltier-controlled heating ratesar-UV CD and visible absorbance-monitored
thermal denaturation of heme proteins were 1.0220d¢C/min., respectively. By assuming a two-

state denaturation process, the thermal denatordtita were analyzed by equation (2) [82, 85],

AH [T -1 -AC,| T,-T+Tln T
Tm Tm

RT

pH | T -1]-ac [T -T+TIm[ 1
T, P T,

RT

(Ye+mT)+(y,+ m, T)exp

y(T) = (2)

wherey(T) is the observed variable paramete&gsofm €400nm and CDB22 nn), Yr andyp andme and
mp, represent intercepts and slopes of the foldedusrfolded baselines, respectively;absolute
temperatureAC, denotes heat capacity changegas constant, artiHy, represent the van't Hoff

enthalpy at thermal denaturation midpoift)

2.6. Effect of crowding agents on the GdnHCI-depeahdrea-induced-unfolding of heme proteins

To determine the effect of crowding agents on theéntBCl-dependent urea-induced
unfolding of heme proteinghe Trp fluorescence (ex: 280 and em: 340 nm) rooeult urea-induced
unfolding curves of Ferrict and Mb were measured under variable concentratdb@&InHCI in
the absence and presence of 100 miendbwder (dextran 40 and 70 and ficoll 70) at p#i, 25°C.
For these measurements, the fluorescence emispextra (ex: 280 nm, em: 310-390 nm) of
Ferricytc and Mb samples were collected on Perkin Elmer LSkE&rescence spectrophotometer

or The PTI QM 40 (Photon Technology). The final cemtration of protein was +8V. In aqueous

10



solution, urea forms cyanate, which can carbamyligdgl epsilon-amino groups and changes the
electrostatic properties of studied proteins. Thesgnce of cyanate in solution could lead to
modification of studied proteins prior to or duridgta collection. Therefore, to prevent the cyanate
formation, the experiment must be preceded withinr@ The concentrations of the urea and
GdnHCI solutions before and after the experimergsevdetermined based upon the refractive index
measurements by Thermo Scientific refractometee @ata were fitted to a standard two-state

equilibrium unfolding represented as equation &8},

-AG
(Cy + M[D]) +(C, + M D) exp{DF:T”‘J[ﬂ
Yobs = _ (3)
RT

where, Yops parameter represents as observed signal,Gandnd Cy, and My and My represent
intercepts and slopes of native and unfolded hasslirespectively,[] is the concentration of
denaturant in MR is the gas constamhGp, the free energy associated with the transitiod, ra,
the surface area of the protein exposed by theestlC,, the transition mid-point of denaturant

concentration, was calculated@g = AGp/m.

2.7 Denaturants concentration corrections due sulwxcluded volume

It has been established that the synthetic crowdesy not interact with any solute
molecules and increases the concentration of arall solute by decreasing its available volume
through steric repulsion phenomena [87-88]. Theatleants concentrations in the protein samples
were thus corrected ([denaturapt] to account for the solvent-excluded volume duette

presence of crowder. For this, Christianstral estimated the partial specific volumg ) value
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~0.65+0.02 ml/g for ficoll 70, dextran 40 and dexir70 [89]. They value was found to be

independent on the amount of crowding agent andesambuffer as well as in low to high
denaturant concentrations, suggesting that thereoisspecific interaction between denaturant
(GdnHCl/urea) with crowding agent (ficoll/dextrd®P]. For denaturants concentration correction,

following equation was used [71, 89],

[Denaturant,, =(1/ f)[ Denatrants (4)

orr

where,f,, represents the volume fraction available for tblwent and which can be estimated as
[71, 86]:

f,, =(1-v [Crowding agerjt(g/ml )) (4a)
For example, the value &, for 200 mg mif* ficoll 70 is ~ 0.87 (i.e., 1-(0.65ml/g)x(0.2g/mL)ll
selected denaturants concentrations used for &inetl stability experiments were corrected in the

same way on the basis of the concentration of ptesewding agent (s).

3.0 Results and Discussion

3.1 Size and shape of crowding agents control yimahics of MbCO and NCO

CO dissociation from MbCO leads to a significantréase in the absorbance at Soret
region ~421nm [82]. The representative CO-dissmsiakinetic profiles of MbCO recorded at
22°C, pH 7 is shown in Fig.1a. The kinetic data in.Hig are best fitted to single-exponential rate
expression with CO-dissociation rate constégis ~0.032 &. To investigate the role of crowding

agents on dynamics of MbCO, the rate constant ofiiG€ociation of MbCOkjis9 was measured at
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different concentration of crowder (dextran 40, tdex 70 and ficoll 70) at pH 7.0, 2Z. Fig. 1b
shows the variations of ldg;ss for MbCO with increase of [Crowding agent]. As §@rding agent]

is increased, loggiss decreases exponentially (Fig. 1b) which reveadd the crowder presence
retards the CO dissociation and thus restrictsdimeamics of protein. Furthermore, the crowder-
mediated retardation in CO dissociation for MbC@ic¢glly follows the order, dextran 70 > dextran
40 > ficoll 70. Recent, CO dissociation kinetic dies of NCO carried out in the presence of
different concentrations of crowding agent (dexén dextran 70, ficoll 70) also revealed that the
crowder-mediated retardation for NCO typically éolls the order, dextran 70 > dextran 40 > ficoll
70) [78]. Thus, the effect of crowding on CO didgation kinetics of NCO and MbCO follows the
same trend. As dextran 70 has larger size tharratext0 [71] and different shape than ficoll 70
[71], the results indicate that size and shaperofvding agents play vital roles in controlling the
dynamics of MbCO and NCO. The larger sized dextranbeen reported to contribute significantly
to caging or confinement environment, and therefpli@ys important roles in controlling the

dynamics of proteins [90].

3.2 Size and shape of crowding agent modulatefteet®f crowding on denaturant-dependent

motional dynamics of NCO and MbCO

Thermal dissociation of CO from NCO-state leadgyaiicant increase in the absorbance of
o-band (550 nm) [78, 84]. The representative COetisgion kinetic profiles of NCO recorded in
the presence of 0.05 M GdnHCI at°@2 pH 7 is best fitted to single exponential ratpression
with thermally-driven CO dissociation rate constdqts ~5.5 x10* s* (Fig. S1). The thermally-

driven CO dissociation from NCO (FeCO + M80- Fe*- M80 + CO) is not a global probe of
13



dynamics but rather it is a low-frequency local imothat controls the structural fluctuation of M80
containingQ-loop [84, 91-92]. This is presumably due to twoirmeeasons, (i) the neighboring
residues of M80 have high thermal factors [93], dindthe local mobility of the heme ring is
suppressed by the intrinsic size and the rigidftyhe ring system [94]. Thus the cosolute (crowder
or denaturant) modulation df;ss describes the manner by which the collective nmotdd M80-
containingQ-loop responds to cosolute environment in the reachedium.

To investigate the role of crowding agents on teaturant-dependent structural fluctuation
of NCO and MbCO, théyiss for NCO and MbCO were measured under variable exinations of
denaturant at fixed concentration of crowding ageeitran 40, dextran 70 and ficoll 70). Fig. 2a
and Fig. 2b present the denaturant-dependencegd{;lg for NCO measured in the absence and
presence of ~50, 100, 200 mg hdextran 70 (Fig. 2a) and ficoll 70 (Fig. 2b). THenaturant-
dependence of lokgiss for NCO measured in the presence of ~100 mg enbwder (dextran 40,
dextran 70 and ficoll 70) is shown in Fig. 2c. R2gl. presents the denaturant-dependence dt;l@g
for MbCO measured in the absence and presenceQff rgy ml* crowder (dextran 40, dextran 70
and ficoll 70) at pH 7.0, 22C.

Both in the absence and presence of crowding ageastsdenaturant concentration is
increased starting from strongly native-like cormais, logkgissinitially decreases and then increases,
displaying minimum around 2.0-2.4 M GdnHCI and 5.8-M urea for NCO (Figs. 2a-2c) and 0.1-
0.2 M GdnHCI for MbCO (Fig. 2d). At low denaturaobncentrations, the denaturant ions can
stabilize and compact the proteins by screeningptiméein charges electrostatically [85, 95-99].
Analysis of ITC and X-ray data has shown eviderfoeslirect interactions between protein groups
and guanidinium ion or urea molecule [100-102].I¢wer concentrations, guanidinium ion or urea

molecule can interact with a protein molecule tigtounultiple hydrogen bonds and van der Waals
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interactions [101-102]. A recent intermolecular king study performed between the Ferrocynd
denaturant (urea, GdnHCI) revealed that about sevea molecules form multiple variable length
hydrogen bonds with the backbone—backbone or baekkside chain atoms of tiieloop of Cytc
[103]. Such denaturant mediated nonspecific polgfional interactions may compact the protein
and also reduce the motional freedom and interraloms of the native proteins [82,84,92, 101-
103]. Thus, the initial decrease of lggsaround 2.0-2.4 M GdnHCI and 5.0-5.5 M urea for NCO
(Figs. 2a-2c) and 0.1-0.2 M GdnHCI for MbCO (Figd),2 indicates that the subdenaturing
concentrations of denaturants reduce the level tnfctsiral fluctuations responsible for CO
dissociation from NCO and MbCO.

Crowding agents and subdenaturing concentratiodgméturants were found to decrease the
rate of CO dissociation reaction (Fig. 1b and FRg2b,2d), therefore, the inclusion of crowding
agent at subdenaturing concentrations of denastirantild enhance the denaturant-mediated
decrease in the rate of CO dissociation. As the@atnation of crowding agent is increased from 0
to 200 mg mif, the rate-denaturant profile shifted verticallywioto lowerkgiss (Fig. 2a,2b,2d). A
slight horizontal shift toward higher concentratimihdenaturant is also observed (Figs. 2a and 2b).
The crowding-mediated vertical and slight horizordaifts in the rate-denaturant profile revealed
that crowder presence potentiates the denaturatiated restricted dynamics of protein. Within the
subdenaturing region, the effect of crowding agemtdecrease in lo8yiss typically follows the
order: dextran 70 > dextran 40 > ficoll 70 (Figs.&hd 2d), indicating that the size and shape of
crowder control denaturant-mediated constrainecadhyos of protein. Previous simulation studies
have also supported the similar observations [390B

At relatively higher denaturant concentrations, fubdenaturing concentration mediated

reduction in structural fluctuations is subduedtbg chaotropic action of the denaturant which
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unfolds and expands the protein. Thus, in the demaft region, the increase in ldgss (Figs. 2a-
2d) can be attributed to protein destabilization atructural unfolding action of denaturant that
subsequently facilitates the CO dissociation fro@Nand MbCO. Within the denaturing region,
the crowder presence opposes the denaturant-medrateease in lodkgiss (Figs. 2a,2b,2d). This
finding reveals that the presence of crowder caoants the structural fluctuation leading to
unfolding of the protein. Within the denaturing i@y the opposing effect of crowding agent on
increase in lodiss typically follows the order: dextran 70 > dextréd > ficoll 70 (Figs. 2a,2b,2d),
indicating that the size and shape of crowder obtive counteracting effect of crowding agent on

denaturant-mediated structural-fluctuations accaiistfor unfolding of the protein.

3.3 Size and shape of crowding agent modulate fieeteof crowding on denaturant-dependent

activation thermodynamic parameter of CO-dissooratieaction of NCO

To further examine the role of size and shape oivding agents on denaturant-dependent
dynamics of NCO, the temperature dependent CO detsuon kinetics profiles of NCO were
measured at various concentrations of denaturaed @nd GdnHCI) in the absence and presence of
fixed concentration of crowding agent (dextran d@xtran 70 and ficoll 70). Fig. 3a and Fig. 3b
present the Eyring plots for CO-dissociation reactf NCO at ~0.0, ~2.3 and ~4.0 M GdnHCI;
and ~0.0, ~5.5 and ~8.5 M urea, respectively, énaibsence and presence of 100 mi§ enbwding
agent (dextran 40, dextran 70 and ficoll 70). Timdynamic parametersz activation enthalpy
(AHg4is9 and activation entropyAGuis9 for CO dissociation reaction of NCO were deriviedim
linear least-squares fitting of these plots by Bgyrequation (1) (material and method section)) [78]

and are summarized in Table 1. The correspondieey énergy of activatiomGaiss) and entropy
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change {TASiiss)) were also calculated by Gibbs free energy equatiGagiss =AHgiss ~TASyiss) at

25 °C (Table 1). The data in Table 1 provide severgdartant information: (i) the subdenaturing
concentrations of denaturant increaseAhkisc and the presence of crowding agent enhances the
denaturant-mediated increaseARiss, (i) within subdenaturing region, the effect abwder on
increase imMHgise typically follows the order as, dextran 70 > dertr0 > ficoll 70 (Figs. 3a and
3b, Table 1), indicating potential role of size afhpe of crowder in strengthening the denaturant-
mediated constrained dynamics of NCO, (iii) at tre&y higher concentrations, denaturants
decrease thaHgis¢ and the presence of crowding agent opposes thetutant-mediated decrease
in AHgss (Figs. 3a and 3b, Table 1), which suggests that ¢ctowding agent produces a
counteractingeffect on the denaturant-mediated structural flattuns causing the unfolding of
protein, (iv) within the denaturing region, theiei#fncy of the counteracting effect on decrease in
AHgiss typically follows the order as dextran 70 > demtd® > ficoll 70 (Figs. 2a,2b,2c and Figs. 3a
and 3b,Table 1), suggesting that size and shapeowfding agent play vital roles in counteracting
effect of crowder on denaturant-mediated structtitaituation causing the unfolding of protein,
and (iv) crowding-mediated increase/nlgss was found to be accompanied by a decrease in the

entropy change; TASise .

3.4 Crowding agent presence does not affect thensieey structures of native- and denatured

Ferricyt c and Mb

The negative Cotton effects at 210 nm and 222 nfarbtV CD spectrum (200-250 nm) of
native protein reflect the secondary structurerofgn [78]. Fig. 4a and Fig. 4b present the far-Uv

CD spectra of Ferricyt and Mb, respectively recorded in the absence aesepce of 200 mg
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crowding agent (dextran 40, dextran 70 and ficO) With urea (2.0 and 9.0 M) at pH 7.0, Z5.
These results demonstrate that the presence ofdorgvagent do not greatly affect the secondary
structure content of native and denatured stat€zwfcytc and Mb at pH 7.0, 2%C. Two previous
reports also showed that the secondary structwratieat of apoazurin and cellular retinoic acid-
binding protein | was not significantly affected by crowders [104-105]. However, in case of
natively folded apo and holo-flavodoxin, and VIsfe crowder presence in reaction medium

induces the secondary structure [30-31,106].

3.5 Crowding agent counterbalances and strengtht@esdestabilizing action of denaturant on

stability Cyt ¢ and Mb, respectively.

Fig. 5a and Fig. 5b present the effect of tempesadn visible absorption (380-600 nm) and
far-UV-CD spectra (200-250 nm) of Ferroaytrespectively. Fig. 5¢ and Fig. 5d present theagff
of temperature on visible absorption (300-600 nng &ar-UV-CD spectra (200-250 nm) of Mb,
respectively. Fig. 5¢c also presents the effecteofipgerature on visible absorption (350-600 nm)
spectra of Mb collected in the presence of 1.5 Mii&dl and 5 M urea. The far-UV CD spectra of
Ferrocytc (Fig. 5b) and Mb (Fig. 5d) at 2% exhibit negative cotton effect at 222 nm thales
the secondary structure of the native proteinstehgperature is increased from 25 to 110 °C for
Ferrocytc and 25 to 90 °C for Mb, the intensity @band (550 nm for Ferrocyt(inset of Fig. 5a))
and Soret band (409 nm for Mb (Fig. 5¢) and 416 fomFerrocytc (Fig. 5a)) significantly
decreases as well as the negative cotton eff&@22nhm (Figs. 5b, d) is eliminated, which reveals

thermal unfolding of the heme proteins.
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The UV-visible spectra of heme free Mb shows a tirepectrum between 350-400 nm
[107]. The UV-visible spectra of Mb collected at Z5 and 90°C in the absence and presence of
1.5 M GdnHCI or 5.0 M urea suggest fallout of heseh®0°C in the presence of 1.5 M GdnHCI or
5.0 M urea (Fig. 5c). The representative thermalatigration curves of Ferrocyt and Mb
measured at different concentration of denatur@inHClI or urea) in the absence and presence of
100-300 mg mt crowder (dextran 40, dextran 70 and ficoll 70) stnewn in Figs. 6a-6d and Fig.
S2. Figs. 6a-6d and Fig. S2 clearly indicate thed tenaturant presence shifts the thermal
denaturation curves of Ferrocytand Mb to lower temperatures. However, the crowsesence
opposes or potentiates such denaturant-mediatguetatare shifts of Ferrocyt (Figs. 6a and 6b;
and Fig. S2) and Mb (Figs. 6¢ and 6d), respectivEie thermal unfolding curves of Ferrocyand
Mb measured at different concentration of denatuparea or GdnHCI) in the absence and presence
of 100-300 mg mit crowder (dextran 40, dextran 70 and ficoll 70) evanalyzed for thermal
denaturation midpointT,), enthalpy AH.) and heat capacity\C,) changes for unfolding by two-
state model I== UWising equation (2) (material and method sectiod}) B5]. The estimated,
AHm and AC, values for Ferrocyt (Tables 2-3 and Table S1) and Mb (Tables 4-5) Herdnt
concentrations of GdnHCI and urea in the absendegegsence of crowding agent are summarized
in Tables 2-5 and Table S1.

Fig. 7a and Fig. 7b present the effect of ureargptdphan fluorescence emission spectra of
Ferricyt c and Mb, respectively collected in the absence pmedence of 100 mg thicrowder
(dextran 40, dextran 70 and ficoll 70) at pH 7.9°€. The data in Fig 7a and Fig. 7b suggest that
the crowder presence may quench the tryptophaneffecence of urea-denatured Ferrcgnd Mb.
Fig. 7c and Fig. 7d show the representative trypaopfluorescence-monitored normalized urea-

induced unfolding curves of Ferricgtand Mb, respectively, measured under variable emtnation
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of GAnHCI in the absence and presence of 100 migpftrowding agent (dextran 70, dextran 40
and ficoll 70). Fig. 7c and Fig. 7d clearly indiedhat the GdnHCI presence shifts the urea-induced
unfolding curves of Ferricyt and Mb to lower urea concentrations. However ctiogvder presence
opposes and potentiates such denaturant-mediag¢@dshifts of Ferrocyt (Fig.7c) and Mb (Fig.
7d), respectively.

To determine the effects of crowding agent on dewaat-dependent denaturation free
energy AGp) and surface area exposed by solveny,)( the urea-induced unfolding curves of
Ferricytc and Mb were analyzed by assuming a two stateiti@m$etween the folded (N) and
unfolded (U) conformations using the procedure aftSro and Bolen (equation (3) (material and
method section)) [86]. The corresponding urea-wiifig midpoint, C, (=AGp/my), was also
calculated. The resulting values &6p, my and C,, are summarized in Tables 6 -7. The effect of
crowding agent on the denaturant-dependent thernasdiz parameters for Ferroaytand Mb are
shown in Figs. 8 &10; and Figs. 9 &10, respectivdlge T,andAH, values for Ferrocyt and Mb
have been found to be linearly decreased with [eaat] (Figs. 8&9 and Fig. S2). TheGp and
Cm values for Ferricytt and Mb have been also found to be linearly deeckagith GdnHCI
concentration (Fig. 10). However, the crowder pneseopposes and potentiates the denaturant-
mediated decrease T, and C, for Cyt ¢ (Figs. 8&10, Fig. S2 and Tables 2-3,6) and Mb ¢Fig
9&10 and Tables 4-5,7), respectively, indicatingttthe crowding agent presence counterbalances

and strengthens the destabilizing action of deaatwn stability of Cyt and Mb, respectively.

3.6 Size and shape of crowding agent modulate tleeteof crowder on denaturant-dependent

stability of heme proteins
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A previous report showed that the size and shapermfder can modulate the protein
conformation [109]. A recent denaturant-inducedildgiium unfolding study of Ferrocyt showed
that the smaller sized rod shaped dextran 40 Hweedtar stabilizing effect than the larger sized rod
shaped dextran 70 and spherical shaped ficoll #&ti@n 40 > dextran 70 > ficoll 70) [78].
However, a previous denaturant-induced equilibriumolding study of native apoazurin showed
that the stabilizing effect of crowder is indepemidef the size of dextrans (dextran 20, dextran 40
and dextran 70) [104]. Thermal denaturation stutiflavodoxin showed that the dextran 70 has
larger stabilizing effect than the ficoll 70 [30]hese studies thus reveal that crowder of different
sizes and shape exhibits distinct stabilizing effen different proteins.

In the present case, it has been observed thatutanadecreases,, AGp andC, values
for Cyt ¢ (Figs. 8&10, Fig. S2, and Tables 2-3,6) and MbiggF 9&10, and Tables 4-5,7).
However, the crowder presence counterbalancestesththens the denaturant-mediated decreases
in Ty, AGp andC,, for Cytc (Figs. 8&10, Fig. S2 and Tables 2-3,6) and Mb $FR&10 and Tables
4-5,7), respectively. Furthermore, the countergctand strengthening effects of crowder on
denaturant-mediated decrease3nAGp andC,, for Cytc (Figs. 8&10, Fig. S2 and Tables 2-3,6)
and Mb (Figs. 9&10 and Tables 4-5,7), respectivéypically follow the order: dextran 40 >
dextran 70 > ficoll 70. This finding reveals thhetsize and shape of crowding agent modulate the

effect of crowder on denaturant-dependent stallityeme proteins.

3.7 Presence of crowding agent stabilizes the ad@iyt c but destabilizes the native Mb

In general, the influence of crowder on stabilitynmcromolecules is expected to depend on

the nature and strength of hard and soft interastioetween crowder and macromolecules [110-
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113]. The nonspecific chemical interactions caratteactive or repulsive. Generally, the repulsive
chemical interactions contribute entropically whilee attractive chemical interactions contribute
enthalpically [8]. Furthermore, the repulsive cheahi interactions reinforce the hard-core
repulsions and cause protein stabilizing effect Bh the other hand, the attractive chemical
interactions counteract the effect of hard-coraulgpns and cause protein destabilizing effect [8].
The binding of non-inert crowders to target prosedould also occur. Earlier studies showed that
the stabilizing effect of crowder on protein stapils due to purely steric excluded volume effect
(i.e., entropic effect) [8, 114-115]. However, some ofemt reports showed that the effect of
crowding agents on protein stability and foldingpismarily due to enthalpic effect [12, 14, 78].
Furthermore, in some cases, the enthalpic contoib@@ven dominates over entropic effect [12, 14,
78]. Recently, we have shown that both entropicemttialpic effects contribute to stabilizing effect
of crowder on serum transferrin stability [116].

The decrease in stability of Mb in the presencerofvder is quite different from what has
been documented for proteins like ubiquitin [14}t € [16, 71] and apoflavodoxin [31, 73] in
which crowder presence increases the thermal gyabfl these proteins. It is inquisitive to know
why crowding agent stabilizes the ubiquitin [14t@ [16, 71] and apoflavodoxin [31, 73] but
destabilizes the Mb [108, 117]? Results of previdu® sections show that the crowder
counterbalances and strengthens the destabilizitngnaof denaturant on stability of Cgtand Mb,
respectively. The mechanism by which a crowder taracts the denaturant effects in Cybut
potentiates the denaturant effects in Mb is nartyeunderstood.

An earlier work has shown that the lowsg-values in the equilibrium unfolding curves
correlate with the compaction in unfolded state8|1Both in the absence and presence of GdnHCI,

the my-values for Cytc and Mb are lower (Tables 6-7), indicating reasdnaompact unfolded
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states of these proteins. If unfolded state is nuwan@pact, then it is possible that the reduced
surface area may be exposed upon protein unfoldimdy the crowder may affect the compact
unfolded state ensembles [119]. However, tiyevalues for Cytc or Mb in buffer and in the
presence of crowder are about similar (Tables 6F#)ptophan fluorescence lifetime study of Mb
performed in the presence of high concentrationref in the absence and presence of crowding
agent (dextran 70 and ficoll 70) revealed thatttlgptophan lifetime and hence tryptophan-heme
distance was roughly same on buffer or crowdingneg¢108]. This finding suggests that the
crowder does not provide much compaction of theatleed Mb ensemble [108]. Recent,
fluorescence correlation spectroscopy (FCS) studdyeast-Cytc performed with native and urea-
unfolded protein in the presence of ~200 mg fitoll 70 showed that the crowder significantly
compacted the unfolded state due to excluded vokffeet [49]. Themy-values for yeast-Cyt in
buffer and in the presence of ~200 mg'ritoll 70 were also found about similar [49]. $v,case

of Cyt c, regardless of unfolded-state compaction, subiatasrface area may be exposed because
of a rugged exterior of the conformers within thefalded-state ensemble and the crowding
presence due to steric excluded volume effaat., (entropic effect) counterbalances the
destabilizing effect of denaturant on Cgt [16,71]. The current results show that due to
destabilization of tertiary structure and weakenarignteractions between heme and globin (Fig.
S4) resulting from chemical interactions betweenanld crowders (i.e., soft interactions) (Fig. 11),
the unfolded compact state of Mb does not expeei¢he excluded volume of the crowder as other
proteins like, ubiquitin [14], cyt [16, 71] and apoflavodoxin [31, 73] experiencesalris of the
effect of ficoll 70 on Trp fluorescence (Fig. S4a,aromatic bands at 282 and 289 nm (near-UV
CD) (Fig. S4c,d), and Soret peak at 409 nm (visdibsorption) (Fig. S4e,f), suggests that the

crowder presence does not greatly affect the tgrétucture (Fig. S4a,c) and interactions between
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heme and globin of Cyt (Fig. S4e) but destabilize the tertiary struct(iFg. S4b,d) and weaken
the interactions between heme and globin (Fig. 84Rib.

To account whether in addition to hard-core repusiand exclude-volume effects, the
chemical interactions between crowder and protéso @lay important role for the observed
crowder effects, the effects of crowding agentsewanalyzed usingAAS vs AAH plots on
thermodynamics of folding of Cytand Mb. According to Daniel Harries formalism, #wropy-
enthalpy plots can be used to estimate the entrapit enthalpic contributions of crowding on
stability and folding of proteins [120-122]. Hetbe diagonall44S= -A4H divides the entropy-
enthalpy plots into four sectors. Sector 1 andmeZistand for stabilizing co-solutes, while se@or
and sector 4 stand for destabilizing co-solutegthéamore, the sectors 1 and 3 describe the
enthalpically dominated effect, while sectors 2 @ndescribe the entropically dominated effect
[120].

Fig. 10a and Fig. 10b describe fidASvs AAH plots for Cytc and Mb in the absence and
presence of denaturant (1.0 M GdnHCI or 4.5 M uyresgpectively for three different crowding
agents (ficoll 70, dextran 70 and dextran 40). Adow to Daniel Harries formalism, tARAAS vs
AAH plots in Fig. 10a and Fig. 10b represent the tleynamics of folding rather than unfolding
[120-122]. Both in the absence and presence oftderds, the data points for Gyin presence of
crowder lie slightly above the upward sloping diagloin sector 1 (Fig. 10a), which suggests that in
addition to excluded volume effeate, entropic effect), the enthalpic effect also cdnmites to
observed effect of crowder on stability and foldofgCytc. On the other hands, both in the absence
and presence of denaturants, the data points fonNtke presence of crowder lie slightly below the
upward sloping diagonal in sector 3, indicativeenithalpic dominant destabilization. Thus, the

differential effect of crowding on stability of Cyt and Mb suggest that hard-core repulsions,
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exclude-volume effects as well as chemical intévast between crowder and protein may play
important role for the observed effects. It is ploles that crowding agents may interact
preferentially with the unfolded state of Mb anderefore, additionally destabilize Mb. A recent

ITC and docking study revealed ficoll 70 bindingite heme moiety of native Mb [117].

4. Conclusions

Analysis of kinetic and thermodynamic parameterasnesd for CO dissociation reaction of
NCO and MbCO under various concentrations of deaatyGdnHCI or urea) in the absence and
presence of 50-300 mg thlof crowder (dextran 70, dextran 40, and ficoll T8yeals that (i)
crowder presence restricts the dynamics of NCOMbD@O, (ii) subdenaturing concentrations of
denaturant constrain the dynamics of NCO and Mb@®iaclusion of crowder further potentiates
the denaturant-mediated constrained dynamics of N@ MbCO, (iii) at relatively higher
concentrations, the chaotropic action of the dematudominates and that unfolds the protein, (iv)
within the denaturing region, the inclusion of cohiag agent opposes the structural fluctuation that
unfolds the protein, and (v) size and shape of diogvagent modulate the effect of crowder on
denaturant-mediated restricted dynamics and stalctiuctuation that unfolds the proteins.
Thermodynamic analysis of thermal and urea-induggdlding curves of Cyt and Mb measured
at varying concentrations of GdnHCI in the abseoc@resence of 100-300 mg ‘mbf crowder
(dextran 70, dextran 40, and ficoll 70) reveald:tfincrowder presence stabilizes the native Gpt b
destabilizes the native Mb (ii) crowder presencenterbalances and potentiates the destabilizing
effect of denaturants on stability of Cyt ¢ and NMéspectively, (iii) size and shape of crowding

control the effect of crowder on denaturant-depandebility of heme proteins, (iv) both entropic
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and enthalpic effect may contribute to stabilizeffgct of crowder on folding and stability of Gyt
and (v) enthalpic effect (soft interactions betw&#m and crowder) may contribute to destabilizing

effect of crowder on stability of Mb.
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Table 1. Effect of macromolecular crowding on denaturantefefentAH s, AGgiss, ASuise and—TASyise for
CO dissociation reaction of NCO at pH 7.0*.

Without crowding agents dextran 40 (100 mg)ml
[GdnHCI] (M) AGdissaI AHdissx ASiissx _TASiissax AGdissaI AHdissI ASiissI _TASiissax
control 22.0 24.4 8.3 -25 22.1 25.4 11.0 -3.3
2.3 22.3 27.3 16.8 -5.0 22.4 29.4 23.7 -7.0
4.0 21.6 21.8 0.7 -0.2 21.8 23.2 4.6 -14
[Urea] (M)
55 22.3 27.1 16.3 -4.8 22.4 29.1 22.4 -6.7
8.5 21.7 23.3 5.0 -1.6 21.9 23.5 55 -1.6
dextran 70 (100 mg r} ficoll 70 (100 mg mif)
[GdnHCI] (M) AGdissai AHdissx ASiissx _TASiissax AGdissai AHdiss¢ ASiissi _TASiissax
control 22.2 26.3 13.6 -4.0 22.0 24.8 10.5 -2.8
2.3 225 29.9 24.8 -7.4 22.4 29.0 22.2 -6.6
4.0 21.9 23.9 6.7 -2.0 21.6 225 2.9 -0.9
[Urea] (M)
55M 225 29.4 23.2 -6.9 22.3 27.8 18.6 -55
85M 21.9 23.6 5.6 -1.7 21.8 23.4 5.3 -1.6

* AGgise, AHYiss ASiss and —TASyee are reported as kcal nmiplkcal mot*, cal mot* K* and kcal mot K?,
respectively. The uncertainties associated Wi, AH?giss ASiiss aNd—TASyise are 0.5 kcal mot, +0.5 kcal
mol™, 2.5 cal mol* and +0.4 kcal mét K™, respectively.

2 Activation free energyXGgis) and entropy changesTASys.' ) are given at 25 °C.

Table 2. Effect of crowding agents on [GdnHCI]-dependdit AH,, and AC, of Ferrocytc at pH 7 as monitored by visible
absorbance at 550 nm*.

without crowding agents | 100 mg Mifficoll 70 | 100 mg mi dextran 40
[GdnHC] T,  AH, AC, [GAnHCI T,  AH, AC, [GdnHC] T, AH, AC,
M) M) M)
0.0 373.2 115 15 0.0 374.2 116 15 0.0 375.3 122 51
0.25 371.6 110 15 0.27 372.0 114 15 0.27 372.3 8 11 15
0.5 367.5 106 15 0.53 369.6 111 15 0.53 369.7 113 15
1.0 362.3 99 1.5 1.07 364.7 104 1.5 1.07 365.8 106 1.5
1.50 356.4 92 15 1.60 360.0 96 15 1.60 361.2 101 15
2.30 348.8 82 15 2.46 353.1 88 1.5 2.46 354.7 94 51
2.80 346.6 79 1.5 2.99 348.4 82 1.5 2.98 350.2 86 51
100 mg mf" dextran 70 | 200 mg Midextran 70 | 300 mg ml dextran 70
[GNHC]  Tw  AHn  AC, [GAnHC T,  AH, AGC, [GdnHC] T, AH,, AC,
M) (M) M)
0.27 373.6 117 15 0.29 3735 118 15 0.31 - - -
0.53 368.3 113 15 0.57 370.2 113 15 0.62 372.8 5 12 15
1.07 366.1 105 15 1.15 367.6 110 1.4 1.24 366.5 8 11 14
1.60 359.5 98 15 1.72 364.5 105 14 1.86 363.5 114 14
2.46 353.5 90 15 2.64 357.4 100 15 2.86 359.4 110 15
2.98 349.6 85 1.5 3.22 352.7 91 1.5 3.48 354.9 QaL04. 1.5

*AHm, Ty andAC; are reported as kcal mblK, and kcal mofK ™, respectively. The uncertainties associated nth, T, andAC,
are +1.5 kcal mot, +0.5 K, and + 0.1 kcal mdK ™ respectively. GdnHCI concentrations mentioned ibl&2 are corrected for
crowding agents using equations (4) and (4a).
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Table 3. Effect of crowding agents on [urea]-depend®it,, T, andAC, of Ferrocytc (CD at 222 nm) at pH 7.0 *.

without crowding agents |

200 mgndextran 40

200 mg midextran 70

[Urea] Tm AH, AC, [Urea] T, AH, AC, [Urea] T AH, AC,

(M) (M) (M)

0.0 3715 115 14 0.0 377.1 118 1.4 0.0 3725 116 4 1

3.0 363.4 105 14 3.4 370.5 115 1.4 34 368.1 107 4 1

4.5 358.2 98 1.5 5.2 368.5 109 1.5 5.2 364.1 103 4 1.

6.5 351.1 93 1.4 7.5 360.9 104 1.5 7.5 358.6 92 1.4

8.0 345.0 80 1.4 9.2 357.8 98 1.4 9.2 355.0 88 15
200 mg mf ficoll 70

[Urea] T AH, AC,

(M)

0.0 370.9 117 1.4

3.4 367.1 104 14

5.2 361.1 99 1.4

7.5 357.1 a0 1.5

9.2 351.3 84 14

*AHy, Tm andAC, are reported as kcal mblK, and kcal mofK™, respectively. The uncertainties associated with
AHp, T andAC, are 1.5 kcal mot, +0.5 K, and + 0.1 kcal mdK *respectively. Urea concentrations mentioned in
Table 3 are corrected for crowding agents usingegus (4) and (4a).

Table 4. Effect of crowding agents on [GdnHCI]-dependét,, T, andAC, of Mb at pH 7 as monitored by visible
absorbance at 409 nm*.

without crowding agents 200 mg'nilcoll 70 200 mg mf dextran 40
[GdnHCT] | T, AH,, AC, | [GANHCI [ Tw | AHy | AC, | [GANHC] [ Tm | AHn | AC,
(M) M) (M)
0.0 355.2 110 2.4 0.0 3494 101 2.3 0.0 352.9 107 3 2
0.1 352.7 101 2.3 0.11 346.2 92 2.3 0.11 347.295 2.3
0.25 348.8 98 2.3 0.29 342.4 88 2.3 0.29 345.0 90 4 2
0.5 343.0 90 2.3 0.57 338.7 80 2.3 0.57 341.8 8 3 2.
0.75 338.8 81 2.3 0.86 332.0 67 2.3 0.86 335.1 73 3 2
1.0 334.5 70 2.3 1.15 328.0 60 2.4 1.15 332.2 66 3 2.
200 mg mif' dextran 70
[GANHCT] | Tm |AH., AC,
M)
0.0 352.3 103 2.3
0.11 347.2 98 2.3
0.29 343.5 89 2.3
0.57 340.8 82 2.3
0.86 333.7 72 2.4
1.15 330.7 64 2.4

*AHy, Ty andAC, are reported as kcal mblK, and kcal motK™, respectively. The uncertainties associated
Tm andAC, are £1.5 kcal mof, 0.5 K, and + 0.1 kcal mdK ™ respectively. GAnHCI concentrations mentioned ibl&a
4 are corrected for crowding agents using equatidnand (4a).
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Table 5.Effect of crowding agents on [Urea]-depend®hi,, T, andAC, of Mb (CD at 222 nm) at pH 7.0*.

without crowding agents 100 mg milextran 40 100 mg midextran 70

[Urea]( Tm AH, AC, | [Ureq] T AH, AC, [Urea] Tm AH AC,
M) (M) (M)
0.0 356.0 110 2.3 0.0 353.6 105 2.3 0.0 353.0 103 4 2
1.0 353.0 103 24 1.07 351.9 99 2.3 1.07 349.3 94 3 2
2.0 346.8 92 2.3 2.15 345.6 90 2.3 2.15 344.5 85 3 2
3.0 341.8 82 2.3 3.22 341.0 78 2.3 3.22 341.0 75 3 2
4.5 331.7 69 2.4 4.84 329.5 66 2.3 4.84 327.7 64 3 2

100 mg mt ficoll 70

[Urea] T AH, AC,
(M)
0.0 350.1 100 2.3
1.07 346.1 92 2.3
2.15 343.5 80 24
3.22 337.7 70 2.3
4.84 326.5 60 2.3

*AHy, Tm andAC, are reported as kcal mylK, and kcal motK?, respectively. The uncertainties associated i, T,
andAC; are +1.5 kcal mof, 0.5 K, and + 0.1 kcal mdK *respectively. Urea concentrations mentioned in & &bdre
corrected for crowding agents using equations iid))(da).

Table 6. Dependence of thaGp, my and C,, of Ferricytc on [GdnHCI] in the absence and presence of 100 g m
crowding agents at pH 7.0 as monitored by Trp #isoence (ex: 280; em: 365nm)*.

without crowding agents 100 mg Mbdextran 40
[Go(llr\]/l?cu Cm (kcAa(I;rE‘)nol My G?I?/I;'CI Con AGp M
M) t) (kcalmol*M™) (M) (kcal moi?) (kcalmol* M™)
0.0 7.6 8.6 1.1 0.0 8.6 11.8 1.4
0.25 6.3 7.9 1.2 0.27 7.4 9.5 1.3
0.5 5.6 6.9 1.2 0.53 6.5 8.0 1.2
1.0 4.3 5.7 1.3 1.06 5.3 6.9 1.3
2.0 2.0 3.1 1.5 2.12 2.8 4.7 1.7
100 mg mi- dextran 70 100 mg i ficoll 70
[GdnHCI] Cm AGp m, GdnHCI Cm AGp my
(M) (M) (kcal mol*) kcalmo™ M™) (M) (M) (kcal mol®)  (kcalmol* M)
0.0 8.4 11.1 1.3 0.0 8.3 10.3 1.2
0.27 7.2 9.1 1.3 0.27 7.2 8.6 1.2
0.53 6.4 7.4 1.2 0.53 6.3 7.3 1.2
1.06 5.2 6.5 1.2 1.06 51 6.0 1.2
2.12 2.7 4.5 1.6 2.12 2.6 4.0 1.6

*The uncertainties associated witks,, m,, andC,, are +0.5 (kcal mal), +0.2 (kcal mol M™) and +0.2 (M), respectively.
GdnHCI concentrations mentioned in Table 6 areembed for crowding agents using equations (4) dajl (
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Table 7.Dependence of thaGp, m; andC,, of Mb on [GdnHCI] in the absence and presence of 100 g anowding
agents at pH 7.0 as monitored by fluorescence2@; em: 365nm)*.

without crowding agents 100 mg dextran 40
[GdnHCI] Cn AGp my GdnHCI Gn AGp )
(M) (M)  (kcal mol*) (kcalmo*™™M™) (M) (M)  (kcal mol*) (kcalmol* M%)
0.0 5.6 7.3 1.3 0.0 5.3 7.0 1.3
0.25 4.5 5.7 1.3 0.27 3.8 5.1 1.3
0.5 35 4.0 1.2 0.53 3.2 4.0 1.2
0.75 3.1 2.6 1.1 0.8 2.3 2.4 1.1
100 mg mi- dextran 70 100 mg ml ficoll 70
[GdnHCI] Cn AGp g GdnHCI Cm AGp n
(M) (M) (kcal molY)  (kcalmol* M™) (M) (M) (kcal molt)  (kcalmol* M™)
0.0 4.8 6.7 1.4 0.0 4.7 6.5 1.4
0.27 3.7 4.8 1.3 0.27 3.5 35 1.0
0.53 3.1 3.0 1.0 0.53 2.9 25 0.9
0.8 1.9 2.2 1.1 0.8 1.8 1.7 1.0

*The uncertainties associated witksp, m,, andC,, are +0.8 (kcal mdf), 0.1 (kcal mof M™) and +0.3 (M), respectively.
GdnHCI concentrations mentioned in Table 7 aresmted for crowding agents using equations (4) dajl (
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Figure Legend

Fig.1. Effect of crowding agent on the dynamics of MbC@nél (a) shows the slow single-phase
CO replacement from MbCO by hexacyanoferrate mr32 min., 22°C). The MbCO + CN-
MbCN + CO reaction was probed at 421 nm in phospbaffer at pH 7.0, 22C. (b) Variation of
log kyisswith [Crowding agent] at pH 7.0, 2Z (Ficoll 70 @), dextran 40¢) and dextran 704)).

The logkgisawith [Crowding agent] data in panel (b) are fitteca mono-exponential decay function.

Fig.2. Effect of crowding agents on the denaturants-degeindynamics of NCO and MbC®anel
(a) presents the denaturant-dependence ok4egor NCO in the absence (GdnHG)( urea ¢))
and presence of 50 mg T{urea (1)), 100 mg mf (GdnHCI (&), urea {)) and 200 mg mi
(GdnHCI @)) of dextran 70 at pH 7.0, 2Z. Panel (b) presents the denaturant-dependeniog of
kaiss for NCO in the absence (GdnHGI)( urea ¢)) and presence of 50 mg Tr{urea 1)), 100 mg
mi™* (GdnHCI (v), urea ¢)), and 200 mg il (GdnHCI (&) of ficoll 70 at pH 7.0, 22C. Panelc)
presents the denaturant-dependence okdegor NCO in the presence of 100 mgTof dextran 40
(urea (), GdnHCI @)), dextran 70 (GdnHCIu()), urea §)), and ficoll 70 (GdnHCI ), urea ¢)) at
pH 7.0, 22C. Panel(d) presents the GdnHCI-dependence ofKgg for MbCO in the absence)
and presence of 200 mg hof dextran 40¢), ficoll 70 (@) and dextran 704 at pH 7.0, 22C. The
GdnHCI and urea concentration in l&gs vs [Denaturants] plots are those corrected fowding
agents using equations (4) and (4a). The solic lare just guide the eye. All the experiments are

carried out in 50 mM phosphate buffer.
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Fig.3. Effect of crowding agents on denaturant-dependetitaion thermodynamic parameters of
CO dissociation reaction of NCO at pH 7.0. Panglsfeows Eyring plots for the CO dissociation
reaction of NCO in the absence of additive (phospbaffer (PB) only) ¢) and at 2.3 M GdnHCI
(A), 4 M GdnHCI ), 2.3 M GdnHCI with 100 mg rifcrowding agent (dextran 7@), dextran 40
(a) and ficoll 70 ®)) and 4 M GdnHCI with 100 mg Mtrowding agent (dextran 7@&Y, dextran
40 (v) and ficoll 70 ¢)). Panel (b) shows Eyring plots for the CO disation reaction of NCO in
the absence of additive (PB only)(and at 5.5 M ureaA], 8.5 M urea ¢)), 5.5 M urea with 100
mg mi* crowding agents (dextran 7@)( dextran 40¢) and ficoll 70 ¢)) and 8.5 M urea with 100
mg ml ‘crowding agents (dextran 76)( dextran 40 ¥) and ficoll 70 ¢)). The solid lines are fitted

according to Eyring equation (equation (1)) [78].

Fig.4. Effect of crowding agents on the denaturant depetisecondary structure of Ferrieyand

Mb at pH 7.0. Panel (a) shows the far-UV CD speofréderricyt c collected in the absence of
crowding agents (phosphate buffer (PB only)) (sblack line) and in presence of ~ 2 .0 M urea
(dotted black line), 9.0 M urea (black short lire)d with 200 mg i of dextran 40 (2.0 M urea
(blue solid line), 9.0 M urea (blue short line)gxtran 70 (2.0 M urea (green solid line), 9.0 Maure
(green short line)) and ficoll 70 (2M urea (grayicddine), 9.0 M urea (gray short line)) at pH A 2
°C. Panel (b) shows the far-UV CD spectra of Mbexikd in the absence of additives (phosphate
buffer (PB)) (solid black line) and in presence~02M urea (dotted black line), 9.0 M urea (black
short line) and with 200 mg hiof dextran 40 ( 2.0 M urea (blue solid line), $Qrea (blue short
line)), dextran 70 (2M urea (green solid line), MQurea (green short line)) and ficoll 70 (2M urea

(gray solid line), 9.0 M urea (gray short line))y&t 7, 25°C.
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Fig.5. Effect of temperature on the visible absorbanakfanUV CD spectra of Ferrocgtand Mb

at pH 7.0. Panels (a) and (b) show the visible gh®wm and far-UV CD spectra of Ferroayt
respectively, collected at 25 °C (solid line) arid £C (dotted line), pH 7.0. The inset of panel (a)
shows the effect of temperature @tband (550 nm) of Ferrocytat pH 7.0 (25 °C (solid line) and
110 °C (dotted line)). Panels) and (d) show the visible absorption and far-OM spectra of Mb,
respectively, collected at 25 °C (solid line) af@ (dotted line), pH 7.0. Panel (c) also showes th
visible absorption spectra of Mb, collected in giresence of 1.5 M GdnHCI at 25 °C (green solid
line) and 90 °C (green dotted line), and 5.0 M w@ea5 °C (blue solid line) and 90 °C (blue dotted

line), pH 7.0.

Fig.6. Effect of crowding agents on the denaturant-depenthermal unfolding of Ferrocgtand
Mb at pH 7.0. Panel (a) represents the thermaltdestéon curves of Ferrocyt monitored at 550
nm as the change in absorption coefficient at 0.6&HCI ), 0.5 M GdnHCI with 100 mg ril
dextran 404), 0.5 M GdnHCI with 100 mg ritildextran 70€), 2.3 M GdnHCI &), 2.3 M GdnHCI
with 100 mg mf* dextran 40), 2.3 M GdnHCI with 100 mg riificoll 70 (*), 2.3 GdnHCI with
100 mg mf* dextran 70 %), 2.3 M GdnHCI with 200 mg riflof dextran 70 ¥). (b) Normalized
thermally-induced unfolding curves of Ferrocytmonitored at CD-222 nm at 3 M urea)(8 M
urea @), 8 M urea with 200 mg rtldextran 704), 3 M urea with 200 mg ritldextran 70€), 8 M
urea with 200 mg rifl dextran 40 ¥), 3 M urea with 200 mg ritldextran 40 A), 8 M urea with
200 mg mi* ficoll 70 (0), 3 M urea with 200 mg riificoll 70 (v). Panel (c) represents the thermal
denaturation curves of Mb monitored at 409 nmcasnge in absorption coefficient in absence of
additives 6) and in the presence of 0.5 M GdnHGI),(0.5 M GdnHCI with 200 mg ritl of

crowding agent (dextran 4G), dextran 70 ¥) and ficoll 70 ¢)). (d) Normalized thermally
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induced unfolding curves of Mb monitored at CD-2#1 in the presence of 1.0 M ureg,(4.5 M
urea () and 1.0 M urea with 100 mg thtlextran 70¢), 4.5 M urea with 100 mg midextran 70
(¥), 1.0 M urea with 100 mg midextran 40 A), 4.5 M urea with 100 mg fidextran 401), 1.0
M urea with 100 mg i ficoll 70 (e), 4.5M urea with 100 mg milficoll 70 (¢), at pH 7.0. The
solid curves in panels (a), (b), (c) and (d) reprg nonlinear least-squares fits to equation[82))

85].

Fig.7. Effects of crowding agents on the GdnHCI-dependeea-induced unfolding of Ferricgt
and Mb at pH 7.0, 25 Panels (a) and (b) present the tryptophan fleerese emission spectra of
native Cyt ¢ and Mb, respectively (in buffer onlgng dash line), 9.0 M urea (solid line), 9.0 M
urea with 100 mg riil ficoll 70 (dash dot dot line), 9.0 M urea with 16@ mi* dextran 70 (dotted
line), and 9.0 M urea with 100 mg Tntlextran 40 (short dash line)) at pH 725 Panel (c) show
the fluorescence-monitored normalized urea-indusedlding curves of Ferricyt measured in the
absence (PB only)e), presence of 1.0 M GdnHCb) and 1.0 M GdnHCI with 100 mg fhlof
dextran 70 %), dextran 40q), ficoll 70 (A) at pH 7.0 and 25°C. Panel (d) shows the fluomesee
monitored normalized urea-induced unfolding cureésMb in the absence (PB only») and
presence of 0.5 M GdnHC{X) and 0.5 M GdnHCI with 100 mg thiof dextran 70«), dextran 40
(o), ficoll 70 (A) at pH 7.0 and 25°C. The solid curves represemiimear least-squares fits
according to the standard two-state equation (EmugB)) [82]. In panels (c) and (d) the urea

concentration are those corrected for crowding &sgasing equations (4) and (4a).

Fig.8. Effects of crowding agents on the denaturant-degeiid, andAH, of Ferrocytc at pH 7.0.

Panels (a) and (b) shows the variation3 jandAH,, respectively for Ferrocyt (absorbance 550
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nm) as the function of [GAnHCI] in the absence (®By) (o) and presence of 100 mg tridextran
40 (A), dextran?0 ), ficoll70 (0)), 200 mg mi" of dextran 70 £) and 300 mg it of dextran 70
(m) at pH 7.0. Panels (c) and (d) shows the variationT,, andAH,,, respectively for Ferrocyt
(CD 222 nm) as the function of [urea], in the alese(PB only) ¢), and presence of 200 mg hl
crowding agent (dextran 4@, dextran70 ¢) and ficoll 70 ¢)) at pH 7.0. The parameters are
summarized in Table 2 (Absorbance 550 nm) and Tal§leD 222 nm). The solid lines in panels
(a) to (d) represent linear least-squares fit efdata. The GdnHCI and urea concentratiof,jand

AHp, vs [Denaturants] plots are those corrected fowding agents using equations (4) and (4a).

Fig.9. Effect of crowding agents on the denaturant-depetifi,, andAH,, of Mb at pH 7.0. Panels
(&) and (b) show the variations i, and AH,,, respectively for Mb (absorbance 409 nm) as the
function of [GdnHCI] in the absence (PB only)(and presence of 200 mg htrowding agent
(dextran 40 4), dextran70 ¢), ficoll70 (o)) at pH 7.0.Panels (c) and (d) show the variationTip
and AH,, respectively for Mb (CD 222 nm) as the functioh[orea] in the absenceo), and
presence of 100 mg thcrowding agent (dextran 4@) dextran704), ficoll70 (n)) at pH 7.0. The
parameters are summarized in Table 4 (absorbar&e&®) and Table 5 (CD 222 nm). The solid
lines in panels (a) to (d) represent linear legstases fit of the data. The GdnHCI and urea
concentration inf, andAHy, vs [Denaturants] plots are those corrected fowding agents using

equations (4) and (4a).

Fig.10. Effects of crowding agents on the GdnHCI-dependsgtmodynamic stability of Ferricyt

and Mb at pH 7.0, 25 Panels (a) and (b) show the GdnHCI-dependendatigar of the change in
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unfolding free energyAGp, for Ferricytc and Mb, respectively in the absence of crowder ¢RIB)
(¢) and in the presence of 100 mg™naf dextran 40€), dextran 70tf) and ficoll 70 ) at pH 7.0
and 25°C. Panels (c) and (d) show the GdnHCI-depesel variation of the urea unfolding
midpoint, Cy,,, of Ferricytc and Mb, respectively in the absence of crowder ¢RB) (¢) and in the
presence of 100 mg thbf dextran 40¢), dextran 70tf) and ficoll 70 ) at pH 7.0 and 25 °C. The
thermodynamic parameters are listed in Table 6rigyrc) and Table 7 (Mb). The solid lines in
panel (a), (b), (c) and (d) represent linear Isgstares fit of the data. The GdnHCI concentration i
Cn andAGp vs [Denaturants] plots in panels (a)-(d) are thoseected for crowding agents using

equation (4).

Fig.11. The TAAS andAAH plot for thermodynamics of folding of Cgtand Mb for three different
crowding agents (dextran 70, dextran 40, and fié¢6)l at pH 7. Panel (a) presents feAS and
AAH plots for Cytc (based on absorbance at 550 nm) in the abserdsnaturant (PB only), 100
mg mi* dextran 40 ¥), 100 mg mf" dextran 70 &), 200 mg mif* dextran 70 ), and 100 mg il
ficoll 70 (e)). Panel (a) also presents theeAS andAAH plots for Mb (based on absorbance at 409
nm and CD at 222 nm) in the absence of denatuRBibly ¢), 100 mg mif dextran 401[(), 100
mg mi* dextran 704), 100 mg mif ficoll 70 (o), 200 mg mif dextran 40 ), 200 mg mif dextran
70 (0), and 200 mg il ficoll 70 (@)). Panel (b) presents tAAAS andAAH plot for Cytc (based
on absorbance at 550 nm and CD at 222 nm) in #gsepce of denaturant (1.0 M GdnHCI or 4.5 M
urea 6), 1.0 M GdnHCI with 100 mg rildextran 40 ¥), 1.0 M GdnHCI with 100 mg rii dextran
70 (A), 1.0 M GdnHCI with 100 mg rificoll 70 (), 4.5 M urea with 200 mg fldextran 40« ),

4.5 M urea with 200 mg midextran 70+4), and 4.5 M urea with 200 mg hficoll 70 (m). Panel

(b) also presents tHEAAS and AAH plot for Mb (based on absorbance at 409 nm andaCER2
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nm) in the presence of denaturant (1.0 M GdnHCA.6rM urea ¢), 1.0 M GdnHCI with 200 mg
ml™ dextran 40[(), 1.0 M GdnHCI with 200 mg ritl dextran 704), 1.0 M GdnHCI with 200 mg
mli™ ficoll 70 (o), 4.5 M urea with 100 mg Midextran 40¢), 4.5 M urea with 100 mg Midextran

70 (%), and 4.5 M urea with 100 mg thficoll 70 (o).
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Table S1.Effect of crowding agents on [GdnHCI]-dependéit,, T, andAC, of Ferrocytc at pH 7 as monitored by visib
absorbance at 416 nm*.

[¢)

without crowding agents

100 mg hficoll 70

100 mg it dextran 70

PRRRe

[GdnHCI] | T, AHn | AC, |[GAnHCI [ Tm | AH, AC, |[GdnHCI| T, AH, | AG,
M) 1 (M) M)
0.0 373.3 100 15 0.0 374.0 109 1.4 0.0 - -
0.25 3724 92 14 0.27 3725 101 15 0.27 372.3 1051.4
0.5 366.8 80 1.4 0.53 368.9 94 15 0.53 370.1 100 4
1.0 362.8 75 14 1.07 364.7 85 14 1.07 365.1 90 4
15 358.8 70 1.5 1.60 359.9 78 1.4 1.60 360.4 78 4
2.3 350.7 60 15 2.46 353.4 70 15 2.46 355.7 71 4
2.8 348.7 55 14 2.99 347.6 63 15 2.98 351.8 62 4

100 mg mf" dextran 40 200 mg ml dextran 70 300 mg ml dextran 70

[GdnHCI | T, AHn | AC, |[GANHCI|[ Tw | &Hn | 4C, | [GAnHC | T, AHn | AG,
M) 1(M) M)
0.0 375.2 114 14 0.0 - - - 0.0 - - -
0.27 372.5 110 1.4 0.29 - - - 0.31 - - -
0.53 370.4 103 14 0.57 371.3 107 14 0.62 3740 5 11 14
1.07 365.7 104 15 1.15 369.3 101 15 1.24 3718 8 10 14
1.60 361.5 95 14 1.72 366.4 92 15 1.86 366.0 97 A4
2.46 355.8 87 14 2.64 358.9 83 14 2.86 361.5 89 5
2.98 352.0 76 1.4 3.22 352.5 73 1.4 3.48 357.4 74 4

*AHp, T andAC, are reported as kcall mylK, and kcal motK?, respectively. The uncertainties associated i, T,, and
AC, are £1.5 kcal mof, 0.5 K, and + 0.1 kcal mdK respectively. GdnHCI concentrations mentioned ihl@&1 are
corrected for crowding agents using equations ijd))(da).
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Figure S1.
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Figure S1.The slow single-phase dissociation of CO from NQ@O — N+CO ( =32 min.,
22°C). The NCO— N+CO reaction was probed at 550 nm in the preseh€05M GdnHCI, pH
7.0, 22°C.
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Figure S2.
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Figure S2.Effect of crowding agents on the denaturant-depenthermal unfolding of Ferrocyt
at pH 7.0. Panel (a) represents the thermal destadaorcurves of Ferrocyt monitored at 416 nm as
the change in absorpti@oefficient at 0.5 M GdnHCI«(), 0.5 M GdnHCI with 100 mg rifl dextran
40 (A), 0.5 M GdnHCI with 100 mg ritldextran 70€), 0.5 M GdnHCI with 100 mg rificoll 70
(x), 2.3 M GdnHCI @A), 2.3 M GdnHCI with 100 mg ritl dextran 40), 2.3 M GdnHCI with 100

mg mi* ficoll 70 (%), 2.3 GdnHCI with 100 mg il dextran 70 ¥). The solid curves in panel
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represent nonlinear least-squares fits to equd#pf82, 85]. Panel (b) shows the variationsTi

for Ferrocytc (absorbance 416 nm) as the function of [GdnHCthm absenceo] and presence of

100 mg mi* (dextran 40 4), dextran70 ¥), ficoll70 (1)), 200 mg nil' of dextran 70 €) and 300
mg mi* of dextran 70 A) at pH 7.0. The parameters are summarized in Tabl@bsorbance 416

nm). The solid lines in panel (b) represent lineast-squares fit of the data.

Figure S3.

Ellipticity

200 210 220 230 240 250
A (nm)

Figure S3.Far-UV CD spectra for the different states of ferrocyllected 25C. Far-UV CD for
the native Ferrocyt (N-state (solid line)), NCO-state (dotted linepdCO-state (short dash line).
The Far-UVCD spectrum of UCO is not collected below 210 nre ¢iu an elevation of the HT

voltage; especially, peptide signals are incredgiolgscured with high GdnHCI content.
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Figure S4.Panels (a) and (b) present the tryptophan fluorescemission spectra native Ferricyt
and Mb, respectively, collected in the absencer{stash line) and presence of ~ 100 md fidoll

70 (solid line) at pH 7.0, 2%C. Panel (b) also present the tryptophan fluoresemission spectra
native Mb collected in the presence of ~ 300 m{ fidoll 70 (dotted line) at pH 7.0, 2&. Panels
(c) and (d) present the near-UV CD spectra natemid¢yt c and Mb, respectively, collected in the
absence (short dash line) and presence of ~ 10@nfdicoll 70 (solid line) at pH 7.0, 25C.
Panels (e) and (f) show the near-UV CD spectrav@dierricytc and Mb, respectively, collected in

the absence (short dash line) and presence of mya@I* ficoll 70 (solid line) at pH 7.0, 25C
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Highlights-

» Low concentrations of denaturants restrict dynamics of NCO and MbCO.

» Crowding presence opposes structura -fluctuation causing the unfolding.

» Size, shape and viscosity of crowders modul ate the denaturant-mediated dynamics
» Crowding agent counteracts the destabilizing effect of denaturant for Cyt ¢

» Crowding agent enhances the destabilizing effect of denaturant for Mb



