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18 Abstract

20 Lipases are enzymes that hydrolyze lipids and have several industrial aBplications. There is a
22 tremendous effort in engineering the activity, specificity and stability sof lipases to render them
24 functional in a variety of environmental conditions. In this, review, we discuss the recent ex-
26 perimental and simulation studies focused on engineering lipases.” Experimentally, mutagenesis
28 studies have demonstrated that the activity, stability, and specificity of lipases can be modulated
by mutations. It has been particularly challenging howevery to elucidate the underlying mech-
31 anisms through which these mutations affeet the lipase properties. We summarize results from
33 experiments and molecular simulations highlighting the emerging picture to this end. We end
35 the review with suggestions for futtire résearch which underscores the delicate balance of various
37 facets in the lipase that affect their activity and stability necessitating the consideration of the

39 enzyme as a network of interactions.
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I. INTRODUCTION

Enzymes are proteins that serve as biological catalysts and play a critical.role.in reg+
ulating metabolic pathways in organismst' Enzymes possess high specificity, selectivity
and environmental benignity in contrast to the traditionally used non-biglogical catalysts.
Consequently, there is a high demand for using enzymes for industrial applications.** The
limitations to this end are the narrow range of environmental conditions in which the en-
zymes are active. Enzymes have evolved to perform optimally near the physiological
conditions of the source organism, and often lose their functionality~in"industry-relevant
conditions that deviate from their normal environment, guch as high temperatures and
acidic conditions® Therefore, there has been considerable interest. in engineering enzymes

to function in a broad range of conditions.

Protein engineering, and specifically enzyme éngineering, is an active area of research.
The goal of enzyme engineering is to design ehzymes fop specific applications through an
ability to tune its window of functionality (e.g.[ temperature range, pH conditions, sub-
strate specificity, enantioselectivity, etc).> Enzyme structure plays the key role in deter-
mining the activity and stability of an enzyme. Therefore, understanding the relationship
between enzyme structure, activity and stability is the holy grail of enzyme engineering.
This relationship is often investigated through studies of enzyme evolution in related or-
ganisms from different envirenments and through more systematic studies comparing wild
type (WT) and mutant enz&nes. For example, comparative studies of similar enzymes
from psychrophilic and thermophilic organisms have long suggested that enzymes adapt
to different tempezatures by modulating their flexibility.9® Psychrophilic enzymes seem
to function at lows temperatures through evolution of high active site flexibility, while
thermophilic enzymes adapt high temperatures by reducing their overall flexibility. To
further elucidate the-relation between specific residues and flexibility, various experimen-

P13 and rational engineering®# ¥ have been used.

tal techniques such as directed evolution
Thesé methods enable systematic studies of mutant enzymes and their corresponding ef-
fects on.stability and activity. Directed evolution imitates natural adaptation of enzymes
in a controlled environment by selection for enzymes with specific properties (e.g., activ-

ity atghigher temperature) through iterative generation of mutagenesis. The effectiveness

ofidirected evolution can be improved by evolving the enzyme semi-rationally** 2! With
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increasing experimental data on enzyme activity, stability and structure, there has been a
concurrent increase in the computational studies geared towards elucidating the enzyme
structure-activity-stability relationship.

In this review, we focus on the recent advances in lipase engineering. Lipases catalyze
the hydrolysis of lipid molecules and therefore, have several industrial applications.. They
have been used in pharmaceuticals, detergents, paper and pulp industry, and,food and
beverages.“#'“® These applications require lipases to function invafiousiconditions and
therefore, in recent years several studies focused on developing strategies to engineer li-

d 2782 While these studies have established promising guidelines,

pases have been reporte
a clear strategy to manipulate the activity, specificity andystability for given conditions
remains elusive. We summarize the emerging understanding of the relationship between
lipase structure, flexibility, activity and stability. Im'deing ses;we also highlight the com-
plexity in establishing these relationships. Finally, we provide our perspective on the
possible future directions of research to achieve an abiligy to engineer lipases as desired.
The outline of the review is as follows: We begin with describing the terminology used
to characterize enzyme activity and stability, (Section [[)). In Section [[TI] we introduce the
structure and reaction mechanism of lipases. In the next two Sections and we
summarize the recent experimental and simulation studies performed on Bacillus subtilis
lipase A and Candida antafitica lipase B, which are the two most widely studied lipases.

Studies focused on other lipases are discussed in Section [VIl We end with our conclusions

and perspectives in Section @

II. ENZYME ACTIVITY AND STABILITY

Activity measures the potential of an enzyme to catalyze a given reaction. It is
commonly quantified“as the amount of product produced per unit time under speci-
fied conditions®*** Activity is obtained by monitoring the change in the concentration of
the stibstrate or product with time using enzyme assays 3% The results are reported in
terms of specific activity, which refers to activity normalized by the total utilized mass of
enzymedn the reaction.?” Fig. [l shows an example of such results obtained for Bacillus
subtilisdlipase A (BSLA) and its mutants at different temperatures. The specific activity-

temperature plot shows a skewed parabolic behavior. The parabolic shape is typically



©CoO~NOUTA,WNPE

AUTHOR SUBMITTED MANUSCRIPT - MRX-105100 Page 4 of 32

ascribed to Arrhenius-like increase in reaction rate with temperature competing against
thermal unfolding of enzyme structure. The point of maximum activity is referred to as
the optimal activity, and the corresponding temperature is called optimal témperature
(Topt, see Fig. .38 The shift of the curve towards higher temperatures foi the mutants
in Fig. [1/ indicates that the mutants are active at higher temperatures than the W-T.
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FIG. 1. An illustration of the typical relationship between specific activity and temperature.
The specific activities as a functionvef temperature are shown for WT and mutant (TM, 2D9,
4D3) BSLA. The point of maximum activity is shown by arrows. Reprinted from Biochimica
et Biophysica Acta (BBA) — Proteins and Proteomics, 381, Ahmad et al., Thermostable Bacil-
lus subtilis lipases: in vitro @volution and structural insight, 324-330, Copyright (2008), with

permission from Elsevier. [86]7

In addition totspecific activity, kinetic and stability parameters of enzymes are also
evaluated. Thesegparameters are used to compare the specificity of enzymes and their
corresponding, ‘capacity \to catalyze reactions in different conditions. The kinetics are
quantified by deseribing the reaction using the Michaelis-Menten model *” This model re-
lates the reaction rate tothe substrate concentration using two parameters, V,,.. and K,,.
Thesé parameters describe the maximum reaction rate and the substrate concentration
giving rise to half the maximum reaction rate (V,,,.), respectively. V,,q. is the product
of the catalytic rate constant (k.,) and the total enzyme concentration. k., describes
the frequency of conversion of enzyme-substrate complex to product per time. The ratio

0f kea: 10 Ky (kewt /Ko ) is called the overall catalytic efficiency or specificity constant of

4
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39400 and is often used to compare the activity changes with mutations. These

enzymes
parameters are specific to substrate and reaction conditions as shown in Table [TIl An
enzyme with lower K,, and higher k.,; values indicates that it has both high affinity with
the substrate and faster catalytic rate under the specified reaction conditions.

The stability of an enzyme refers to its ability to tolerate environmental conditions,
such as temperature, pressure, pH, and chemicals. Temperature based stability of an
enzyme is expressed by either its ability to function after thermali#reatment or tendency
to undergo unfolding. The former type of stability is referred as the kinetic stability
and the latter as thermal stability in this manuscript. Kinefic stability is determined by
incubating the enzyme for specified duration at higher temperature’and then measuring
the residual activity when cooled back to the lowerg(predetermined) temperature. It
therefore characterizes the resilience of the enzymesstructure to higher temperatures and
strongly depends on the unfolding aggregation propensity of’enzymes. Kinetic stability is
reported as the change in residual activity with temper%ture and is described by T5q and
half-life values (t1/2) as shown in Fig. and . T5p corresponds to the temperature at
which the enzyme loses 50% of its activitys, ti/o is defined as the time required for the
enzyme to attain 50% of its residual activity when incubated at a predetermined higher
temperature. An increase in these values indicates an increase in the corresponding kinetic
stabilities. Thermal stability is measured by melting temperature (T,,) and stability
curvest™2 as illustrated in Fig. and [2{d, respectively. It is measured by monitoring
the fraction of folded proteim.as a function of temperature using experimental techniques
such as nuclear magnetic re;)nance (NMR), and circular dichroism (CD) spectroscopy.
The temperaturesatdwhich. the'fraction equals 0.5 is called the T,,. The stability curves
represent the variationiin the free energy of unfolding (AG) with temperature. They are
parabolic in shape and\intersect the AG = 0 line at both low and high temperatures.
The unfolded state ofthe protein is more favored at temperatures lower and higher than
these limits. Broadening and/or shifting of these curves is associated with changes in the
therndal stabilify. For example, as seen in Fig. [2ld, the stability curves of the mutants
were broader/and shifted towards higher AG values indicating improved thermal stability
of the BSLA mutants.

Fig« 3] illustrates the typical behavior of specific activity versus temperature for en-

zymes adapted to different temperatures. The decrease in the specific activity at higher
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FIG. 2. (a) Residual activities of WT BSLA and mutants determined at 25 °C after incubating
at various temperatures for 20 min. Tsg corresponds to thé temperature at which the residual
activity is 50%. (b) Change in residual activities with time of WT BSLA and its mutants after
incubating at 55 °C. t; 5 is the time taken t@reach half the initial residual activity. (c) Unfolding
transitions of WT BSLA and its mutants.obtained by CD spectroscopy. T, is the temperature
at which the fraction of folded (or native)states is 0.5. (d) Stability curves showing the change
in free energy of unfolding of the W'T BSLA and its mutants determined by differential scanning
calorimetry at pH 4.6. (a) and (c) aresReprinted from Biochimica et Biophysica Acta (BBA)
— Proteins and Proteomiges, 381 Ahmad et al., Thermostable Bacillus subtilis lipases: in vitro
evolution and structural insight, 324-330, Copyright (2008), with permission from Elsevier. (b)
is Reprinted from Journal of Molecular Biology, 341, Acharya et al., Structural Basis of Selec-
tion and Thermostability of Laboratory Evolved Bacillus subtilis Lipase, 1271-1281, Copyright
(2004), with_permission’ from Elsevier. [31] (d) is Reprinted from Biochimica et Biophysica
Acta (BBA) -/Proteinshand Proteomics, 1804, Kamal et al., Stability curves of laboratory
evolved thermostable mutants of a Bacillus subtilis lipase, 1850-1856, Copyright (2010), with

permission from Elséviér.[867 , 87]

temperatures (T>T,,) has generally been attributed to the loss of the enzyme’s folded

structure.*® Alternative theories have also been proposed to explain the loss of activity
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in the absence of unfolding. However, in all these theories the structural stability and
dynamics (i.e. conformations sampled) of the enzyme play a central role. Therefore, in or-
der to improve activity at higher temperatures, several studies have focused on'increasing
either kinetic or thermal stability of the enzyme. Previous work comparing homologous
proteins from psychrophiles, mesophiles and thermophiles concluded that the stability
of these proteins was regulated by changing the flexibility (or rigidity) of ‘the protein
structure #4450 Tt has been suggested that thermophilic enzymes@volverigid structures
to remain stable and the thermal energy at high temperatures provide the flexibility to
the active site. On the other hand, the psychrophilic enzyies have not evolved under
thermal selection pressure and generally have lower thermostabilitybut higher flexibility
especially in the active site region®1® The increased flexibilityicontributes to the lower
thermal stability of psychrophiles. Consequently, flexibilityshas become a key parameter
to bridge the mutations (therefore, effect of a residue) to the observed changes in activity
and stability when comparing enzymes. R

Flexibility has been used in the literature to describe changes in protein conforma-
tion over a broad range of spatial and teémporal scales”? For example, flexibility has
been used to describe the thermal fluctuations in the positions of the protein atoms, as
well as conformational changes invelving rearrangement of secondary structure elements.
Flexibility is often measured,by B-factorsin crystallographic experiments and root mean
square fluctuations (RMSF )sper residue in molecular simulations. B-factors are associ-
ated with correcting the scattering power of X-rays related to the mean square atomic
vibrations *™¢ Protein ﬂexibi\lity has also been probed by H/D exchange and dynamic flu-
orescence quenching’techniques.”* In molecular simulations, RMSF is calculated from
the fluctuations in.the atomic positions of the protein atoms. Usually RMSF is calculated
on a per residue basis'and the residues with higher RMSF values are inferred to be more
flexible. Other properties such as changes in number of salt-bridges or hydrogen bonds
and side ¢hain orientations have also been used to quantify flexibility ¢163

Several excellent reviews have discussed the interplay between activity and stability. 64768
We_highlight/ the key points relevant to the manuscript and direct the readers to these
reviews for more detailed discussions. Teilum et al®® focused on the relationship between
enzyme stability and substrate/ligand affinity. They presented examples where mutations

inrenzymes resulted in positive, negative, and low correlations between their stability and

7
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FIG. 3. Relative activities of enzymes adapted to different temaperaturess Psychrophilic (blue),
mesophilic (black), and thermophilic (red) enzymes are adapted tonlow, moderate, and high
temperatures, respectively. Hypothetical curve demonstrating the<desired activity—temperature
relationship in enzymes is shown in green.
L

substrate affinity. These diverse outcomes were attributed to flexibility changes in the
enzyme caused by mutations. It was suggested that the location of the flexibility change
within the enzyme structure governed the negative versus positive correlation between
stability and affinity. A discussion of the balance between activity and stability in psy-
chrophilic enzymes was présented by Feller.®” It appears that these enzymes are more
flexible to remain active indlow thermal energy conditions. In doing so, they sacrifice
their substrate affinity and st\ability. This was supported by the studies that incorporated
mesophilic activity in psychrophilic enzymes by targeting residues with potential role in
stabilizing local interactions and hence, decreasing the local flexibility. The result was a
negative correlation between catalytic rate and affinity. Siddiqui®® presented the activity-
stability trade-off in terms of enthalpy-entropy compensation. The idea is that activity
can be incréased ifithé enthalpic barrier decreases and/or the entropic barrier increases.
Similarly, the stability e¢an be increased by increasing the associated enthalpic barrier
and decreasing the entropic barrier. Enthalpic activation barrier can be achieved by
eliminating some enthalpy-related interactions within the active site that will be broken
in the transition state. This will result in higher flexibility of the active site. Similarly,
mutations on the surface of the protein to enhance electrostatic interactions (and hence

rigidifying the protein) for thermostabilization and including solvent molecules in the

8
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active site that are expelled during substrate binding (and hence decreasing the entropic
barrier) can be used to balance activity and stability. In most cases, the structural origins
for the changes in activity and stability were mapped to the changes in flexibility,caused
by the mutations. Comprehensively, these investigations demonstrate theipossibility of
changing activity and stability as well as in the potential of escapingthe trade-off be-
tween activity, stability and affinity (specificity). However, what remains challenging is
the capability to map the origins of these changes to the protein striicture;and dynamics,
which is a prerequisite to develop predictive abilities for engineering enzymes.

In the following sections, we outline the studies probing theselationship of activity
and stability in lipases. We primarily focus on bacillussubtilis lipase A (BSLA) and
candida antartica lipase B (CALB) which are two of ghe most studied lipases. We also
briefly discuss relatively less studied lipases such asgeobacillus thermocatenulatus (GTL)
lipase. In doing so, we span lipases of different sizes as well'as broad range of optimal and
melting temperature. BSLA, CALB, and GTL are congidered mesophilic, psychrophilic,

and thermophilic lipases, respectively.

III. LIPASES: STRUCTURE AND.REACTION MECHANISM
A. Lipases: Structure

Lipases are enzymes that catalyze the hydrolysis of lipids and belong to the en-
zyme class of esterases. Over\150 structures of wild type lipases from various organisms
and their mutants, liave been deposited in the protein databank. Lipases from different
source organisms.and with different substrate preference, have common protein structural
features.##9 0 Representative crystal structures of lipases from three different organisms
are shown in'Fig. [dla<d. Fig. [fd shows the three structures superimposed on each other.
The lipases hiave a similar core formed by a «/f hydrolase fold which comprises of (-
strands enclosed by a-helices and loops. The hydrolysis of ester bonds is assisted by a
catalytic triad formed by Glu/Asp-His-Ser residues. The nucleophilic Ser is located near
a loop between a central S-strand and an a-helix (Figle). Asp/Glu acid and His, which
formytheé acid-base pair that generate the nucleophile are located in the surrounding loops.

Lipases vary in their molecular weights and amino acid sequence homology ™ This
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d) JCALB/GTL

FIG. 4. Wild type crystal structurestof(a) Bacillus subtilis lipase A (BSLA, PDB: 1ISP), (b)
Candida antarctica lipase B (CALB, PDB: 1TCA), and (c) Geobacillus thermocatenulatus lipase
(GTL, PDB: 2W22). (d) Superimposed structures of BSLA (grey), CALB (blue), GTL (red)
obtained after aligning and minimizingsthe root mean square deviation between the catalytic
triad residues. (e) Organizatiom of the catalytic triad. The enzyme is illustrated by cartoon
representation with helices/dn green, sheets in yellow, and loops in grey (a, b, and c¢). The

catalytic triad is colored by element type and is shown by sticks.

variance comes fromsthe presence of additional structural elements in addition to the /3
core and include the lid' domain, zinc domain and calcium binding domain (Fig. |5)). These
domains play. important functional roles™ in the activity and stability of lipases. The
lid domain, also referred to as extra cap or flap, is made of amphipathic loops or a-helices
and profects the lipase binding site ™77 This domain is activated in the presence of a
hydrephobic phase (e.g., oil phase) such that the hydrophobic side of the lid is exposed to
the hydrophobic phase. This has led to the suggestion that lipases with lid domains have

10
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two conformations — open and closed — which essentially refers to the lid conformations
that allow or restrict the access to the binding site, respectively (see Fig. |5])." The zinc
binding domain has been found to play an important role in the opening and’clesingof
the lid domain as well as in stabilizing thermophilic lipases ™ Lipases alsaidiffer in their
substrate specificity. Specificity implies the selectivity of the enzyme towards particular
substrates based on the substrate chemistry, chirality and/or chain length ™ Fhe various
structural entities of lipases — active site, substrate binding site, lid"™domain, zinc domain,
calcium binding site — therefore, represent various knobs that can be tuned to engineer

the activity and stability of lipases. ~

a) Domains in GSL b).Open and closed states c) Binding site in GTL

FIG. 5. (a) A cartoon representation of the structure of Geobacillus stearothermophilus (GSL,
PDB: 1JI3). The zinc and lid domains, are shown in blue and orange, respectively. The cofac-
tor zinc (blue) and calciums(magenta) ions are illustrated by spheres with their corresponding
interacting residues shown by sticks. The core fold containing a-helices and S-sheets are shown
in green and yellow, respectively. (b) A demonstration of the difference between the open and
closed states of aflipase with'lid domain. GSL and Geobacillus thermocatenulatus (GTL, PDB:
2W22) were used.as models for the closed and open conformations, respectively. Pymol™ was
used to align the struetures. Only the lid domains in the open (red) and closed (blue) conforma-
tions areseolored differently to highlight the differences. (c) A magnified view of the substrate
analog (sticks) in the binding site of GTL (surface). The residues constituting the wall of the
binding site'are colored in green. The catalytic triad is shown by sticks in (a, b) and by spheres

m(c).

11
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B. Lipases: Reaction mechanism

The reaction mechanism of ester hydrolysis in lipases is shown in Fig. [0} The hydrol-
ysis involves three residues — Asp/Glu, His, and Ser — referred to as the catalytic triad.
The mechanism involves two steps — acylation and deacylation. In the acylation step, the
hydroxyl group of Ser is deprotonated by the His residue. This is driven by the inter-
action of Asp/Glu with His which allows the His to act as a base.and deprotonate Ser.
The deprotonated Ser is nucleophilic and binds to the carbonyl carbon¢of the substrate
(triglycerides). A negatively charged tetrahedral intermediaté is formed and is stabilized
by the neighboring oxyanion hole. Hydrogen from His is transferred/to this intermediate
producing the first product of ester hydrolysis (diglyceride) andvacylated lipase intermedi-
ate. This is followed by the deacylation step, which begins,with the donation of a proton
from a water molecule to His. The resulting hydraoxyl ion from the water molecule binds
with acyl group of the acylated lipase. The negatively charged tetrahedral intermediate
thus formed is stabilized in the oxyanion hale. Finall}z the protonated His donates its
hydrogen to the intermediate producing the secondsproduct of the ester hydrolysis (fatty

acid) and substrate free lipase.™

IV. BACILLUS SUBTILIS LIPASE A

BSLA is obtained from baeillus subtilis, which is a gram-positive, aerobic and endospore
forming bacterium.®! The sm\all size of BSLA (~19.4 kDa) compared to other lipases, and
large biotechnological applications has made BSLA a choice lipase system for several
studies probing activity, and stability. The crystal structures were resolved at various
pH values. 584 BSLA was found to contain only the core o/ hydrolase fold of lipases
(Figlth) and"structure lacks the lid domain. Thus thus, the catalytic site is exposed to
the solvent. It is tolerant to extreme alkaline environments with an optimal activity at
pH 10, Ty, = 35°C% and T,,, = 56°C2.

Several rational and semi-rational mutagenesis strategies to generate variants of BSLA
that arefmore stable, or more selective, or more active, or any combination thereof, have
beemreported. It seems that while it may be relatively straightforward to enhance one of

these properties, being able to achieve two or more with minimal mutations is challenging.

12
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FIG. 6. Schematic of the reaction mechanismof the breakdown of a triglyceride into a fatty acid
and diglyceride facilitated by a lipase. Oy Ny Hy and R indicates oxygen (red), nitrogen (blue),
hydrogen (black), and side chains (black); respectively. R1, R2, and R3 represent the fatty acid
chains in the triglyceride. Maryin sketch® was used to draw the reaction mechanism.

Funke et al*”

performed dirc}cted evolution experiments to improve selectivity of BSLA
by checking for variants with higher enantioselectivity in each generation. They were able
to obtain more selective mutants in this manner. However, it was observed that the more
selective mutants had lower kinetic stability. The authors speculated that while some
mutations were enhancing the selectivity, others were negatively affecting the stability.

SLB4R9 - error-prone polymerase chain reaction

In a seriesof experiments by Rao’s group
was ¢ombined with saturation mutagenesis to obtain more stable variants of BSLA (Table
Rows, 1-23). From the first generation, they identified a single-site mutant (N166Y)
for further evolution. In the later generations, mutants with potential destabilizing local

contaets, estimated based on their physicochemical properties and location within the

BSLA structure, were eliminated. Consequently, variants with single and multiple site

13
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mutations distributed throughout the structure were obtained. A variant with 12 mu-
tations (Table [II| Row 21, 22, and 23) was attained at the end of the fourth generation
(referred to as 6B), which showed improved thermodynamic stability, highers$peeific ac
tivity over a wide range of temperatures, higher catalytic efficiency, tolerange to chemical
denaturants, and lower aggregating tendency.*"®¥ The success of this method indicates
the possibility of modulating activity-temperature relationship using mutagenesis. Var-
ious experiments probing the structural and thermodynamic propeértiestof the variants
have been performed 8483878 Thermodynamic analysis indicated that the BSLA vari-
ants obtained in Rao’s group have broader stability curves with ashigher maximum than
the mesophilic wild type BSLA (Fig. ).87 This suggestsithat the/observed activity at
higher temperatures in these variants could be a result of increased population of active

conformations with higher thermodynamic stabilitys

The challenge has been in elaborating the contribution of each mutation on the activity
and stability of the variants. Simulations and experunental studies have been performed
to probe this and in some cases, have resulted in contradictory conclusions.®#¢%90 The
three-dimensional crystal structures of the different mutants are similar with the largest
RMSD of ~0.4A between the structures ®*Based’on the premise of the flexibility-activity-
stability relation, the active site flexibility of BSLA and its variants has been probed.
The crystallographic B-factors were determined to relate the differences in flexibility to
the possible origins of the enhanced activity and stability in the BSLA mutants. This
indicated that the active si@ flexibility decreased for the mutants and was suggested
to be the reason for ehhanced thermostability.**¢ A subsequent study used molecular
dynamics (MD) simulations and time-resolved fluorescence anisotropy measurements to
further probe this.in W' and 6B BSLA mutant #¥ They also found diminished active
site fluctuations. In addition, it was reported that the organization of residues in the
active sitebecame more favorable in the mutants. Both these factors were surmised to
contribute tofthe enhaneéed activity. In contrast, Singh et al®? concluded that the active
site flexibility increased for the mutants based on their MD simulations. It is worth
noting that the conditions (temperature) were different between the two simulations —
higher témperature was used in Singh et al. study. This also suggests that perhaps the
changedn flexibility with temperature needs consideration. This could affect the flexibility

and.hence, the conclusions drawn.
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In addition to flexibility, other potential factors affecting the stability and activity inter-
play have been proposed. Iterative saturation mutagenesis was performed on residues with
high B-factors obtained from crystallographic structure of BSLA to enhance/sStability.*?
This method was developed to accelerate the search for better variants aising directed
evolution. The mutants (Table [[I| Rows 24-26) generated had high residual activitics fol-
lowing incubation at different temperatures. However, their thermal stabilitywas found
to be lower than the WT 2! Later experiments indicated lower aggfégation propensity of
the variants as the likely reason for the improved residual activities at high temperatures.
This role of aggregation in improving residual activity was/also _indicated as a factor in

2293 1sed an alter-

enhancing stability of the 6B mutant from Rao’s group.®3Yoo’s grotip
native approach focused on enhancing local packing by replacing smaller residues with
larger residues (e.g. Gly to Ala or Ala to Val) in theteore of the lipase. This method was
successful in producing mutants? (Table [[T| Rows.26-37) with high stability but resulted
in compromised activity. The authors hypothesized tha’t the stability could be improved
while retaining activity by increasing local packing 'with minimal perturbations to the
local network of interactions. Accordinglypa later study™ resolved this activity-stability

trade-off by using an additional criteria related to the local interactions of the residue for

mutating sites.

Computational studies provide a parallel tool to probe the structural origins underlying
the changes in the properties™of the mutants. Several MD simulation studies of the WT

] 6218901192195

BSLA and its mutants have been reporte Differences in various parameters

such as RMSD, changes in\number of salt-bridges, active site residue conformations,
change in hydrogen/bonding patterns etc have been reported. Collectively, these studies
have found several different interactions/phenomena that could play a role in affecting
stability and ,activity. »Motivated by this network analysis based methods have been
applied to_study lipase structures®’ In these methods, lipase is represented in terms
of networks of interactions and insights into the role of different amino acids is assessed
based on its connections to the other residues in the lipase.

Rathi et. /al*™ used constraint network analysis (CNA) to relate structure and sta-
bility of \BSLA. CNA is based on the rigidity theory?*®* and identifies residues that

are structural weak spots based on their interaction networks. Using this methodology,

Gohlke and coworkers identified that the more thermostable mutants of BSLA obtained
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(a) WT-BSLA: Crystal structure (b) 6B: Crystal structure

FIG. 7. Panels (a) and (b): The crystal structures of WT BSLA and its mutant (6B), respectively.
(¢) and (d) represent the correspondingynetwork communities in each structure. Each community
of WT (c) is represented by different color."The same color scheme was used in (d) to illustrate
the reorganization of the network imnthe mutant. Each number indicates the node (C, of each
residue) in the network. Additi{nal contacts established in mutant are represented by black lines

in (b). Figure is reproduced from Srivastava and Sinha.[90]

in Rao’s group were more rigid than the WT and when applied to the less thermostable
mutants obtained by Reetz et al ®2, they found that the mutants were more flexible. While
this indicated somercorrelation between the flexibility and stability, further decomposing
this into theleffects of the individual mutated residues became difficult. For example,
the observed .inerease in rigidity was suggested to arise from stronger contacts between
the fJ-strands and a-helices buried in the core even though the mutations were at the
lipase surface. This indicates that mutations can have long-range effects in the protein
and therefore, while no large change may be obvious, collective subtle changes across the

lipase structure can lead to differences in the activity and stability. This aspect was fur-
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ther highlighted by the work of Srivastava and Sinha.?’ They performed protein contact
network analysis on the six BSLA mutants including 6B reported by Rao and coworkers.
Based on the network, the authors identified communities — residues within the network
that are more connected among themselves compared to other residues. It4an be logsely
thought of as cluster of interacting residues. Fig. [7] illustrates the crystal structure and
communities of WT BSLA and 6B mutant. While no major differences are seen in the
crystal structure, the changes in the communities of the WT and«6B mutant are clearly
seen. For example, the first mutation of the 6B generation (N166Y) splits the red com-
munity of WT into two communities. This can have potential impaet on the contacts
between different helices in the lipase structure. The network based.@approaches highlight
the intricate interconnection of the residues within the proteim,structure. In a recent

194 were able to develop a relation between residue-residue contact energy

study, Tian et a
matrix to change in melting temperature uponsmutation.» They obtained encouraging
results when the strategy was applied to BSI/A. Collecgively, these studies indicate that
proteins are networks of contacts and therefore; to successfully develop predictive tools

to ascertain the activity and stability of a:mutant we need to begin with considering the

protein as a whole and probe the interplay, of lecal and global changes.

TABLE I. Thermodynamic and kinetic properties of BSLA

ID Lipase Topt Tso Tm t1/2/ T Ko Keat keat /Km Substrated
(°C) [L(°C) (°C) (min)/(°C)  (mM) (min™!)  ((min.mM)~!)

1 WSl - - - 2.5/55.0 0.97 520 540 PNPA

2 WTS8e 35.0 53.3 56.0 2.8/55.0 0.98 220 220 PNPA

3 wTs - - - - 0.98 220 - PNPA

4 WS - — - - 0.29 261 - PNPB

5 1-1E531 N166Y - - - 25.4/55.0 1.03 500 480 PNPA

6  DM3L — - - 228.0/55.0  1.22 680 560 PNPA
A132D/N166Y

7 Twml - - - 677.0/55.0  1.96 810 410 PNPA
A132D/N166Y /L114P

8  TMS6 45.0 583  61.2 530.0/55.0  0.93 200 220 PNPA

4.4/60

9 1-18D586 B17S+TM - 61.1 64.4 47.5/60.0 1.17 280 240 PNPA

100 1-14F588N89Y+TM — 59.7 63.4 21.6/60.0 1.79 500 280 PNPA

11 1-17A456 - 60.0 63.4 22.5/60.0 1.25 490 390 PNPA
[157M+-TM

120 2D986 50.0 64.2 67.4 1307.0/60.0  0.81 280 240 PNPA
1157M/N89Y /F17S+TM 6.3/66.0
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3-3A988 A155/2D9

3-11G188 A20E/2D9 —

3-18G486
G111D/2D9

4D386

4D385 ,a

5- A2 a\[134E44D3
5-B82haN[137P+4D3
5-(082:25163P+4D3
6088

6B89

6B89

VVT32
\/)(32

M134D/1157M/Y139C/
K112D/R33Q/D34N/K35D

VX132

M134D/I157M/Y139C/

K112D/R33G
VVT92

\NWIQB

A38V92
AT5V2
G80Va2
A105V92
Al146V92
G172V922
A238V /K23A93
A5V /T83A8
G80A /N106AD3
G172A /V100A®4

55.0
A15S/A20E/G111D+2D9

65.0
M134E/M137P /S163P+4D3

65.1

65.3

65.1

68.4

68.0

93.0

93.0

72.0

93.0

48
89

93

68.7
68.6
68.4

71.2

72.9

74.1

72.2

78.2

51.95%1:P
48.6591h b

49.4591:k

22.9/66.0
22.8/66.0
14.7/66.0

301.0/66.0

4.4/75.0
15.2/85.0
38.8/75.0
46.9/85.0
101.2/75.0
54.3/85.0
22.2/75.0
49.9/75.0
430.5/75.0

<2/5510
905/55.0

980)/55.0

1.6/50.0
107.5/50.0
47.5/50.0
113.8/50.0
26.5,/50.0
48.5/50.0
102.5/50.0

1.08

0.87

1.13

0.79

0.79

0.28

0.67

0.70

0.61

0.51

0.17

1.1
0.62»

0.73

0.007
0.002
0.007
0.002

360

270

360

290

290

380

565

637

414

414

462

0.065
0.058

0.063

3.83
1.38
6.71
1.48

340
310
320

370

370

1383

845

914

811

0.058
0.094

0.086

3360.0°¢
349
1178.0°¢
195.5:¢
985.8:¢
857.4:¢
950.0°¢
863.4°¢
559
685
971
773

PNPA
PNPA
PNPA

PNPA

PNPA

PNPA

PNPA

PNPA

PNPA

PNPA
PNPB
PNPA
PNPA

PNPA

PNPB
PNPC
PNPB
PNPB
PNPB
PNPB
PNPB
PNPB
PNPC
PNPC
PNPC
PNPC
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a Reported units of keg: aresmM in Ahmad et al'®2

b This_is_the the unfolding initiation temperature, which indicates the first point of folded to unfolded transition

detected in CD spectroscopy.

¢ These are specific activities in U/mg at 50°C.

dPNPA: p=iitrophenylacetate, PNPB: p-nitrophenyl butyrate, PNPC: p-nitrophenyl caprylate.
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V. CANDIDA ANTARCTICA LIPASE B

Candida antarctica lipase B (CALB) was widely used® psychrophilic lipaseswithyaun
optimal activity at pH 7 and T,,; = 45°C™* CALB is larger than BSLA with a molecular
weight of ~33 kDa (Fig. . It has also been suggested that CALB has a lididémain
shielding its catalytic triad. However, the presence of the lid domain is débated.#*0
Interfacial activation, which is considered the signature for lid mechanism, is reported to
be absent for CALB1% On the other hand, Stauch et al*! detérmined‘open and closed
conformations of CALB. The open and closed conformationsShowedsdisplacement of, and
differences in the secondary structure elements of the presumed lid region. The resulting
narrow opening to the active site results in the selectivity ‘of, CALB towards smaller

substrates such as secondary alcohol with one substituentibeing an ethyl group 192403

Based on the idea of the narrow opening to the active site, Magnusson et al*™ used
site-directed mutagenesis to engineer CALB/for la,rger’ substrates. They mutated the
tryptophan near the catalytic Ser to smaller residues (His, Gln and Ala), and were able
to improve the specificity towards larger substrates. The corresponding structural and
stability changes were however, not investigatedy It is possible that because the mutated
tryptophan is in the vicinity of the catalytic Ser, the mutations affect the active site

1*%° applied circular

flexibility, which could alsesimpact substrate specificity. Lutz et a
permutation to obtain variamts of CALB with higher catalytic activity. Few variants
thus generated displayed enhanced catalytic efficiency but had lower stability than WT
CALB. Also, the increase in\catalytic efficiency was dependent on the substrate (Table
Rows 1-16). Theswariants with higher activities had their new termini relocated to the
lid domain. Comparison of the WT and variants structures indicated similar tertiary but
some differences in the secondary structural features. These structural changes appeared
to be local tonthe regions changed in circular permutation — that is, the native and new

protein termini. If was posited that these changes affect the local flexibilities and lead to

lowergstabilitiestin the variants.

Xieet al*® applied iterative saturation mutagenesis®® to obtain mutants of CALB with
higher stability. Residues with high B-factors and within 0.1 nm of the active site were
targeted. Two mutants (Table Rows 17-20) with higher kinetic stability and similar

activity to WT were obtained. A double mutant comprising both the mutations was
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found to have higher kinetic and chemical stability than the corresponding single mu-
tants. Interestingly, the T,, values did not differ significantly for WT and the mutants.
The crystallographic B-factors suggested lower flexibility of the active site. #Using MD
simulations, Xie et al concluded that the mutations resulted in increased hyidrogen bond-
ing within the mutant structures thereby, inducing rigidity. This was suggested to be the
reason for increased kinetic stability of the mutants. However, the reason that the change
in flexibility does not affect T,,, but changes in kinetic stability weremot explained. Zhang
et al'® employed directed evolution to obtain kinetically more stable mutants (Table [[I]
Rows 21-26). The mutations replaced a hydrophobic residie with™a polar residue in a
hydrophobic patch on the enzyme surface. It was suggested that this reduction of the
hydrophobic patch made the mutants less aggregation.prone and,hence, more kinetically
stable. Le et al*® focused on introducing disulfidesbonds in. @ALB to increase its ther-
mostability. They used a two-step criteria to identify the appropriate locations for the
disulfide bonds. In the first step, residue pairs for cxsteine mutations were identified
based the likelihood of forming a disulfide bond. The likelihood was determined based
on distance, angle and energy based parameters. In the second step, the residue pairs
identified are filtered with additional criteria related to their flexibility in W'T structure.
Le et al. identified three pairs for mutations:(Table [[I1]| Rows 27-32), of which one resulted
in higher kinetic stability (Table Row,28). The T,, and activity of the mutant was
similar to that of WT. The imereased kinetic stability was credited to reduced flexibility
of the mutant. The others, in spite of having lower flexibility than WT, showed reduced
kinetic stability. It was sugg\ested that perhaps the mutations were distorting the active
site in these cases. Clearly, flexibility alone could not explain the trends of the mutants.
Collectively these studies illustrate that akin to BSLA, several factors can contribute to

the balance of stabilityrand activity in CALB.

TABLE II. Thermodynamic and kinetic properties of CALB

ID Lipase Topt Tso T t1/2/ T Ko keat keat /Km Substrate?
(°c)  (°¢) (°©) (min)/(°C)  (mM) (min~")  ((min.mM)~")

1 Wl - - - - 0.41 305 740 PNPB

2 WS - - - - 0.0026 2 800 DiFMU

3 cpt93199(Q193/P192)- - - - 1.2 80 70 PNPA

4 ep193199(Q193/P192) - - - - 0.0019 0.2 100 DiFMU

5  cp268199(P268,/T267) - - - - 0.58 3051 5260 PNPA
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6 cp268105(P268/T267) — - - - 0.0023 29 12500 DiFMU
7 cp27™MUN1.277/A276) - - - - 0.82 1356 1650 PNPB
8 cp27M0(1,277/A276) — - - - 0.0034 16 4900 DiFMU
9 cp278i99(1.278/1.227) - - - - 1.18 3317 2640 PNPB
10 cp278109(1,278/1.227) — - - - 0.0052 50 9700 DiFMU
11 cp283105(A283/A282)— - - - 0.41 3251 7900 PNPB
12 cp283105i(A283/A282)— - - - 0.0024 340 140000 DiFMU
13 cp284109/(A284/A283)— - - - 0.52 4380 8400 PNPB
14 cp284105(A284/A283)— - - - 0.0022 242 113000 DiFMU
15 cp2891U5(P289 /(G288)— - - - 0.79 8055 10200 PNPB
16 cp2891U5(P289 /(G288)— - - - 0.0051 150 30000 DiFMU
17 WTHE - 46.4 56 3.8/48 0.0095 /365 S 0.0384 PNPC
18  D223GH6 - 488 584 13.4/48 0.011 357 0.0334 PNPC
19  L278MH46 - 50.2 58.3 24.2/48 0.011 597 0.054 PNPC
20 D223G/L278M%6 - 58.5 59.6 49.2/48 0.015 559 0.0384 PNPC
21 WTLUS - - - - 0.0057»,. 84 0.015 DiFMU
22  WTLUSE - - 57.7 8/70 0.17 730 0.0043 PNPB
23 V210I/A281E106 - - - - 0.013 1900 0.15 DiFMU
24 V210I/A281E106 - - 52.1 211/70 0:15 2900 0.019 PNPB
25  V210I/A281E/ - - - - 0:0075 360 0.048 DiFMU
V221 D106
26 V210I/A281E/ - - 50.8 232/70 0.18 2500 0.014 PNPB
V221 D106
27 WTH#2 - 46.5 54.8 49.3/50 0.011 - - PNPP
28  A162C/K30804° - 55 55.9 219.4/50 0.012 - - PNPP
29  N169C/F30404° - 45.5 56.3 45/50 - - - PNPP
30  S50C/A273C045 - 435 - 33.5/50 - - - PNPP
31 S239C/D2520%2 - 43.5 -~ 23.5/50 - - - PNPP
32 QI156C/L163C%2 - 40.5 46.1 16.2/50 - - - PNPP

2 ¢p refers to circular permutated xotein and the number next to it indicates the position of the new N-terminus
(new N and C terminus rgsiduesare provided in brackets).

b PNPB: para-nitrophenol butyrate, DiEMU: 6,8-difluoro-4-methylumbel- liferyl octanoate, PNPC: para-nitrophenol
caprylate, PNPP: para-nitrophenyl palmitate.

VI. OTHER LIPASES

In addition to BSLA and CALB, lipases from other organisms have also been studied ™ 107109

Heref we discuss a subset of these focusing on lipases larger than BSLA and CALB.
Geobagillus thermocatenulatus lipase (GTL) belongs to the lipases with the ability to func-
tion in various organic solvents, extreme alkaline environments, and high temperature™.

It “hasya molecular weight of ~43 kDa and comprises a lid domain with two helices and

azinc binding domain. GTL shows enhanced activity in the presence of a hydrophobic
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interface and large secondary structural changes in one of the helix of the amphipathic lid
upon activation. Enzyme engineering studies have targeted both the lid and zin¢ binding
domains to modify the activity-stability of GTL.

Tang et al™ mutated some of the polar residues to non-polar amino acids in the two
helices of the lid domain in GTL (Y225F /S232A, S232A/T236V, Q18514 Though all the
resulting mutants had lower activity than the WT in homogenous systems, one mutant
(Y225F /S232A) was found to have higher activity in a heptane-water heterogeneous sys-
tem. This increase was attributed to the enhanced interfacial ‘ladsorption compared to
other mutants. In a related study of T1 lipase from Geobacillus zalihae*V, which has
95% sequence identity to GTL, the role of hydrophobic4amino acids in the lid domain
was explored. Single point mutations were made by replacing non-polar amino acids with
polar amino acids of similar size (Table [[V| Rows 1&7)», Whiledall the mutants had lower
thermal stability compared to WT, two mutantsshad improved catalytic efficiency. The
mutants also exhibited different specificity to substrates’ of varying chain lengths relative
to WT. These studies indicate that modifications to the lid domain can be used to design
the activity, stability and specificity of larger lipases. The zinc binding domain is another
region that can be modified to change the stability of GTL (and similar) lipases. The
absence of zinc ion or mutations ofithe zine eoordinating residues to Ala in Geobacillus
stearothermophilus (95% séquence identity to GTL)™ resulted in lower thermostability
of the lipase .

Directed evolution based en random mutagenesis was used to screen low temperature
activity mutants of a lipaselog\with 96% sequence identity to GTL (obtained by comparing
protein sequencesin/NCBIMY) (The resulting single site (S130T) mutant had a 30 °C lower
Top relative to WAL "Hemology modeling indicated that the mutation was located in a
loop connecting two helices, one of which is vicinal to the active site. It was suggested
that hydrogen'bonds<involving Ser held the helices together, which were broken due to
the mutationresulting in enhanced flexibility of the loop and hence lower T,,. In a
related study!® kinetic stability changes with mutations near the active site were probed
(Tablef[VRows 8-11). The trends observed in the kinetic stability were explained based
on inferénces about the flexibility and local electrostatic interactions based on comparing
structures of the WT and mutants.

Combined experimental and simulation studies were used to probe the molecular ori-
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gins of the higher activity of double mutant (F180P/S205G) of pseudomonas mendocina
lipase®”. It was also found that aggregation of the mutant was lower than the W which
was considered to be the underlying reason for the increased activity. NMR experiments
revealed similar global structures with local differences and NMR relaxatiofr experiments
showed differences in the local dynamics. H/D exchange experimentsdindicated higher
local stability of the mutant in certain secondary structural elements. MD simulations
suggested that the mutant had lower local flexibility than the WE#The mutant was de-
termined to have higher melting temperature than the WT using CD/DSC/Fluoroscence
spectroscropy experiments. Based on these detailed experiments, itewas suggested that the
reduced local flexibility of the mutant enhanced the stability and reduced the unfolded
states available for aggregation thereby, increasing activity of the mutant. Similar to
CALB and BSLA, these studies highlight the differentrapproaches available for balancing
activity and stability of lipases.

TABLE III. Thermodynamic and kinetic proﬁerties of other lipases

ID Lipase Topt Ts0 T t1/2/ T Ko keat keat /Km Substrate?
(°C)  (°C)  (°C) (min)/(°C)  (mM) (min™')  ((min.mM)~")
1 WT T1 lipasetV 65 - 72.2 - - - - PNPM
2 F176YLL0 60 - 66.1 - - - - PNPM
3 F181Y110 65 - 58.2 - - - - PNPM
4 L183NM0 55 - 64.8 A - - - PNPM
5 A1865110 60 - 58.3 - - - - PNPM
6  VI87NLU 50 — 64.4 - - - - PNPM
7 A1908H0 60 ~ 64.9 - - - - PNPM
8  WT lipasel®® 50 - - 5/60.0 0.00073  9.48 0.0128 PNPL
9 N355K108 40 - - 840/60.0 0.00033  86.65 0.262 PNPL
10 E315G108 50 - - < 5/60.0 0.00133  4.15 0.00311 PNPL
11  E315G/ N355K108 “I50 - - > 5/60.0 0.00118  3.15 0.00266 PNPL

2 PNPM: para-nitrophenol myristate, PNPL: para-nitrophenol laurate.

VII. CONCLUSIONS AND PERSPECTIVES

Thestudies described here demonstrate the ability of the current experimental tech-
niques innmodifying the activity and stability of lipases. It is clear from these studies that
theresare various knobs that can be adjusted to fine tune the properties of the lipases. It

isralso apparent that in several cases this can be achieved through mutations of few (one
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or two) residues of the lipase. However, the question that remains unanswered is — how
do we know a priori which residue to mutate? To answer this question, it is necessary
that we relate the mutations to the structure of lipase and relate those structural changes
to the activity and stability of lipases.

Several experimental and simulation studies have focused on teasing out the structural
origins of activity and stability in mutants of lipases. Inspired by the differences in
the protein flexibility of cold- and heat-adapted proteins, several“of these studies have
attempted to correlate the flexibility differences in the mutants relative to WT to the
differences observed in the activity and stability. Flexibility has'Been broadly used to
refer to the softness, dynamics, fluctuations and plasticity, of the enzyme. In general,
flexibility has been characterized primarily based on B«factors and RMSF in most studies
and refers to both thermal fluctuations of the atoms'(residue)around an average position
and large changes in the protein conformation. While some’correlations have been seen,
no clear trend has emerged. One primary reagon for thi%is the lack of a clear measure for
flexibility. Secondly, it is not yet established " which regions’ local flexibility is important
for activity. Lastly, how a mutation will translate into change in flexibility is not known.
For example, in ongoing efforts in our research; we have employed the idea of increasing
active site flexibility of thermophilie:GTL to improve its low temperature activity. To do
so we replaced larger residués.vicinal to the active site with Gly**# Some mutations indeed
have the desired higher activity at.low temperatures. We characterized the flexibility of
the WT and mutant GTL wusing MD simulations. We measured flexibility using various
parameters — RMSF on a p?r residue basis, fluctuations in the side chains, as well as
changes in the arrangement of the catalytic triad. While we did see differences in the WT
and mutant, we did notiebserve consistent trends correlating flexibility and experimentally
measured activity. In addition, we observed that there were changes in the flexibility both
close to and'away from the mutated site. Observations such as this led to the concept of
representing proteins asmetworks of interactions.

Network representation of proteins has the advantage of accounting for the interactions
between. the residues and hence, capturing the potential long range effect of mutation
within the protein structure. This is seen in the analysis of BSLA and its mutants, where
while,there were small structural differences, considerable differences in the network of in-

teractions was observed. In fact, in our studies of GTL and its mutants, we used network
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analysis to measure flexibility and found better correlation between this measure of flex-
ibility and activity. Collectively, these findings emphasize the importance of considering
the protein holistically in thinking about flexibility. Focusing on the local interactions»of

the mutated residue alone to interpret flexibility will most likely fall short ef appreciating

/)

Stability

the complexity of the problem.

Activity

Organization of Packing of Aggregation

Flexibility active site hydrophobic core propensity

FIG. 8. An illustration of the balance between activity and stability. The weights indicate the
factors that play a role in maintaining, the balance between activity and stability. Each double
headed arrow represents the int\erconnection between the weights, suggesting that they are not

independent. The question mark refers to the other unknown factors that may affect the balance.

Collectively, the studies have also revealed that various factors beyond flexibility con-
tribute to maintaining the balance of activity and stability in lipases. In fact, some studies
have contegted therolé of protein flexibility /dynamics in enzyme catalysis suggesting that
they may'be independent properties ™35 Ag illustrated in Fig. [§ several factors such as
packing of the hydrophobic core of lipase, aggregation propensity, active site conforma-
tion, and interactions with co-factors affect the activity-stability balance. It is also critical
to appréciate the interconnection between these factors. For example, while increasing
the packing of the hydrophobic core stability can be improved it is crucial to evaluate the

effect on the active site. In developing predictive abilities that provide best sites within
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the lipase structure to mutate, and the best options for the residues to replace with for

desired activity, specificity and stability, it is important to consider all these facets of

the problem. This endeavor requires further experimental studies that willdaddyto the

current dataset. Concurrently, molecular simulations combined with netwotk analysis are

required to identify the structural origins of the activity and stability behavior. As the

field progresses, it will also become important to consider standardized experimental and

simulation conditions and approaches — so as to facilitate comparison between various

studies.
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