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a b s t r a c t

Enzymes and other bio-macromolecules are not only sensitive to physical parameters such as pH,
temperature and solute composition but also to water activity. A universally instructive way to vary
water activity is the addition of osmotically active but otherwise inert solvents which also mimic the
condition of an intercellular milieu. In the present contribution, the role of hydration on the functionality
of a proteolytic enzyme a-chymotrypsin (CHT) is investigated by modulating the water activity with the
addition of polyethylene glycols (PEG with an average molecular weight of 400). The addition of PEG
increases the affinity of the enzyme to its substrate, however, followed by a decrease in the turnover
number (kcat). Energetic calculations show that entrance path for the substrate is favoured, whereas the
exit channel is restricted with increasing concentration of the crowding agent. This decrease is attributed
to the thinning of the hydration shell of the enzyme due to the loss of critical water residues from the
hydration surface of the enzyme as evidenced from volumetric and compressibility measurements. The
overall secondary and tertiary structures of CHT determined from far-UV and near-UV circular dichroism
(CD) measurements show no considerable change in the studied osmotic stress range. From kinetic and
equilibrium data, we calculate 115� 30 numbers of water molecules to be altered during the enzymatic
catalysis of CHT. Spectroscopic observation of water relaxation and rotational dynamics of ANSeCHT
complex at various concentrations of the osmoting agent also support the dehydration of the hydration
layer. Such dehydration/hydration processes during turnover imply a significant contribution of solvation
to the energetics of the conformational changes.

� 2011 Elsevier Masson SAS. All rights reserved.

1. Introduction

Almost all biological macromolecules (proteins, enzymes, and
DNA) are inactive in absence of water [1e4]. The hydration shell
formed by water molecules in the close vicinity of a protein plays
the most significant role in protein structure, conformational
changes, in substrate binding followed by enzyme catalysis, and in
molecular recognition. This role of hydration in enzyme catalysis is

well known and has recently been reviewed in a number of
publications [1,5e7]. Dehydration makes a protein more rigid,
increases its denaturation temperature and alters its physiological
functionality [1,8,9]. Extensive studies show the existence of
a “hydration shell” around the protein surface that excludes many
solutes [10,11], and extended networks of water have been
observed within protein crystal structures [12]. Hydrostatic
pressure-induced changes in protein association [13] and in
enzyme catalysis [14] strongly implicate changes in protein solva-
tion through the electrostriction of water, but they remain difficult
to separate from other possible density changes [15]. Hydrostatic
pressure methods would not identify water that moves without
density change. The induced-fit mechanism of substrate specificity
[16] implies that substrate binding changes the hydration of the
protein. Protein solvation has, however, been difficult to measure
directly and its contribution to the energetics of conformational
change is difficult to estimate.

One direct and universally applicable strategy for probing
water’s role is to examine the effects of reducing the availability of
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water in protein hydration layer by the addition of osmotically
active but otherwise inert solvents. Experimental and theoretical
works have demonstrated large effects of osmotic stress (OS) on the
thermodynamics and kinetics of many biological in vitro processes,
including protein binding, folding, and aggregation [17e20]. OS has
the unique feature of detecting even extremely weakly perturbed
water molecules near the membrane [21] and polymer [22,23]
surfaces, perturbations which sum to give large interaction ener-
gies when many such water molecules are simultaneously moved.
Polyethylene glycols (PEGs) are routinely used as osmotic stressing
agents to alter the water activity in solutions leading to hydration
change. These polymers are highly water soluble non-charged inert
macromolecules that have been used to investigate the effects of
macromolecular crowding [24] as it is not expected to bind directly
to the biomolecules [25]. These polymers are preferentially
excluded from the hydration shells around proteins or other
biomolecules. This exclusion creates an OS, which draws water
away from the protein surface or out of a polymer-inaccessible
crevice. Osmotically stressed enzyme environment results in
a change in catalytic activity as a result of the change in the number
of bound water molecules in enzyme and substrate and the
enzyme-substrate complex (change in KM, MichaeliseMenten
constant) or between the ground state and transition state of the
complex (change in Vmax, maximal reaction rate). In a classic
example of regulation of enzyme activity by an osmolyte [26], the
dissociation constant (Kd) for glucose binding to hexokinase has
been reported to decrease with increasing the osmotic pressure
(OP) of the assay medium, which can be tuned by the addition of
PEG in the solution [25]. A complementary approach towards the
understanding of the effect of water activity (in phenomenon like
dehydration) is to move away from aqueous solution completely,
and study systems where even the strongly bound waters can be
removed. This requires solid enzymes to be dispersed in organic
solvents which lead to some remarkable properties such as greatly
increased thermal stability and strikingly different substrate spec-
ificity. Low bio-catalytic activity in non-aqueous media is supposed
to emanate from the poor compatibility between the solvent and
enzymatic transition state [27], reduced protein flexibility [28e30],
ground-state stabilization of the substrate [31], water stripping
[32,33] and partial denaturation of the enzyme [30,34]. All these
studies furnish evidences of the essential role of hydration and
flexibility or mobility of enzyme in bio-catalytic activity. However,
the exact role of hydration and flexibility of enzyme in sub-
strateeenzyme interactions in osmotically stressed condition are
still poorly understood and a detailed understanding in this field is
highly demanding due to the highly compact packing in vivo
condition leading to a molecular crowding [35].

This drives us in the present study in which we systemically
study the role of water molecules on the substrate binding, func-
tionality and hydration of a very commonly studied enzyme a-
chymotrypsin (CHT) by modulating the solution water activity by
the addition of PEG 400 (average molecular weight of 400). CHT is
a proteolytic enzyme associated with the hydrolysis of peptide
bonds in the mammalian digestive system. The structure of CHT
[36,37], the specificity of substrates [38], the mechanism of
hydrolysis, and temperature effects on catalysis and binding [39]
are well-documented in the literature. In the present study the
enzymatic activity of CHT on the substrate AMC (AlaeAlaePhe 7-
amido-4-methyl coumarin) is found to decrease with increasing
PEG concentrations in the solution. Such a change in the activity of
the enzymewith the addition of the crowding agent offers a unique
opportunity to correlating its functionality with dynamics of the
associated hydration layer, as the global structure and the binding
site for recognition remain unchanged even at the highest
concentration of PEG used, as confirmed by the far-and near-UV

circular dichroism (CD) study. Densimetric and compressibility
measurements of the protein in the presence of PEG provide
information on the hydration state of the protein. To follow the
environmental change at a particular site of the CHT upon addition
of PEG, we study the fluorescence behaviour of proflavin. The
overall environmental change around CHT as a function of the
concentration of PEG is followed from the steady-state and time-
resolved fluorescence spectroscopy of ANS (1-anilinonaph-
thalene-8-sulfonate), which binds rigidly at a single site on the
surface of the enzyme near the Cys-1-122 disulfide bond. We also
investigated the dynamical evolution at the active site of CHT as
well as the hydration shell surrounding the enzyme using
picosecond-resolved fluorescence anisotropy of a substrate mimic
(inhibitor) proflavin and ANS.

2. Material and methods

2.1. Materials and sample preparation

Lyophilized a-chymotrypsin (CHT) powder was purchased from
Sigma. ANS (1-anilinonaphthalene-8-sulfonate) and Ala-Ala-Phe 7-
amido-4-methyl coumarin (AMC) were obtained from Sigma
Aldrich. PEG 400 (Poly(ethylene glycol), average molecular weight
of 400) was purchased from Sigma. The chemicals and the protein
were used as received. All aqueous solutions were prepared in
a phosphate buffer (10 mM). The PEG concentration was varied
from 5% to 30% in terms of weight i.e., g PEG/(g PEGþ g water).

2.2. UVevisible absorption spectroscopy

Concentration of the enzyme in the buffer was determined
using the extinction coefficient (3) value of 51 mM�1 cm�1 at
280 nm [40]. Activity measurements were performed using AMC as
the substrate. Concentration of the substrate in aqueous solution
was estimated by taking the extinction coefficient value to be
15.9 mM�1 cm�1 at 325 nm [40]. The enzyme cleaves the substrate
and produces a free coumarin derivative. The absorbance of this
product (coumarin derivative) was monitored in a ShimadzuModel
UV-2450 spectrophotometer. The increase in the absorption at
370 nm due to the release of 7-amido-4-methyl-coumarin
(3370¼ 7.9 mM�1 cm�1) was followed as a function of time. It is to
be noted here that the substrate does not absorb at this monitoring
wavelength. Initial rates of catalysis reactions weremeasured in the
regime where the absorbance varies linearly with time. The reac-
tion follows MichaeliseMenten kinetics [41] and the apparent KM
and kcat values were derived by least squares fitting of the double
reciprocal LineweavereBurk plot (Fig. 1 A). Steady-state absorption
spectra were measured with a Shimadzu UV-2450
spectrophotometer.

2.3. Circular dichroism spectroscopy

Far-and near-UV circular dichroism (CD) measurements were
performed on a JASCO 815 spectrometer at room temperature. Far-
UV CD spectra were measured between 190 and 260 nm wave-
length in 0.1 cm path length cell. Near-UV CD measurements were
done in the region of 250e350 nm in 1.0 cm path length cell.

2.4. Steady-state and time-resolved fluorescence spectroscopy

Steady-state emission spectra were measured with a Jobin Yvon
Fluoromax-3 fluorimeter. Fluorescence transients were measured
using commercially available spectrophotometer (LifeSpec-ps)
from Edinburgh Instrument, U.K. (excitation wavelength 409 nm
and 375 nm, 80 ps instrument response function (IRF)) and fitted
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using F900 software provided by Edinburgh Instrument. The details
of time-resolvedmeasurements could be found elsewhere [42]. The
time dependent fluorescence Stokes shifts, as estimated from TRES
(Time Resolved Emission Spectroscopy), were used to construct the
normalized spectral shift correlation function or the solvent
correlation function, C(t) defined as

CðtÞ ¼ ~nðtÞ � ~nðNÞ
~nð0Þ � ~nðNÞ (1)

where ~nð0Þ, ~nðtÞ and ~nðNÞ are the emission maxima (in cm�1) at
time zero, t and infinity, respectively. The C(t) function represents
the temporal response of the solvent relaxation process, as occurs
around the probe following its photoexcitation and the associated
change in the dipole moment. For anisotropy, r(t) measurements
emission polarization is adjusted to be parallel or perpendicular to
that of the excitation, and anisotropy is defined as

rðtÞ ¼ ½ItðtÞ � GIIIðtÞ�
½ItðtÞ þ 2GIIIðtÞ�

(2)

G, the grating factor, was determined following long time tail
matching technique [43].

2.5. Volumetric and ultrasound velocity measurements

Volume and compressibility of CHT solution in absence and
presence of PEG were calculated using the density and sound

velocity values measured by a density meter (model DSA5000)
from Anton Parr (Austria) with an accuracy of 5�10�6 g cc�1 and
0.5 ms�1 in density and sound velocitymeasurements, respectively.
Adiabatic compressibility (bp) of the protein solution can be
determined by measuring the protein solution density (rp) and the
sound velocity (up) and applying Laplace’s equation,

bp ¼ 1
rpu2p

(3)

The apparent specific volume of protein 4v is given by

4v ¼ 1
r0

þ r0 � rp
cpr0

(4)

where cp is the concentration of the protein solution and r0 and rp
are the densities of the solvent and protein solutions, respectively.
The partial apparent adiabatic compressibility (4k) of the protein is
obtained from the following relation [44,45]:

4k ¼ b0

�
24v � 2½u� � 1

r0

�
(5)

where [u] is the relative specific sound velocity increment given by

½u� ¼ up � u0
u0cp

(6)

with u0 and up being the sound velocities in solvent and protein
solutions, respectively.

3. Results and discussion

3.1. Kinetic and structural studies

The kinetics of hydrolysis of the substrate peptide Alae
AlaePhe-7-amido-4-methylcoumarin (AMC) by CHT has been
measured sphectrophotometrically and it is found that the rate of
formation of the product decreases gradually as the concentration of
PEG increases in the solution. To calculate the rate constant and the
turnover number, we measure the kinetics at different substrate
concentrations. Fig. 1A depicts the corresponding LineweavereBurk
plot for 5 wt% PEGconcentration,where the reciprocal of the reaction
velocity (v) is plotted as a function of the reciprocal of the initial
concentration of AMC. A similar plot for higher concentrations of PEG
is provided in the supporting information. The curves produce good
linear fits for all the systems and from the slope and intercept of the
curves, we calculate the MichaeliseMenten constant (KM) and the
turnover number (kcat) for all the systems. The linearity of the Line-
weavereBurk plot for all the studied PEG concentrations accounts for
the enzyme to follow a MichaeliseMenten mechanism even in the
presence of high PEG concentration. The calculated KM, and kcat
values for the three different PEG concentrations are presented in
Table 1 and Fig.1B. It is evident from the table andfigure that increase
in PEG concentration decreases both KM and kcat for the substrate
AMC in CHT. Earlier studies by Rand et al. [25,46] reported a similar
trend inwhich both the dissociation constant (Kd) and KM for glucose
binding of hexokinase has been found to decrease with increasing
concentration of PEG. There can be two apparently acceptable
mechanisms responsible for this decreased enzymatic activity, either
a direct interaction of PEG with the protein active site or an osmotic
stress (OS) generated by PEG that slows down the kinetics. In order to
reveal whether the changes in catalytic activity induced by PEG are
accompanied by alterations in the secondary and tertiary structures
of a-chymotrypsin, CDmeasurements were performed in the far-UV
(190e260 nm) and near-UV (250e350 nm) spectral ranges. As
observed from Fig. 2 the aqueous CHT solution displays CD features

Fig. 1. A representative LineweavereBurk plot for the catalytic activity of CHT on the
substrate AMC in presence of 5 wt% PEG (A). KM (filled squares) and kcat (open squares)
for the catalytic activity of CHT on the substrate AMC as a function of PEG concen-
trations (B). The plot of lnðK0

M=Kp
MÞ (filled squares) and lnðVo

max=V
p
maxÞ (open squares)

against Dp are shown in the inset.

P.K. Verma et al. / Biochimie 93 (2011) 1424e14331426



Author's personal copy

with minima at 202 and 232 nm (far UV-CD) and 303 nm (near UV-
CD), corroborating the native secondary and tertiary structures
previously reported for the enzyme [47,48]. Upon increase in the PEG
concentration to 30 wt%, no significant change in the CD spectrum is
observed, indicating that both the secondary and tertiary structure of
the enzyme is preserved upto this PEG concentration. The CD study
thus rules out anymodification of the secondary or tertiary structure
of the protein. At this point we can thus infer that the observed
change in KM or kcat of CHT is not directly correlated to the structural
modification of the active site of the enzyme, rather it is perhaps
enrooted in the modification of water activity as created by the
osmolyte. Covalent modification of CHT by PEG has also been
reported not to perturb its tertiary structure much [49,50]. It is to be
noted here that absorbance of PEG around w200 nm and below
contributes to the noise in the far UV-CD signal and we do not report
the signal in this region.

3.2. Osmometric measurements

Having established the structural integrity of CHT in the pres-
ence of PEG, we now explore the idea of OS as applied by PEG on the
enzymatic activity of CHT. Let us first determine the free energy
changes associated with the enzymatic activity in the absence and
in the presence of PEG. The trends reported here for the effect of
PEG on KM and kcat can be understood by relating the changes on
the free energy profile, as depicted in Scheme 1. Consider the
simplest case of enzyme catalysis involving just one substrate and
one enzyme-substrate (ES) complex. As observed from the linearity
of the LineweavereBurk plot, the reaction kinetics are assumed to
follow a simple MichaeliseMenten mechanism at all the studied
PEG concentrations. The corresponding mechanism can be written
as [51],

E þ S%
k1

k�1

ES/
kcatproducts (7)

where ES is the enzymeesubstrate complex. The dissociation
constant of ES, Kd (¼k�1/k1) can be assumed to be equal to KM for
high values of k�1. The corresponding free energy (DGM) is generally
negative valued (Scheme 1) ensuring the process to be energeti-
cally favourable. The intermediate complex then reaches a transi-
tion state (ESs) with an expense of an activation free energy of
DGs, which essentially has positive values (Scheme 1). Assuming
a simplistic scheme in which E and S combine to form an activated
complex ESs, this then results into the product,

E þ S%ESs/products (8)

the free energy associated with the formation of ESs is given by
DGs

T which also essentially has positive values (Scheme 1).DGM can
be calculated using the relation,

DGM ¼ �RT lnð1=KdÞzRT ln KM (9)

DGM can be referred to as the “entrance channel” of the substrate in
which the ES complex is formed. In a similar manner formation of
ESs signifies an “exit channel” in which the activated complex is
cleaved to form the product and the corresponding free energy
DGs is related to kcat and according to the activated complex
theory, one can have,

DGs ¼ �RT ln
�

h
kBT

kcat

�
(10)

where kB is the Boltzmann constant and h is the Plank’s constant. As
per Scheme 1, DGs

T can algebraically be estimated as,

DGs
T ¼ �RT ln

�
h

kBT
kcat
KM

�
(11)

The calculated DGM, DGs and DGs
T values for all the systems are

presented in Table 1. As can be observed from the table, DGM value

Fig. 2. The far UV-CD (circular dichroism) spectra of CHT at various wt% PEG. The near-
UV-CD spectra of CHT at different wt% PEG is shown in the inset. Scheme 1. Free energy changes for the simplest MichaeliseMenten kinetic scheme.

Table 1
Kinetics and energetics of CHT catalyzed hydrolysis of AMC at various concentrations of PEG.

[PEG] (wt%) pa� 107 (dynes cm�2) KM (mM) kcat (s�1) DGM (kcalmol�1) DGs (kcalmol�1) DGs
T (kcalmol�1) 4v� 10�4 (m3 kg�1) 4k� 10�14 (m3 kg�1 Pa�1)

0 0 2.53b 4.87c �3.5 16.5 13.0 7.24 2.43
5 0.357 1.44 0.89 �3.9 17.5 13.6 7.31 3.45
15 1.390 0.79 0.32 �4.2 18.1 13.9 7.46 5.23
30 4.480 0.53 0.07 �4.5 19.1 14.6 7.64 8.28

a From reference [22].
b From reference [25].
c From reference [25].
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becomes more negative as PEG concentration is increased in the
solution whereas, both DGs and DGs

T becomes more positive,
indicating that the addition of PEG facilitates the formation of the
ES complex (entrance channel) while restricts the exit channel, i.e.,
formation of the product. The stabilization of ES in the presence of
PEG is more than compensated by the stabilization of ESs resulting
in a higher (DGs

T )PEG value compared to (DGs
T )w (Scheme 1, Table 1)

which eventually retards the enzymatic activity of CHT.
The enhancement in the affinityof CHT for AMC (decrease inDGM)

can be understood as follows. Addition of PEG changes the equilib-
rium between different conformational states of CHT by selective
exclusion of PEG molecules from crevices in proteins as well as from
sites at which substrates bind the enzyme. A consequence of the
exclusion of PEG from certain compartments is the creation of an
osmotic gradient which results in dehydration of the region inac-
cessible to PEG [52]. Thus, the application of osmotic pressure results
in shifting the equilibrium towards the less hydrated state as has also
been observed from spectroscopic as well as compressibility studies
(see later). This less hydrated state makes the substrate entrance in
the active site less hindered increasing the binding constant. Another
equivalently possible mechanism is, in water-poor environment, the
substrate does not saturate all of its hydrogen bonding propensity.
Consequently, its associationwith CHT proteinwith the formation of
complementary substrate-protein hydrogen bonds should be fav-
oured by the favourable energy of hydrogen bonding resulting in
further stabilization of the ES complex (Scheme 1). This is also
consistent with the fact that macromolecular association constants
under crowded condition increase as much as 2e3 orders of
magnitude relative to those in the dilute solution [17]. Recently
Griebenow et al. has reported a reduction in the substrate affinity by
PEG-conjugated CHT due to steric crowding by the presence of PEG
molecules near the substrate binding site [53]. Our present obser-
vation is in contrary of this finding and it clearly suggest that for the
present study the active site of CHT is notmodified in the presence of
PEG. On the contrary, the free energy of the exit channel is increased
by 2.5 kcalmol�1 as water is replaced with 30 wt% PEG (Table 1).
Catalysis requires a critical water residue to be present in correct
location and orientation such that it can initiate a nucleophilic attack
followed by a loss of an Hþ ion to a nitrogen atom on His-57. The
reduced water activity and partial dehydration of CHT by PEG stiffen
the mobility or flexibility of the enzyme (see spectroscopic studies)
and disfavour the nucleophilic attack. Furthermore, dielectric prop-
erty at the enzyme’s active site is decreased by PEG as evident from
the spectroscopic study of proflavin-CHT complex which in turn
destabilizes the polar transition state (Scheme 1). This probably
perturbs the active site dynamics increasing the exit channel barrier
which in turn reduces the overall catalytic efficiency of CHT. CHT in
the non-aqueous environment has been reported to exhibit
decreased bio-activity due to stripping of the essential water mole-
cules from the enzymes and its rigid structure in organic solvents
[54]. Both PEGylation and glycosylation of CHT increase its stability,
however, its activity is decreased compared to that of the native state
and this phenomenon is attributed to the restricted dynamics of the
enzyme after covalent modification [49,53]. Extensively PEG-
modified-CHT degrades low molecular weight substrate at rates
comparable to or greater than the rates exhibited by the native
enzyme but enzymatic reactions are slower for protein substrates
[55]. These studies suggest our observation ofmodification ofKM and
kcat by PEG as governed mostly by the water activity modulation,
rather than active site structural modification.

3.3. Change in water release under crowded condition

The exclusion of PEG from the hydration layer of CHT results in
a decreased water activity (aw) outside that compartment and

subsequently removal of water from it. If DVw is the change in the
volume of water during the CHT-AMC binding, then at equilibrium
one can write [46,56,57],

RT ln aw ¼ pDVw (12)

The free energy change during ES formation at equilibrium can be
written as,

DG0
eq ¼ �RT ln Kd þ RT ln aw (13)

Replacing aw from equation (12) and considering DG0
eq to be

a constant, equation (13) reduces to,

RTd ln Kd ¼ DVwdp (14)

and assuming Kdz KM, equation (14) transforms into,

DVw ¼ RT
Dp

ln

 
K0
M

Kp
M

!
(15)

where, K0
M and Kp

M correspond to KM value at the osmotic pressure
(OP) of 0 and p respectively. A similar equation can be arrived from
the kinetic data also in which KM can be replaced by Vmax. From the
slope of the plot of lnðK0

M=Kp
MÞ (or, lnðVo

max=V
p
maxÞ) against Dp, one

can calculate DVw.
We plot both lnðK0

M=Kp
MÞ and lnðVo

max=V
p
maxÞ against Dp from the

data obtained in Table 1 and is presented in Fig. 1B (inset). Following
equation (15), the initial linear fits of the curve yield DVw¼ 3825�
730 Å3 from the kinetic data and DVw¼ 3200� 830 Å3 from the
equilibrium data. The comparable values of DVw obtained from the
equilibrium and kinetic data signifies that the CHT-AMC binding
step is the most affected step by the OS as also evident from the
free energy values inwhichDGM suffersw30% changewhenwater is
replaced by 30% PEG, whereas the change is w12% in the corre-
spondingDGs

T values. This observation is similar to that obtained by
Rand et al. [46] inwhich the glucose binding step of hexokinase had
been found to bemostly affected by PEG. The pooled equilibriumand
kinetic data yield a change in volume of 3450� 860 Å3 which is
equivalent to 115� 30water molecules. The numerical value of DNw

obtained in the present study is in good agreementwith some earlier
findings which report that 65e83 water molecules are associated
with the binding of oxygen to haemoglobin [58,59]; binding of
glucose to hexokinase results in a removal of 65 water molecules
[46]; going from closed to successive open states, the ionic channels
of alamethicin takes up100waters [60]; bitingdownon specificDNA
complexof the restriction nuclease EcoRI sequesters 100morewater
molecules than the specific complex [61]. It should be noted here
that in real physiological condition this number might differ as the
slopeswere calculated from the initial linearity at lowOP region. The
curves in Fig. 1B (inset) appear steeper near the origin, a phenom-
enon similar to earlier reports [25,46]. It can be argued here that
OS alone would dehydrate CHT to some extent so that at higher PEG
concentration, less water is removed during the enzymatic process
[57]. It can also be noted that at high PEG concentration the linearity
is lost as PEG is expected to exchange with preferentially included
water molecules at the exposed protein surface [56,62,63] making
DNw to be a complex function of PEG activity at the protein surface.
Thus a good estimate of DNw could only be drawn in the low
concentration region of PEG.

3.4. Volume and compressibility measurements

The apparent specific volume (4v) and apparent compressibility
(4k) of a protein are macroscopic observations which are particu-
larly sensitive to the hydration properties of solvent exposed
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atomic groups, as well as to the structure, dynamics and confor-
mational properties of the solvent inaccessible protein interior
[64e67]. In order to understand the nature of hydration of CHT
under an OS, we calculate the 4v and 4k at different PEG concen-
trations and the results are presented in Table 1. In the buffer
solution, the observed 4v and 4k values are in excellent agreement
with those reported earlier for CHT in its native state [67]. As the
concentration of PEG increases both 4v and 4k increases steadily,
which can be interpreted as a reflection of a decrease in the
hydration of the protein in an osmotically stressed state [68]. The
change in 4v can be rationalized accordingly; 4v of a solute can be
considered to be a cumulative contribution as given by the
following equation,

4v ¼ ð4vÞMþð4vÞTþð4vÞI (16)

where (4v)M is the intrinsic specific volume of the protein, which
corresponds to the domain which water cannot penetrate, (4v)T is
the “thermal volume” which corresponds to the free volume
including voids or cavities formed by the folding of polypeptide
chain. (4v)I refers to as the “interaction volume” which is related to
the change in the solvent volume due to hydration. Assuming (4v)M
to remain unaffected by OS, the change in 4k can be given as,

D4v ¼ Dð4vÞTþDð4vÞI (17)

which can be equated to [67],

D4v ¼ Dð4vÞTþDnh

�
Vh � V0

M

�
(18)

where Vh and V0 are the partial molar volumes of water in the
hydration shell and in the bulk state respectively, M is the molec-
ular weight of the protein, Dnh is the change in the number of
hydration shell water molecules. Earlier studies suggest that (4v)I is
the only component of the 4v of a protein that is sensitive to
hydration. Thus D4v can be assumed to be largely contributed by
the change in the interaction volume only. It can be noted here that
(4v)I contributes a negative share towards 4v due to the smaller
value of Vh compared to V0 [69]. The positive D4v obtained in the
present study (Table 1) thus has contribution from the negative
value of Dnh which indicates a dehydration of the protein hydration
layer upon addition of PEG. A rough estimate of the extent of
hydration could be made by assuming D4v to be solely contributed
by (4v)I, and rewriting equation (18) as,

D4vzDnh

�
Vh � V0

M

�
(19)

Taking D4v to be 0.4�10�4 m3 kg�1 for 30% PEG and assuming Vh
to be w11 cm3mol�1 [69], we get DNw w 150 i.e., addition of 30%
PEG dehydrates each CHT molecule by 150 water molecules.
Considering the total surface area of charged and polar atomic
groups of CHT to be w5230 Å2 [67], and assuming a monolayer
close packed hydration, it corresponds to w18% dehydration of the
protein. It can be noted here that this value is a simplified one and
does not consider the contribution from (4v)T and also does not take
into account the multiple solvation layer in the protein surface.
However, this decrease in hydration layer is in good agreement
with the 12% decrease in DGs

T for the catalytic activity (Table 1),
which clearly establishes the role of OS upon dehydration followed
by the retardation in the catalytic activity.

A similar agreement holds good for the compressibility
measurement in which the change in D4k could be assumed to be
arising due to the sole contribution from the hydration compress-
ibility. The positive D4k (Table 1) clearly indicates an increase in the
water compressibility due to the increased interaction of water

molecules with the solvent exposed atomic groups of the enzyme
[67,70,71]. The increased 4k thus has its origin in exclusion of
hydration layer watermolecules making it thinwhich has also been
confirmed from the spectroscopic studies (see later). These highly
structured water molecules thus act as a poor nucleophile resulting
in a retarted rate of enzyme kinetics at higher PEG concentrations
(Table 1).

3.5. Spectroscopic measurement

After establishing the phenomenon of dehydration of CHT
hydration layer under an OS generated by PEG molecules, we now
investigate its site specificity using steady-state and time-resolved
fluorescence spectroscopy. A chromophoric inhibitor of the enzyme
(proflavin) is used as a spectroscopic probe to monitor the change
in local polarity of the enzyme’s active site. Local polarity is the
polarity experienced by a probe molecule at the microscopic scale;
it is an important parameter for monitoring the local environment
such as binding sites of proteins, surfactant self-assembly systems,
and reverse micelles as modest changes in local polarity lead to
variation in physical as well as chemical properties. Experimental
studies suggest that the dye binds the protein at a single site in the
vicinity of the active centre [36,72]. Fig. 3 (inset) shows the differ-
ence absorption spectra of proflavin in CHT at different PEG
concentrations, in which the absorption spectrum of proflavin in
CHTadduct has been subtracted from that of the buffer. It is evident
from the figure that the absorbance peak suffers a progressive shift
towards higher wavelength with the increase in PEG concentration
[38]. The observed red-shift indicates a strong binding of the
inhibitor to the catalytic site and a subsequent decrease in the local
polarity around the enzyme’s active site, a phenomenon very
similar to the spectral perturbation as observed when proflavin is
dissolved in apolar solvents [38]. Fig. 3 depicts the emission spec-
trum of proflavin in CHT, and it is found that the fluorescence
maximum shifts towards lower wavelength with the addition of
PEG indicating a decrease in the polarity around the probe, which
corroborates the absorption results. In an earlier study Krishtalik
et al. [73] measured the Stokes shift of proflavin in CHT film as
a function of humidity and found that the Stokes shift and reor-
ganization energy (defined as the energetic cost of repolarization of
the surrounding medium, ls) decreases with decreasing water
content. They concluded that the decrease in ls, compared to
the solvated proflavin-CHT complex, is apparently related to the
removal of hydration shell water surrounding the protein. In the

Fig. 3. Emission spectra of proflavin in buffer, and CHT with various wt% PEG
(lex¼ 409 nm). Difference absorption spectra of proflavin in CHT (with respect to
proflavin in buffer) with 0, 5, 15 and 30 wt% PEG is shown in the inset.
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present study, addition of the PEG decreases Stokes shift (Dn) from
2939 cm�1 (in buffer) to 2194 cm�1 (in 30% wt PEG) (Table 2)
indicating a lower polarity and hence a lower dielectric property
experienced around the enzyme’s active site which is an outcome
of stripping of some water molecules from the protein surface in
the presence of PEG. This decrease in dielectric properties also
destabilizes the polar transition state thereby decreasing the rate of
product formation (Table 1 and Scheme 1).

3.6. Hydration dynamics under crowded condition

To specifically examine the local hydration dynamics at the
surface of the enzyme CHT, the fluorescence behaviour of the probe
ANS, commonly used to monitor structural changes of proteins and
membranes, is studied at various PEG concentrations. Previous
extensive fluorescence study [72] followed by an X-ray study [36] of
the CHTeANS complex specify that ANS binds rigidly (binding
constant of the order of 104 M�1) at a single site on the surface of the
protein near the Cys-1e122 disulfide bond, a site which is almost
opposite in the position to the enzymatic centre. These studies also
conclude that the local environment around ANS in the complex is
identical both in the solution as well as in the crystalline phase. In
Fig. 4, we present the steady-state fluorescence spectra of CHTeANS
solutions in buffer and at three different PEG concentrations. It is
found that the steady-state fluorescence intensity of ANS in CHT is
much higher than that in the buffer and the emission maximum of
ANS in CHT (w465 nm) ismarkedly blue shifted compared to that in
buffer (w520 nm) indicating that the local polarity around ANS and
hence at the enzyme’s surface is lower compared to that in bulk
water. Earlier studies show that the emission maximum of ANS
displays a marked blue-shift with decreased solvent polarity with
a consequent increase in the quantum yield [74]. The fluorescence
intensity of ANS bound to CHT is found to decrease along with
a small red-shift with the addition of PEG (Fig. 4), which suggests
that ANS binding site is nowexperiencing higher polarity and hence
greater contribution from bulk type water compared to that in
the absence of PEG. Higher contribution from bulk typewater in the
presence of PEG could be due to the thinning of the hydration layer
as observed form compressibility study and/or faster exchange
between surface-bound to bulk type water molecules as elucidated
in the following discussions. To understand the dynamic nature of
water molecules at the protein surface, we study the time-resolved
fluorescence spectroscopy of ANS in the presence of PEG. Fig. 5A
(inset) shows the fluorescence transients of ANS-CHT adduct in the
buffer at three selected wavelengths of 400, 460 and 520 nm.
The transient at 460 nm can be fitted tetra-exponentially with time
components of 0.03 ns (61%), 0.33 ns (17%), 1.9 ns (15%) and 7.0 ns
(7%), whereas for the extreme red wavelength (520 nm), a distinct
rise component of 0.18 ns is obtained alongwith a decay component
of 14.0 ns. The presence of faster decay components at the blue
end and a rise component at the red wavelength is consistent with
the picture of solvation dynamics, a phenomenonwhich represents
the rate at which the solvent dipoles/charged species are rear-
ranged surrounding an instantaneously created dipole (a detailed
description could be found in the supporting information).With the

increase in PEG concentrations, the transients still show wave-
length dependency, however, with a decrease in the time constants
(data not shown). Using the decay transients at different wave-
lengths, we construct the time-resolved emission spectra (TRES)
for all the systems. A representative TRES for ANS-CHT in the buffer
is presented in Fig. 5A which shows a significant dynamic fluores-
cence Stokes shift of 1256 cm�1 in 8 ns (Table 3). Fig. 5B shows the
C(t) plot of ANS-CHT in the buffer, 5 wt% and 30 wt% PEG

Table 2
Steady-state absorption and emission peaks of proflavin bound to CHT (active
centre) at different concentrations of the PEG.

[PEG] (wt%) Absorbance peak (nm) Emission peak (nm) Stokes shift (cm�1)

0 443 508 2934
5 447 505 2569
15 450 504 2381
30 453 503 2194

Fig. 4. Emission spectra of free ANS in buffer, and CHT with various wt% PEG
(lex¼ 375 nm).

Fig. 5. Time-resolved emission spectra (TRES) for ANS-CHT complex in buffer (A).
Picosecond-resolved fluorescence transients of ANS-CHT adduct in buffer is shown in
the inset (A). Solvation correlation function, C(t), of ANS-CHT adduct in buffer and 5
and 30 wt% PEG (B). Time-resolved anisotropy decay, r(t), of ANS-CHT in buffer and
30 wt% PEG is shown in the inset (B).
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concentrations constructed using equation (1). The C(t) plots are
fitted bi-exponentially and the corresponding solvation time
constants are presented in Table 3. In aqueous CHT solution a fast
component of 60 ps is obtained along with a slow component of
1.64 ns, which decreases to 1.07 ns at 5 wt% PEG and eventually
vanishes at 30% PEG (Table 3). It should be noted here that both the
observed time constants (slow and fast) are much slower than the
subpicosecond solvation time constant of bulk water [75,76]. Water
molecules in protein surface and in other organized assemblies
exhibit ultraslow component of solvation dynamics in 100e1000 ps
time scale [77,78]. Bagchi et al. proposed the presence of at least two
types of water molecules at the protein surface and these water
molecules remain in a dynamic equilibrium with the bulk or free
type water molecules as expressed below [79,80].

Watersurface bound %
kbf

kfb
Waterbulk (20)

where kbf and kfb are the rate constants related to the transition
between surface-bound to bulk water molecules. This equilibrium
is sensitive to the change in the microenvironment of the protein,
e.g. temperature, pressure, additives etc. As has been observed
in the earlier sections, addition of PEG produces an OS in the
hydration layer, which in turn shifts the equilibrium towards a less
hydrated conformation and also increases the contribution of faster
moving bulk water molecules around the enzyme’s surface. This
explains the observed red-shift in the steady state emission (Fig. 4)
and also decrease in the average solvation time constant <s>
(¼a1s1þ a2s2 where si represents the solvent correlation time
constant and ai represents its relative percentage.) with increasing
PEG concentrations (Table 3). It should be taken into consideration
that the origin of the slow component could be due to the collective
contribution from both the bound type water as well as from the
segmental motion of the protein residues. Sahu et al. [81] earlier
reported slow solvation time component (4.5 ns) for ANS bound to
BSA. They attributed this slow component due to the segmental
motion of the protein residues. It should be mentioned here that in
the BSA-ANS complex, ANS resides deep inside the lipid-binding
cavity of the protein and hence the contribution from the protein
residue is themajor one, whereas in the present study, the presence
of a faster component of 60 ps in the aqueous environment,
signifies the location of ANS in the hydration layer of CHT. The
disappearance of the slow component at high PEG concentration
also suggests that ANS binding site of the enzyme is experiencing
more contributions from bulk type water due to partial removal of
water from hydration sheath and hindrance to the segmental
motion of the protein residues which in turn decreases confor-
mational flexibility of the enzyme. To gain further insight we
analyse the lifetime of ANS bound to CHT at different PEG
concentrations and found that the contribution of 14 ns lifetime
component, characteristic of ANSeCHT adduct, decreases from 44%
(in the buffer) to 9% (30 wt% PEG). This observation is consistent
with the decrease in fluorescence intensity of ANS with the
increasing concentration of PEG. Thus the faster dynamics at the

higher concentration of PEG suggests thinning of the hydration
water shell around the enzyme.

To further confirm the modification of the enzyme’s surface
with the addition of PEG, we measure the temporal anisotropy
decay, r(t), of the probe ANS bound to CHT in buffer and 5 wt% and
30 wt% PEG concentrations. Free ANS exhibits a fast single expo-
nential rotational decay with time constant of 60 ps in methanol
and 90 ps in buffer, respectively [82]. On the other hand the rota-
tional relaxation of ANS bound to CHT has been found to decay bi-
exponentially (Table 3, Fig. 5B inset) which has its origin in the two
processes involved viz. the overall tumbling of the ANS bound
enzyme (slow component) and the internal rotation of the fluo-
rophore relative to the enzymemolecule i.e., wobbling of the probe
(fast component). With the addition of PEG these components get
faster indicating a greater contribution from the bulk type of water
molecules as has also been observed in the solvation dynamics
study. However, ANS is still bound to the surface of the enzyme
even at 30 wt% PEG concentration as evident from the presence of
a slow component of the rotational time constant. In a controlled
study, we ensure that similar slow rotational time constants are not
found in 5 wt% and 30 wt% PEG solution without the enzyme.

4. Conclusions

Our results show that the enzymatic activity of CHT decreases
with the addition of an osmotic/crowding agent, PEG 400. A
detailed energetic calculation showed that the entrance path for
the substrate is stabilized (decrease in KM)whereas the exit channel
is destabilized (decrease in kcat) with increasing osmotic stress (OS).
This decrease is attributed to the loss of critical water residues from
the hydration shell of the enzyme. The overall secondary and
tertiary structures of CHT determined from far UV and near UV-CD
show no significant change in the studied osmotic stress range,
ruling out the possibility of massive structural reorientation of the
overall enzyme being responsible for the altered catalytic activity.
From kinetic and equilibrium data, we calculate 115� 30 water
molecules to be altered during the enzymatic catalysis of CHT on
AMC. Densimetric and compressibility measurements also support
the expulsion of water molecules from the hydration layer of the
enzyme under OS. This observation is also confirmed by studying
spectroscopic properties of proflavin, a substrate mimic, in the
active site of the CHT. The application of osmotic pressure shifts the
equilibrium towards the less hydrated state for any system of
equilibrium between two states of unequal hydration. We recon-
firm this fact by observing the hydration and rotational dynamics of
ANS-CHT complex at various concentrations of the osmoting agent.
Our findings highlight the significance of the alteration of hydration
under crowded environment, which is often encountered in real
biological systems.
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