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Abstract: Studying alterations in biophysical and biochemical behavior of enzymes in the presence
of organic solvents and the underlying cause(s) has important implications in biotechnology. We
investigated the effects of aqueous solutions of polar organic solvents on ester hydrolytic activity,
structure and stability of a lipase. Relative activity of the lipase monotonically decreased with
increasing concentration of acetone, acetonitrile, and DMF but increased at lower concentrations
(upto ~20% v/v) of dimethylsulfoxide, isopropanol, and methanol. None of the organic solvents
caused any appreciable structural change as evident from circular dichorism and NMR studies,
thus do not support any significant role of enzyme denaturation in activity change. Change in 2D
[15N, 1H]-HSQC chemical shifts suggested that all the organic solvents preferentially localize to a
hydrophobic patch in the active-site vicinity and no chemical shift perturbation was observed for
residues present in protein’s core. This suggests that activity alteration might be directly linked to
change in active site environment only. All organic solvents decreased the apparent binding of
substrate to the enzyme (increased K,,,); however significantly enhanced the k5. Melting
temperature (T,,,) of lipase, measured by circular dichroism and differential scanning calorimetry,
altered in all solvents, albeit to a variable extent. Interestingly, although the effect of all organic
solvents on various properties on lipase is qualitatively similar, our study suggest that
magnitudes of effects do not appear to follow bulk solvent properties like polarity and the solvent
effects are apparently dictated by specific and local interactions of solvent molecule(s) with the
protein.

Keywords: lipase; polar organic solvents; hydrolytic activity; protein stability; NMR; differential scan-
ning calorimetry

Introduction

Non-aqueous enzymology explores the potential
applicability of enzymes outside their natural condi-
tions and is of immense interest in areas of enzyme

biotechnology such as Dbiodiesel and organic

Abbreviation: CD, circular dichorism; DMF, dimethylforma-
mide; DSC, differential scanning calorimetry; DMSO, dime-
thylsulfoxide; PNPB, para-nitrophenyl butyrate
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synthesis. Numerous industrially important chemi-
cal reactions such as peptide and ester synthesis,
transesterification, synthesis of pure enantiomers
and so forth. were demonstrated to scale up using
enzymes as catalysts in non-aqueous solvents.'™ De-
spite well recognized potential uses of enzymes for a
wide range of organic reactions, their application is
still limited mainly because of their diminished ac-
tivity in the presence of organic solvents. Excellent
reviews on the behavior of enzymes in non-aqueous
solvents were presented.’® Water-miscible (polar)
organic solvents are found to be far more enzyme
deactivating than water-immiscible solvents.® It has
been shown that enzymes in pure water-immiscible
solvents often retain the natively folded structure
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Table I. Physicochemical Properties of Polar Organic
Solvents

Solvent Structure LogP® DCY I E
Acetone J\ 024 782 5 21
Acetonitrile -0.3 643 6 36
P
DMF °¥ / -1.01 63.3 6 37
iy
NN
DMSO ‘|’| -135 603 7 47
P
Isopropanol /‘1 0.14 70.2 4 18
Methanol -0.74 305 5 32
HsC——OH

Log P is the logarithm of partition coefficient in the stand-
ard n-octanol/water system. “DC” denotes the denaturation
capacity, I denote the polarity index, and E denotes the
dielectric constant.

and the activity of enzymes was shown to improve
by the addition of very low amount of water and
other excipients.!™'® However, water-miscible sol-
vents have a higher tendency of stripping off tightly
bound water from enzyme and ability to partition
deeper into the enzyme active site which in turn
causes loss of both structure and activity of
enzymes.>1*15 Nevertheless, experimental proofs for
such effects at the level of structure are scarce. It is
important to investigate the biochemical and struc-
tural properties of enzyme in the presence of polar
organic solvents and seek methods to improve struc-
tural integrity and activity of enzymes in such
solvents.

Lipases are one the most widely used class of
enzymes in industries.?*'® They have broad sub-
strate specificity and can catalyze many different
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reactions, such as hydrolysis and synthesis of esters
bonds, alcoholysis, aminolysis, peroxidations, epoxi-
dations, and interesterifications. Such ability to cata-
lyze broad range of reactions also enables lipases
finding applications in pharmaceuticals and drugs
production, production of biodiesel, food modification
and so forth. We have created a thermostable version
of a Bacillus subtilis lipase using directed evolution.
This thermostable mutants named “6B” harbors 12
mutations and showed significant increase in stabil-
ity, activity, structural rigidity, and reversibility.}”®
We have solved the crystal structure of 6B lipase and
studied the backbone dynamics by solution NMR.!”

In the present study we investigated the effect
of polar organic solvents on activity, structure, and
stability of 6B lipase using combination of techni-
ques including circular dichorism (CD), nuclear mag-
netic resonance (NMR), and Differential Scanning
Calorimetry (DSC).

Results and Discussion

Relative activity of 6B lipase in polar organic
solvents

Ester hydrolytic activity of 6B lipase was estimated,
using para-nitrophenyl butyrate (PNPB) as sub-
strate, in the presence of six polar organic solvents
viz. acetone, acetonitrile, dimethylformamide (DMF),
dimethylsulfoxide (DMSO), isopropanol, and metha-
nol. Acetone, acetonitrile, DMF, and DMSO are
aprotic while methanol and isopropanol are protic in
nature. Physico-chemical properties of these organic
solvents are listed in Table I. Figure 1 shows the rel-
ative activity of 6B lipase in the presence of 0-60%
(v/v) of these polar organic solvents. Throughout the
text, concentration of organic solvents was given in
v/v. Presence of acetone, acetonitrile and DMF
decreased the lipase activity in concentration de-
pendent manner [Fig. 1(A)]. Lipase activity is
reduced by half in the presence of ~20% of these sol-
vents while 60% of these solvents caused nearly
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Figure 1. Relative activity of 6B lipase in the presence of organic solvents.
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Figure 2. Far UV CD spectra of 6B lipase in the presence of organic solvents. (A) 10% solvents and (B) 60% solvents.

complete loss of activity. Activity profile of lipase is
very different in the presence of DMSO, isopropanol,
and methanol [Fig. 1(B)]. In the presence of these
three solvents, 6B lipase showed an increase in ac-
tivity at lower concentration followed by a continu-
ous decrease with increase in solvent concentration.
Fold enhancement and activity maxima of 6B lipase
were ~3 fold in 15% DMSO, ~2 fold in 20% isopro-
panol, and ~1.7 fold in 25% methanol, respectively.
Compared to activity in only buffer, enzyme showed
more activity even in ~40% of DMSO and 30% of
both isopropanol and methanol. Significant activity
(~40%) could be observed even at 60% of DMSO con-
centration. However, at 60% concentration of isopro-
panol and methanol activity is close to 10% only.
Thus qualitatively different activity profiles of 6B
classify these solvents into two distinct sets.
Alteration of enzymes activity in the presence of
mixtures of water and solvents is a well documented
phenomenon.® Although enzyme activity change in
the mixtures of water and solvents is still poorly
understood, numerous factors have been emphasized
to bring such effect. Common amongst them are; (i)
water or organic solvents might be one of the sub-
strate, (ii) organic solvent molecules might act as
specific inhibitor, (iii) the organic solvents changes
the bulk properties of solvents such as dielectric con-
stant, polarity and hydrophobicity and so forth,
which in turn affect the solvation of substrate and/
or transition states and influences their binding to
enzyme molecule and (iv) organic solvents changes
the structure of enzyme.!® In the hydrolytic reac-
tions by enzymes such as in the present case, water
is one of the substrate. However, in all assays the
water volume percent is 40% or more rules out the
possibility of water being limiting for the reaction.
In the present study, we saw that activity of 6B
lipase decreased in presence of acetone, acetonitrile,
and DMF. Nevertheless, activity of 6B lipase showed
an increase in the presence of DMSO, isopropanol,
and methanol. Such increase in enzyme activity by
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the presence of organic solvents was seldom observed.
For example, Szab6 et al. observed that peptide
hydrolyzing capability of chemically modified papain
was increased in the presence of ethanol and acetoni-
trile; while Tsuzuki et al. noticed that presence of
polar organic solvents in low concentration increased
the ester hydrolytic activity of a lipase from Rhizomu-
cor miehei.?*?' However, mechanistic details of such
increase in activity were not investigated.

Structure of 6B lipase in polar organic solvents
We collected far UV CD spectra of 6B lipase in the
presence of various organic solvents to probe their
effect on the secondary structure of protein. CD spec-
tra of 6B could be collected only in acetone, acetoni-
trile, methanol, and isopropanol. Presence of DMF
and DMSO, which absorb in the far UV spectral
region, interfere with the protein signal strongly.
Figure 2 shows that secondary structure of 6B lipase
remained unperturbed by the presence of all the or-
ganic solvents studied. Evidently, observed decrease
in activity by the presence of acetone and acetonitrile
is not due to any partial denaturation of 6B lipase.
Motivated by the very different effects of sol-
vents on enzyme activity and insignificant effect on
lipase structure, we decided to observe changes in
the fingerprint amide region in a 2D '°N,'H HSQC
in NMR to have a comprehensive understanding of
the solvent—protein interactions. Earlier, we have
assigned backbone chemical shifts of 6B lipase and
could achieve chemical shifts assignments for 150
out of the 181 residues.!” In the present work, we
collected the 2D ['°N, 'H]-HSQC spectra of 6B lipase
in the presence of 10-40% of various organic sol-
vents. For acetone, acetonitrile, DMSO and metha-
nol, 40% solvent is the highest concentration used,
whereas maximum solvent concentrations of 10%
and 30% were used for DMF and isopropanol,
respectively. Deuterated DMSO and methanol were
used for NMR spectra collection while other organic
solvents were protonated which limitated studies at

Lipase in Organic Solvents
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Figure 3. Overlay of 2D ['°N, "H]-HSQC spectra of 6B lipase in
(A) acetone and (B) DMSO. Examples of significantly perturbed
and circles, respectively. No solvent (black), 10% (red), 20% (bl

the absence and increasing concentration of organic solvents.
and relatively unperturbed cross peaks are shown by arrows
ue), 30% (green), and 40% (grey). Spectra in the presence of

other solvents have been provided in Supporting Information Figures S1 and S2.

higher concentrations of DMF and isopropanol. An
overlay of N,'H HSQC spectra of 6B lipase in the
absence and presence of various organic solvents
(Fig. 3) revealed that most of the amide backbone
resonances were superimposable suggesting that 6B
lipase maintained its native conformation even in
the presence of various solvents at all concentrations
studied. The observation independently supports
findings by CD spectroscopy and established that 6B
lipase is indeed highly resistant to structural loss
due to the presence of any of the organic solvents
studied at concentrations used in this study.

Organic solvents binding sites on 6B lipase

Further, we measured perturbations in !N,'H
HSQC resonances for all the assigned residues. We
observe that several residues experience chemical

Kamal et al.

shift perturbations upon titration (Figs. 3 and 4). We
also noted that a fewer residues experienced signifi-
cant changes in the chemical shifts, perhaps due to
changes in the hydration shell or due to specific
binding of organic solvent molecules. Residues,
which demonstrated significantly higher perturba-
tion in backbone amide chemical shifts, were identi-
fied for each organic solvent at all concentrations
and are listed in Table II. Evidently, all the solvents
showed binding preference toward same set of resi-
dues. G13, G46, V136, and H156 showed change in
the chemical shifts in the presence of all the solvents
studied while K44 and L108 had shown change in
presence of five of the six solvents barring DMF and
acetonitrile, respectively. Other residues such as
G11, N48, Y49, V62, Y89, T109, and G153 also
showed perturbation in the chemical shifts in the
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Figure 4. Chemical shift perturbations in the presence of organic solvents as a function of residue number in 6B (A) acetone
(B) acetonitrile (C) DMF (D) DMSO (E) isopropanol, and (F) methanol. Data presented here are for 40% of acetone, acetonitrile,
DMSO, and methanol; 10% of DMF and 30% of isopropanol. Change in chemical shifts in the presence of other concentrations
of organic solvents has been provided in Supporting Information Figures S3-S7). A3 is the averaged chemical shift perturbation
in both nitrogen and proton dimension and is calculated as A3 = sqrt{(AN/5) 2-t-(AH)z}.

presence of more than one solvent. Figure 5 shows a
surface plot as a function of the amplitude of the
perturbation on the three dimensional structure of
6B lipase. As evident from the data, most of these
residues are part of same large hydrophobic regions
on the protein surface. This is not unexpected con-
sidering the organic nature of all the solvents stud-
ied. We did not observe any kind of organic solvent
penetration to the protein interior. It is also interest-
ing to notice that although magnitude of change in
chemical shifts of these residues increased upon
increase in the concentration of organic co-solvents,
identity of residues remained same for each solvent
(Supporting Information Figs. S3—S7). This suggests
that even at low concentration of solvents, 6B lipase
showed good affinity toward organic molecules and
accommodated them at the hydrophobic regions of
protein surface. However, protein core of 6B lipase
did not show any interaction with solvent even at
high concentration and thus may have resisted the
possibility of any structure loss.

Other important finding of the NMR experi-
ments is that a significant fraction of these solvent
perturbed residues are in the active site or in its
close vicinity (Fig. 5). Pouderoyen et al. first solved
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the crystal structure of wild type B. subtilis lipase
and identified the active site residues (Table II).22
Essential catalytic component of lipase active site is
the “catalytic triad” formed by residues S77, D133
and H156 and “oxyanion hole” formed by peptidic

Table II. Residues whose Chemical Shifts Undergone
Perturbations in Presence of Organic Solvents

Residues faced perturbation in chemical

Solvents shift

Acetone G11, G13, K44, G46, 1.L108, V136, H156

Acetonitrile  G11, G13, D43, K44, G46, N48, F58, L.L108,
V136, G153, H156

DMF G11, G13, G46, Y49, K61, L63, Y89, L.108,
V136, H156,

DMSO G13, K44, G46, N48, Y49, E65, Y89, 1108,
T109, V136, H156

Isopropanol  G11, G13, K44, G46, V62, A105, 1.108, V136,
G153, H156, G158

Methanol 112, G13, S15, K44, G46, V62, N82, L.108,

T109, V136, V149, H152, H156, Y161
112, Al5, F17, N18, S77, M78, A105, L108,
D133, M134, 1135, 1140, G155, H156,

1157, L160, and Y161

Active site
residues®

# Identity of active site residues is taken from wild type
B. subtilis lipase.??

Lipase in Organic Solvents



Figure 5. Organic solvents binding sites on 6B lipase molecule. (A) acetone (B) acetonitrile (C) DMF (D) DMSO (E) isopropanol,
and (F) methanol. Residues with significant chemical shifts perturbation in 40% of acetone, acetonitrile, DMSO, and methanol;
10% of DMF and 30% of isopropanol are shown in gradient red. Intensity of redness is proportional to magnitude of change in
chemical shifts. (G) Molecular surface of 6B lipase is shown in elemental color along with a transition-state analog bound to the
active site. Transition-state analog was taken from wild type lipase crystal structure (PDB id: 1R4Z)>® and modeled into active
site of 6B lipase. 180° rotated views of (A-F) have been provided in Supporting Information Figure S8.

group of residues 112 and M78. Chemical shift of
H156 was perturbed by the presence of all the or-
ganic solvents while that of 112 by the presence of
methanol. It is worth mentioning that we did not
have assignment of other three essential residues
(877, D133, and M78) hence effect of organic solvent
on the environment of these residues could not be
identified. Other active site residues that have seen
significant perturbation by the presence of organic
solvent(s) are S15, L108 and Y161. Amongst the
other solvent perturbed residues, G11 and G13 are
adjacent to 112, T109 is adjacent to L108 and V136
is adjacent to 1135 and should be considered in the
immediate vicinity of active site residues and in
turn are very capable in influencing the behavior of
latter.

As mentioned before, water-miscible organic sol-
vents were implicated to strip off waters from hydra-
tion shells of proteins and cause structure loss.>1%1®
However, we did not notice any such effect with
lipase. Our results align well with many previous
studies which reported high-resolution structures of
proteins obtained from crystals soaked in various

Kamal et al.

organic solvents and found the largely intact struc-
tures and hydration shells of proteins while solvent
molecules mostly resided in active sites, which were
largely dominated by hydrophobic nature.?*28 It is
intuitive to ask why no significant perturbation in
hydration shells of various proteins including lipase
in the present study could be noticed while other
studies strongly suggested otherwise. Investigations
using NMR, like in the present case, and X-ray crys-
tallography, usually notice only first hydration shells
of proteins. It is very likely that although water-
striping in presence of organic solvents usually
occurs, the first hydration shell may be relatively re-
sistant to such effect.

Our CD and NMR studies suggest that global
structure of 6B lipase was unaffected by the pres-
ence of various organic solvents. However, these sol-
vents did induce perturbation in the active site
environment. Apparently, binding of organic solvent
molecules to active site of enzyme was primarily
driven by the hydrophobic nature of active site.
Because active site is influenced by the presence of
all the organic solvents, it is difficult to ask what

PROTEIN SCIENCE ‘ VOL 22:904-815 909
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Figure 6. Thermal denaturation of 6B lipase in the presence of organic solvents. Denaturation profiles of 6B lipase in the pres-
ence of 20% concentration of organic solvents from experiments performed on (A) CD and (B) DSC.

can be the structural origin of increase in activity in
the presence of DMSO, isopropanol, and methanol
and how it is different from one in the presence of
acetone, acetonitrile, and DMF and also at higher
concentrations of DMSO, isopropanol, and methanol.

Stability of 6B lipase in polar organic solvents

Thermal denaturation experiments of 6B lipase in
presence of 0-60% of organic solvents were per-
formed using CD spectrometer equipped with Peltier
and DSC. As mentioned before acetone, acetonitrile,
isopropanol, and methanol did not show interference
with CD signal of protein. Thermal denaturation
experiments in the presence of these solvents were
performed on CD spectrometer at 222 nm wave-
length. Figure 6(A) shows the denaturation profile of
6B lipase obtained in these solvents. In the presence
of DMF and DMSO, thermal denaturation experi-
ments were performed using differential scanning
calorimeter. Figure 6(B) shows the denaturation pro-
file of 6B lipase in the presence of these two sol-
vents. Thermal unfolding experiments could be
performed in only 10-20% of DMF and 10-40% of
DMSO solutions. Unfolding information at higher
concentrations of these solvents could not be
obtained because of very high background noise.
Thermal unfolding of 6B lipase in buffer only (ab-
sence of organic solvents) showed a single transition
in both CD and DSC experiments. This unfolding
characteristic is maintained during the unfolding of
6B in the presence of all the organic solvents. We
determined the melting temperature (7',) of 6B
lipase in the presence of various concentrations of
organic solvents. In the unfolding profiles by CD, it
is the temperature at which folded fraction is
reduced to half while in unfolding profile obtained
by DSC it is represented by the temperature at
which signal achieved the peak. We also performed
unfolding experiments using DSC in 10% of acetone,
acetonitrile, isopropanol, and methanol (data not
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shown) and found that T, determined from these
experiments are in excellent agreement with that
obtained from CD. However, experiments at higher
concentrations could not be performed because of
very high noise in DSC.

As shown in Figure 7, presence of various or-
ganic solvents barring DMSO decreased the T4, of
6B lipase at all concentrations studied, suggesting
lower conformation stability of lipase in the presence
of organic solvents. However, the magnitude of
destabilization as suggested by decrease in T}, var-
ied amongst solvents. As apparent from figure, ace-
tonitrile is most destabilizing while DMSO is least.
In the presence of DMSO, although a drop of ~2°C
in T\, was noticed at 10% concentration, 7', started
increasing with further increase in DMSO concen-
tration surpassing that of in the absence of solvent.
T., of 6B lipase was ~78.7 and 80.6°C at 30% and
40% DMSO concentration, respectively, which are
higher than T,, in the absence of solvent (~78°C).

844 = acetone
| ® acetonitrile
A DMF
80 | DMSO
764 ¢ isopropanol
] * methanol
724
6" E
Q_ 68+
£ E
F 644
60
56
52 T T T T T T T v T T T
0 10 20 30 40 50 60

Solvent conc. (% v/v)

Figure 7. Dependence of melting temperature (T,,,) on or-
ganic solvent concentration. Trend lines, created using 2nd
order polynomial, are provided here to guide the eyes.
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For all the organic solvents, decrease in T, as a
function of increasing organic solvent concentration
was not linear but it followed an inverse bell-shaped
curve attaining a minimum value at particular sol-
vent concentration while increasing at both lower
and higher concentrations of organic solvents. The
experimental 7, minima attained in various sol-
vents are 65.9°C in 30% acetone, 57.0°C in 40% ace-
tonitrile, 69.5°C in 20% DMF, 76.0°C in 10% DMSO,
64.0°C in 40% isopropanol and 63.6°C in 40%
methanol.

It is known that presence of polar organic sol-
vents have tendency to strip off the essential waters
from protein molecules that might be important for
their structural integrity.® Additionally, hydrophobic
interaction that is considered primarily responsible
for natively folded structure of proteins in aqueous
solution would be compromised in the presence of or-
ganic solvents.?®?° Combination of such factors
causes a decrease in protein stability that can even
lead to its denaturation. Accordingly, T, should
monotonically decrease with increasing concentra-
tion of organic co-solvents. Inverse bell-shaped de-
pendence of T, in the present study is very
counterintuitive. This interesting behavior can be
understood if simultaneous existence of two effects
is considered. On one hand, increasing concentration
of organic co-solvents decreases the conformational
stability of protein. On the other hand, it decreases
the conformational mobility of protein,?°~23 which in
turn makes protein less efficient in attaining ther-
modynamically feasible structure. In effect, presence
of organic solvents makes protein thermodynami-
cally less stable but kinetically more stable which in
turn can give rise to inverse bell-shaped dependence
of T,, on organic solvent concentrations. It will be
apt to mention that 7', in the present case did not
necessarily represent thermodynamic 7', but is an
operationally defined parameter representing mid-
point of thermal transition, which might be influ-
enced by contribution from kinetic stability. We
indeed could identify the existence of kinetic stabil-
ity (Supporting Information Fig. S9) in the presence
of organic solvents. Such effects on proteins have
been well acknowledged in the presence of water-im-
miscible organic solvents and had been used to
explain why enzymes retain their native structure
in pure organic solvents.? However, such effect of po-
lar organic solvents on proteins, in such concentra-
tion range as used in present study, is relatively less
known. 3

All organic solvents increased the k.,; of 6B
lipase

Our results suggest that all the polar organic sol-
vents brought similar effect on the structure and
stability of 6B lipase. It appears that similarity in
effect of various organic solvents on properties of 6B
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lipase is primarily driven by their organic/hydropho-
bic nature. However, effect on activity is different.
While acetone, acetonitrile, and DMF caused a con-
tinuous decrease in relative activity of lipase with
increasing concentration, at low concentration
DMSO, isopropanol, and methanol boosted the
enzyme activity. How enzyme can accommodate dis-
similar effect on activity while other structural and
biophysical properties seem to have similar trend?

The complete catalytic cycle of substrate (ester)
hydrolysis by B. subtilis lipase is an example of
ping-pong enzymatic mechanism consisting of two
steps, acylation and deacylation (Fig. 8). The essen-
tial functional unit of B. subtilis lipase is the cata-
lytic triad, which consists of S77, H156 and D133
and oxyanion hole, constituted by peptidic NH
groups of 112 and M78. As shown in Figure 8, dur-
ing acylation steps residues S77 (acting as nucleo-
philic attacking group) and alcoholic group of ester
substrate (acting as leaving group) participate
simultaneously in the reaction. Similarly during
deacylation step, attacking nucleophilic water and
leaving S77 group participate simultaneously. Tetra-
hedral intermediates form in both acylation and
deacylation steps. Evidently, both acylation and
deacylation steps of lipase mediated catalysis can be
recognized as bimolecular nucleophilic substitution
(Sn2) reactions.

Effect of solvent polarity on the rate of Sy2
chemical reactions (non-enzymatic) has been previ-
ously investigated. It has been proposed that solvent
can influence rate of Sy2 reactions through affecting
both nucleophile and reactant (like ester in present
case). During the Sy2 reactions, attacking nucleo-
phile assumes an anionic nature. Hence, the factors
that can decrease the anionic nature of nucleophile
will reduce its nucleophilicity and hence rate of reac-
tion. It has also been proposed that solvents can
screen the Coulomb interactions between separated
(partial) charges in reactants with the magnitude
being proportional to solvent’s dielectric constant.>®
Because such Coulomb interactions have significant
energetic contributions in increasing rate of the Sy2
reactions, decreasing solvent polarity can increase
reaction rate through influencing such Coulomb
interactions. So, a more polar solvent will more
effectively screen such Coulomb interactions in reac-
tant. Water is a very polar solvent that can form
hydrogen bonds with anionic form of nucleophiles
and also decrease the Coulomb interactions in the
reactant. Hence, replacement of water with organic
solvent(s) can increase rate of the Sn2 reaction. Put-
ting the concept in the context of enzymes such as
lipase following Sn2 reaction mechanisms for cataly-
sis suggest that reaction speed of such enzymes
should increase by decreasing solvent polarity as in
the presence of organic solvents. It is apt to mention
that chemically modified papain and Rhizomucor
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Figure 8. Catalytic mechanism of ester hydrolysis by B. subtilis lipase.

meihie lipase whose respective amide and ester
hydrolytic activities were reported to be enhanced in
aqueous-polar organic solvents also share same Sy2
reaction mechanism.

In the present study, we observed that organic
solvent molecules showed binding to the active site
(and in the vicinity). So it can be assumed that sub-
strate binding will decrease in the presence of or-
ganic solvents. However, once bound, rate of
substrate hydrolysis by enzyme should be higher in
the presence of organic solvents. Alternatively, in
the presence of organic solvents both the enzymatic
parameters viz. K, and k., should increase. To test
such possibility we estimated these enzymatic pa-
rameters in the presence of 10% of all the organic
solvents. As can be seen in Table III, indeed both K,
and k., have increased. It should also be noticed
that neither K, nor k.;; show any trend following
polarity of the organic solvents used, suggesting
although the gross effect of solvents is manifesting
itself on enzymatic catalytic power, absolute value is
influenced by their detail physical and chemical na-
ture and also on the site and nature of interaction of
solvent molecules with the protein.

Table III. Catalytic Parameters of 6B Lipase in the
Presence of 10% Organic Solvents

Solvents K., (/mM) ke (/min)  kea/K,, (mM/min)
No solvent 0.19 497 2616
Acetone 2.42 1101 455
Acetonitrile 1.79 630 352
DMF 2.35 1039 442
DMSO 1.08 1441 1334
Isopropanol 0.86 1764 2051
Methanol 3.12 2209 708
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Effect of bulk solvent versus molecular
physical-chemical properties of polar organic
solvents on 6B lipase

Biophysical and biochemical properties of enzymes
such as structure, stability, hydration shell, catalytic
activity, and substrate specificity are affected by the
presence of organic solvents.>” Often such changes
in enzyme properties were correlated to the bulk sol-
vent properties such as polarity. For example, water
striping ability of organic solvents from enzymes
was seen to be dependent on the polarity; higher the
solvent polarity, better the ability of the solvent at
stripping off water.'*'® Similarly, extent of reversi-
ble/irreversible structural loss and decrease in cata-
lytic activity of enzymes were observed to be related
with solvent polarity.®*¢3” However, the contribu-
tion of physical-chemical properties of organic sol-
vent molecules such as structure, shape, size,
electrostatics, and hydrogen bonding capability and
so forth were not invoked. In the present work, we
measured the effect of various polar organic sol-
vents, in a wide range of concentration, on enzy-
matic activity, structure and stability of a lipase.
Our study suggests that effect of all the organic sol-
vents on various lipase properties is following simi-
lar trend. In the presence of all the solvents, lipase
maintained its structural integrity; its stability
showed an inverse bell-shaped dependence on or-
ganic solvent concentration; all solvents showed
preference in binding to the same site on enzyme (at
the hydrophobic patch of active site and immediate
vicinity); and enzymatic parameters (K, and kga)
were boosted by the presence of all the solvents.
However, no confident correlation could be drawn
between magnitude of solvent effects on proteins

Lipase in Organic Solvents



and bulk solvent parameters such as polarity, dena-
turation capacity and so forth. Neither protein
destabilization nor enzymatic parameters showed
any relation with organic solvent polarity (Support-
ing Information Fig. S10). Similarly, although all or-
ganic solvents showed binding preference toward the
same hydrophobic patch on lipase surface, the exact
details of binding residues varies between them
(Table II). It appears that although various proper-
ties of 6B lipase is “qualitatively” guided by hydro-
phobic nature of organic co-solvents, hence lower
polarity of bulk solvents in comparison to pure aque-
ous media, the “quantitative” aspects are ruled by
physical-chemical nature of organic molecules.

The potential applicability of lipases to boost
chemical reactions such as esterification and trans-
esterification with high regio- and enantio-selectivity
in organic solvents makes them a very important
class of industrial biocatalysts. 2416 However like all
proteins, natural lipases are evolved to attain native
structure and function in aqueous milieu and often
become inactive in organic solvents. Mixture of
aqueous-polar organic solvents might provide chance
for functionally active enzymes, however they are
highly denaturing because of their tendency to strip
off essential waters from protein’s hydration
shell.®*1% Lipases that are structurally stable and
catalytically active in the presence of organic sol-
vents are very advantageous because of increased
solubility of otherwise sparingly water-soluble sub-
strate and products, increased synthesis over hydro-
lysis reactions and avoidance of many water-
dependent side reactions and so forth.

We examined the effect of increasing concentra-
tion of polar organic solvents on the ester hydrolytic
activity, structure, and stability of a laboratory
evolved thermostable lipase in mixed aqueous-or-
ganic solutions. Our investigation led to many inter-
esting facts that can be of importance in designing
enzymes to function in water miscible organic sol-
vents. 6B lipase maintained its structural integrity
even in the presence of very high concentration of
organic solvents, while its structural stability is
altered by the solvent. Lowest observed T, was
~57.0°C in 40% acetonitrile, which is ~21°C lower
than that in only aqueous buffer but significantly
higher than room temperature. Dependence of T,
on all the organic solvent concentration followed an
inverse bell-shaped curve, which is rarely observed
and suggests that kinetic trapping of otherwise ther-
modynamically opposed native structure is feasible
even in the aqueous solution of polar organic sol-
vents. We observed that interaction of all the or-
ganic solvents to lipase is primarily guided by their
hydrophobic nature and all solvents showed prefer-
ential binding towards same hydrophobic patch,
present in the active site vicinity. No penetration of
organic solvent molecules in the protein interior was

Kamal et al.

observed. All the organic solvents caused a decrease
in lipase affinity toward ester substrate as inferred
from increased K,,. At the same time, all solvents
caused significant increase in k.. Such increase in
keat 1s rarely reported but we believe that it may be
much more generic and can be a distinguished prop-
erty of enzymes sharing catalytic mechanism to li-
pases. Our study suggests that although the
qualitative nature (trend) of effect of organic sol-
vents on various properties of lipase is grossly gov-
erned by the organic nature of solvents, the
quantitative aspects are dominated by specific and
local interactions of the solvent molecules and their
physical-chemical nature. For, comparative pur-
poses, we also investigated activity, structure and
stability of wild type B. subtilis lipase in the pres-
ence of polar organic solvents and found the behav-
ior similar to the 6B lipase (Supporting Information
Fig. S11).

Materials and Methods

Protein expression, purification, and
concentration estimation

6B lipase was over-expressed and purified following
reported methodologies!”3%3° and concentrations
was estimated using modified Lowry method.*°

Activity measurements

Enzyme activity and catalytic parameters of 6B
lipase were estimated at room temperature (~25°C)
using PNPB as substrate in the presence of various
concentrations of polar organic solvents by methods
describe before.3*3°

Circular dichroism (CD)

Far-UV CD spectra were recorded using JASCO J-
815 spectropolarimeter fitted with Jasco Peltier-type
temperature controller (CDF-426S/15). All spectra
reported are the average of four accumulations.
Scan speed of 100 nm/minute, response time of 2 s,
bandwidth of 2 nm, and data pitch of 0.2 nm was
used for measurement. All spectra were corrected
for solution baseline by subtracting the respective
blank spectra (50 mM sodium phosphate buffer pH
7.2 and various concentrations of organic solvents)
recorded identically without protein. Mean residual
ellipticity = was  calculated  using equation
[Olmre = M, X 0)/(10 x IXc). Where M, (=115) is
the mean residue weight, © is the ellipticity in
degree, [ is the path length in cm and c is the con-
centration in mg/mL.

NMR

All NMR experiments were performed on Bruker
Avance-II 600MHz spectrometer equipped with
5mm triple resonance cryoprobe at 25°C. 2D [N,
'H]-HSQC spectra were collected and processed
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using Topspin 2.1 (Bruker Biospin) and using
SPARKY.*'! N and 'H chemical shifts (BMRB
accession number 17647) were transferred to the
blank spectra. Titration experiments were started
using 0.2 mM '®N-labelled 6B lipase in 10% DO
and 50 mM sodium acetate buffer (pH 5.7) in ab-
sence of any organic solvent and continued with
incremental addition (10%) of organic solvents upto
40% (v/v) concentration. 2D [*°N, 'H]-HSQC spectra
at each solvent concentration were collected for with
1024 X 512 data points with 1 s recycle delay.
Chemical shifts were calibrated with TPS. Peaks in
the titrated spectra were assigned by tracing the
chemical shift perturbations with respect to the
blank spectra. Change in chemical shift (A8) upon
organic solvent addition was estimated using
equation AS = sqrt{(AN/5)2+(AH)?. Where AN and
AH are change in N and 'H chemical shifts,
respectively.

Thermal unfolding on CD machine

Thermal unfolding of lipase variants in the presence
of various concentrations of organic solvents (ace-
tone, acetonitrile, methanol, and isopropanol,) was
monitored by circular dichroism spectroscopy in a
JASCO J-815 spectropolarimeter fitted with Jasco
Peltier-type temperature controller (CDF-426S/15).
The protein concentration used was 0.05 mg/mL in
50 mM sodium phosphate buffer (pH 7.2) with path
length of 1 cm. Temperature dependent unfolding
profiles were obtained by heating protein at a con-
stant rate of 1°C/minute while measuring the
change in ellipticity at 222 nm.

Differential scanning calorimetry (DSC)

Thermal unfolding of 6B was performed by DSC
using Microcal VPDSC instrument. 0.25 mg/mL pro-
tein in 50 mM sodium phosphate buffer (pH 7.2) and
various concentrations of organic solvents was used.
Samples were degassed extensively before the
experiment. DSC scans were performed between 25
and 95°C, at a scan rate of 60°C/hour, with pre-scan
thermostat of 10 minutes and a filter time of 16 s.
Prior to data analysis, solution/solution base lines
were determined and subtracted from protein/
solution scans, followed by data normalization for
protein concentration.
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