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ABSTRACT: Lipase immobilization is frequently used for
altering the catalytic properties of these industrially used
enzymes. Many lipases bind strongly to hydrophobic surfaces
where they undergo interfacial activation. Candida antarctica
lipase B (CalB), one of the most commonly used biocatalysts,
is frequently discussed as an atypical lipase lacking interfacial
activation. Here we show that CalB displays an enhanced
catalytic rate for large, bulky substrates when adsorbed to a
hydrophobic interface composed of densely packed alkyl
chains. We attribute this increased activity of more than 7-fold
to a conformational change that yields a more open active site.
This hypothesis is supported by molecular dynamics

simulations that show a high mobility for a small “lid” (helix a@S) close to the active site. Molecular docking calculations
confirm that a highly open conformation of this helix is required for binding large, bulky substrates and that this conformation is
favored in a hydrophobic environment. Taken together, our combined approach provides clear evidence for the interfacial
activation of CalB on highly hydrophobic surfaces. In contrast to other lipases, however, the conformational change only affects
large, bulky substrates, leading to the conclusion that CalB acts like an esterase for small substrates and as a lipase for substrates

with large alcohol substituents.

E sterases and lipases are ubiquitous enzymes that are found
in all kingdoms of life. Both esterases (EC 3.1.1.1) and
lipases (EC 3.1.1.3) hydrolyze ester bonds between alcohols
and carboxylic acids, but with different substrate specificity.
Whereas esterases act on water-soluble substrates containing
short-chain carboxylic acids, lipases prefer to hydrolyze
triglycerides with long-chain fatty acids that are not water-
soluble and aggregate in aqueous solution.' * In contrast to
esterases, lipases typically appear in two main conformations: a
closed and an open conformation. In the closed conformation,
an amphiphilic a-helix, the so-called lid, secludes the active site
from the medium. The open form is characterized by lid
displacement and exposure of the hydrophobic residues around
the active site to the medium.'~>>° The exposure of this large
hydrophobic area is energetically unfavorable in the absence of
a hydrophobic interface, leading to stabilization of the closed
conformation. Upon binding to the oil—water interface, the lid
opens and the exposed hydrophobic surface area contributes to
the interaction between the enzyme and its substrate.

Despite this important structural difference between lipases
and esterases, both can accommodate a broad range of
substrates with varying substituents on the alcohol and the
carboxylic acid. This broad specificity, combined with a high
enantio- and regioselectivity, has made these enzymes useful in
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a wide range of industrial applications.””* Many lipases are

stable in organic solvents where they can be used for catalyzin§
ester bond formation or transesterification reactions.””
Candida antarctica lipase B (CalB),”'" recently reclassified as
Pseudozyma antartica lipase B (PalB),"' is a commonly used
industrial enzyme with a very broad substrate specificity. It is
highly active toward a broad range of esters, thiols, and amides,
but less active toward large triglycerides.'”

From a structural point of view, CalB is a typical lipase. It is a
member of the a/f-hydrolase fold family with a Ser-Asp-His
catalytic triad.” It contains two mobile a-helices surrounding
the active site (@S and a10) that contribute to the ability of the
enzyme to accommodate many different substrates.'” Many
experimental and simulation studies have been performed to
understand and tune the catalytic activity of CalB. In a number
of studies it has been shown that physical adsorption is a
powerful method to alter the stability, activity, and even
enantioselectivity of CalB.'*~'° Early molecular docking studies
provided insight into the structural basis of CalB substrate
specificity including its enantioselectivity.'”'”'® The insight
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provided by these studies has allowed a detailed dissection of
the thermodynamic contributions to the chiral resolution for a
variety of substrates.'® More importantly, it has enabled the
rational redesign of the CalB active site with the goal of altering
its substrate specificity.'”~>*

More recently, attention has turned from engineering the
substrate binding site to studying the overall dynamics of CalB
with a special focus on the a5 and 10 helices that surround
most of the active site. Lid swapping of the a5 helix with lid
domains of other lipases has revealed a crucial role of the a5
helix in substrate specificity and enantioselectivity.'> Circular
permutation experiments have shown that the N- and C-
termini can be relocated into the @10 helix with a dramatic
effect on CalB activity.”>* Also mechanical force has been
shown to alter CalB activity most likely by inducing structural
changes around the @l0 helix”> In agreement with these
experimental observations, several molecular dynamics studies
have shown the important role of the a5 and a10 helices for
CalB activity, highlighting that these helices are the most
mobile parts of the structure."**™>* In a particularly elegant
series of simulations, Pleiss and co-workers” have shown that,
upon coming into close proximity with a hydrophobic interface,
CalB is initially anchored in the bilayer by burial of the a5 helix
into the hydrophobic layer. Subsequently, the enzyme reorients
and binds to the interface, appropriately positioning its active
site. Independently, Skjot and colleagues used a short (10 ns)
molecular dynamics simulation to illustrate the possibility that
the a5 helix could act as a lid, observing motion of a5 toward
a10. These simulations highlight the crucial role of the a5 helix
for establishing the interaction of CalB with hydrophobic
interfaces, but do not provide unambiguous proof that a5 has a
lid-like function.”"*

Despite this huge progress in understanding and controlling
the catalytic activity of CalB, the presence of a lid structure is
discussed controversially, and clear experimental evidence for
interfacial activation of CalB is still lacking.”*”**~>" In this
paper we show that CalB is an interfacially activated enzyme
and that activation depends both on the hydrophobicity of the
interface as well as the overall size of the substrate. In a series of
systematic experiments, we have immobilized CalB on a
number of supports with varying degrees of hydrophobicity via
physical adsorption. Using these preparations of immobilized
CalB, we have performed activity measurements using
chromogenic and fluorogenic substrates of different sizes. To
test for possible interfacial activation caused by the hydro-
phobic surface, we have performed these measurements in
aqueous conditions that normally favor the lid-closed
conformation of typical lipases. We have further performed
extensive simulations to gain structural insight into the
conformational states of CalB when interacting with surfaces
of different hydrophobicity and binding to different substrates.
Using a combination of atomistic-resolution simulation, coarse-
grained modeling, and docking calculations, we have obtained a
comprehensive energetic picture of the interplay between
enzyme conformation, surface hydrophobicity, and substrate
specificity.

B EXPERIMENTAL PROCEDURES

Materials. Unless otherwise stated, all chemicals were
purchased from Sigma-Aldrich or VWR and used without
further purification. The substrates S,6-carboxyfluorescein
diacetate (CFDA) and fluorescein dibutyrate (FDB) were
obtained from Chemodex. Fluorescein diacetate (FDA) was
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purchased from LifeTechnologies. The suicide inhibitor
methyl-4-methyl-umbelliferyl hexylphosphonate (ELSI-MF)
was obtained from Eucodis Bioscience GmbH. The PEG-
terminated silane (2-[methoxy (polyethyleneoxy),, ,, propyl]
trimethoxysilane) was obtained from ABCR. Prior to
silanization, the silanes (trimethoxy methyl silane, trimethoxy
propyl silane, trimethoxy octyl silane, trimethoxy octadecyl
silane) as well as the PEG-terminated silane were distilled,
aliquoted in glass vials, and stored under oxygen free and dry
conditions.

Silanization of Glass Beads. Glass beads (1 ym diameter;
Bangs Laboratories, Inc.) were suspended in ultrapure water (2
g/mL). To generate additional silanol groups on the surface,
they were treated with Piranha solution (H,SO,/H,0, 3:1;
CAUTION: Piranha solution is highly corrosive and an
extremely powerful oxidizer; prepare in a ventilated area).
The bead suspension (200 uL) was added to 10 mL of the
Piranha solution in a glass test tube and stirred gently for 30
min. The sample was centrifuged at 4000 rpm for 10 min. After
the supernatant was removed, the beads were washed with 3 X
10 mL ultrapure water. Subsequently, the silane solution was
added to the test tube. The silane solution contained 0.6 mM of
the respective silane dissolved in a mixture of 10% ultrapure
water and 90% ethanol (spectrophotometry grade). The
suspension was stirred gently for 48 h at room temperature.
After centrifugation at 4000 rpm for 10 min, the supernatant
was removed and the beads were sonicated 3X for 5 min with
isopropanol (spectrophotometry grade). Subsequently, they
were dried under a stream of nitrogen and stored in an oxygen
free and dark environment.

Enzyme Immobilization on Silanized Beads. CalB
labeled with ATTOS65 (see Supporting Information (SI) for
details) was diluted to a concentration of 2.5 uM (5X the final
concentration) in activity buffer (50 mM NaH,PO, pH 7.0, 150
mM NaCl). The enzyme solution (20 uL) was incubated with
an excess of silanized beads (0.22 mg) for approximately 30
min on ice. The beads were used for the following activity
measurements without washing as no residual enzymes were
detected in the supernatant after this 30 min incubation time
(see SI for details).

Active-Site Titration. The amount of active CalB enzymes
in the enzyme preparation was determined using the suicide
inhibitor methyl-4-methyl-umbelliferyl hexylphosphonate
(ELSI-MF). The inhibitor was dissolved in dry DMSO at a
concentration of 50 yuM. The measurement was performed with
an enzyme concentration of 500 nM and an inhibitor
concentration of 5 yuM. To prepare the samples, 20 uL of 2.5
uM CalB was premixed with 70 uL of 1X activity buffer in a
black, flat-bottom 96-well plate (BD Falcon). Alternatively, 20
uL of a bead suspension was used carrying the same amount of
immobilized CalB. To start the measurement, 10 uL of the
inhibitor was added, yielding a final DMSO concentration of
10%. Subsequently, each well was covered with 50 uL of
mineral oil to prevent evaporation. The release of the
fluorophore 7-hydroxy-4-methylcoumarin was followed in a
microplate reader (4, = 365 nm; A, = 460 nm; Tecan Infinite
M200 PRO). The measurement was performed at 25 °C for 15
min (30 s intervals). All measurements were performed in
triplicate. The detected fluorescence signal was converted into
the actual product concentration using a calibration curve of the
product 7-hydroxy-4-methylcoumarin and subsequently cor-
rected for autohydrolysis of ELSI-MF. As every active enzyme
performs exactly one enzymatic turnover, during the measure-
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ment time, the final product concentration directly corresponds
to the concentration of active sites.

Activity Measurements Using the Chromogenic
Substrate pNPB. All measurements using the substrate
para-nitrophenol butyrate (pNPB) were carried out with a
substrate concentration of 100 yM and an enzyme concen-
tration of 500 nM. Prior to the measurement the substrate was
diluted to a concentration of 2 mM in dry DMSO. The
measured samples contained 10 uL of 2 mM substrate, 150 uL
of 1X activity buffer and 40 uL of 2.5 yuM CalB immobilized on
the silanized glass beads (200 uL final volume with 5%
DMSO). Beads and buffer were premixed in the cuvette, and
substrate was added just before the measurement. The
measurement was performed in disposable polystyrene
cuvettes, following absorbance at 405 nm using an UV/vis
spectrometer (VARIAN Cary300). The samples were measured
at 25 °C for approximately 30 min (30 s intervals). All
measurements were performed in triplicate.

Activity Measurements Using Fluorogenic Substrates.
The fluorogenic substrates FDA, CFDA, and FDB were used
for measuring the activity of immobilized CalB. All substrates
were dissolved in dry DMSO at a concentration of 100 yM.
The activity was measured using a substrate concentration of 10
UM and an enzyme concentration of 500 nM. The measured
samples contained 10 uL of 100 xM substrate, 70 uL of 1X
activity buffer, and 20 uL of 2.5 uM of CalB immobilized on the
silanized glass beads (100 yL final volume with 10% DMSO).
Beads and buffer were premixed in the well plate, and substrate
was added just before the measurement. Finally, each well
containing a sample was covered with 50 yL of mineral oil to
prevent evaporation. The release of the fluorophores
fluorescein or $,6-carboxyfluorescein was followed in the
microplate reader (4, = 495 nm; A, = 525 nm). The
measurement was performed at 25 °C for 48 h (30 s intervals).
All measurements were performed in triplicate. The turnover
rate was calculated for the first reaction step (conversion of the
double-substituted substrate into the weakly fluorescent
intermediate). The data were corrected for autohydrolysis of
the substrate and the concentration of active sites. Details of the
calculations are described in the SL

Molecular Dynamics Simulations and Analysis. All
molecular dynamics simulations were performed using NAMD
2.6.”> The CHARMM?22 force field with CMAP correc-
tions*>** was used for the protein, and the TIP3P water
model™ for water. The temperature of each replica was
maintained using Langevin dynamics with a damping constant
of 5.0 ps™". Short-range interactions were cut off at 1.2 nm, with
switching starting at 1.0 nm. Long-range electrostatics were
treated using the Particle Mesh Ewald method™ with a grid
density no lower than 1 per angstrom. Dynamics were
propagated using a 2.0 fs time step, with nonbonded
interactions evaluated every step and long-range electrostatics
every other step. The initial structure was generated by taking
the protein component of PDB code 1TCA, with water and
ions (0.154 M NaCl was sufficient to neutralize the system)
added using VMD.* The system was minimized for 3000 steps,
subjected to 10 ps of equilibration with the protein fixed and
then 100 ps of equilibration with the protein mobile.

After equilibration, parallel tempering simulations®” were
initiated with 48 replicas, with temperatures ranging from 300
to 400 K. Temperature exchanges were attempted once per
picosecond. Temperature spacing of the replicas was optimized
to yield average exchange frequencies between 30% and 40%.

5971

Each replica was run for 21 ns for a total run time of 1.008 us,
with snapshots saved for subsequent analysis once every 10 ps.

Dominant conformations from the replica exchange
trajectories (subsequently used for the docking calculations)
were identified using the g_cluster module of GROMACS
3.3.3.%% All frames were first aligned using all nonsymmetry-
related heavy atoms from the main f-sheet and then clustered
using the Gromos method® with a 0.15 nm cutoff, considering
only residues of the aS$ helix (residues 142—146) and the C-
terminal portion of the a10 helix (residues 278—287). For the
docking calculations the 24 most occupied clusters were
considered, which collectively represent more than 95% of all
time steps.

As motion of the a5 helix over the active site is a dominant
contributor to the observed dynamics of the protein, the as-
al0 cleft distance is used a metric describing active site
accessibility. This distance is defined as the center of mass
distance between residues 142—145 (aS5) and residues 278—
287 (C-terminal half of a10). For simplicity of interpretation
the different conformations were partitioned into three classes:
closed (aS-a10 cleft distance less than 1.52 nm), crystal-like
(cleft distance 1.52—1.90 nm), and open (cleft distance greater
than 1.90 nm). For comparison, the aS-a10 cleft distance is
1.63 nm in the starting crystal structure and 1.71 nm in the
most heavily occupied conformation from molecular dynamics
simulations.

Docking Calculations. Docking was used to identify the
preferred conformations and approximate binding affinities of
the experimentally used substrates (Figure S1). For the
substrate 5,6-CFDA, the isomers 5-CFDA and 6-CFDA were
docked separately. For docking, each of the cluster-
representative conformations were used, as well as the MD-
equilibrated structure and the 1LBS crystal structure (which
was crystallized with an inhibitor bound and thus is more likely
to represent an active-like conformation).

The structures were prepared for docking using UCSF
Chimera 1.7.*° The hydrogen atoms were placed to optimize
hydrogen bonding (with the key histidine residue H224
constrained to delta protonation only) and AMBER ff12SB
charges were used for all residues. All substrates (Figure S1)
were prepared for docking using the antechamber plugin of
Chimera 1.7. Structures were minimized with 1000 steepest
descent steps of AM1 geometry optimization and then charged
using AMI1-BCC charges. All docking calculations were
performed with UCSE DOCK version 6.1,*" using SYBYL
atom types.

For the initial round of docking a grid-based scoring was
used, generating up to 32 000 docked poses per ligand-protein
structure combination; these settings were identified based on
pilot calculations showing that this level of search effort would
prove saturating for our largest ligands. While holding the
protein fixed, the simulations allowed simplex minimization of
both anchor poses and final ligand poses. During docking,
poses were clustered with a 0.1 nm RMSD cutoft after
minimization and only one representative for each cluster
retained. After docking, conformations were filtered to retain
only those in which the S105 catalytic oxygen was within 0.6
nm of the substrate ester carbon. Binding energies reflect the
minimized dock scores for these representative minimized
conformations.

Conformational Free Energy Estimates. The occupan-
cies of different clustered conformations in solution were
estimated using the multistate Bennett acceptance ratio
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(MBAR),” as implemented in pymbar 2.1.0beta. First, all
trajectory frames were rebinned into the top 24 clustered
conformations based on the conformation of the gateway
helices (as described above), discarding the first 6 ns of each
trajectory. Using this clustering assignment, the mean dwell
time in all but two clusters was less than 10 frames (100 ps).
The trajectories were subsampled to take only every 10th frame
in the MBAR analysis, then treating the resulting trajectories as
uncorrelated. Occupancies and corresponding uncertainties
were then estimated at 308 K using the computeExpectations
function of pymbar.**

The effects of a hydrophobic interface on the conformational
free energies were estimated using a simple continuum solvent
model. The experimental setup was considered to consist of an
impenetrable slab, a slab of hydrophobic material with variable
thickness, and an infinite layer of aqueous solvent. The amino
acids were divided into five classes. Each class is characterized
by an approximate free energy for transfer between aqueous
solvent and the hydrophobic layer (Table 1). Using these free

Table 1. Parameters Used for the Approximate Hydrophobic
Interface Interaction Model”

class residue types dG,atermsstay (kecal/mol Az)b
1 LLV —0.027
2 EM WA C G —0.013
3 Y 0
4 T, S, H QK 0.026
5 N, E D, R 0.051

“Each residue type contributes to the estimated free energy based on
its solvent accessible surface area (SASA) exposed to the hydrophobic
slab. "Based on experimental data from Radzicka et al** N.b. only
SASA of side chain atoms contributes to the free energy change.

energies, the partition weight for each protein conformation to
be transferred into a hydrophobic layer of given thickness was
calculated. It was obtained by summing over a three-
dimensional grid of all possible protein orientations (6 and ¢,
at 2 deg increments) and distances from the bead surface (z, at
0.2 A increments). The distances were chosen to range from
the closest possible approach without intersecting the
impermeable slab (bead) to the point where all protein
atoms have lost contact with the hydrophobic layer. The
occupancy of each conformation, assuming contact with the
hydrophobic layer, was then estimated by reweighting the bulk
solvent occupancies of each conformation by the summed
partition weights of all orientations of that conformation
interacting with the hydrophobic bead layer obtained using the
coarse model above.

B RESULTS

Experimental Design. Recombinant CalB, expressed in
Escherichia coli***® (see SI for details), was incubated with
silanized glass beads of different hydrophobicity (Figure 1).
More precisely, the beads were modified with methyl- propyl-
octyl- or octadecyl-terminated silanes to produce well-defined
and highly packed hydrophobic self-assembled silane mono-
layers (SAMs). A silane with a hydrophilic poly(ethylene
glycol) chain was used as a control. After physisorption of CalB
to the silanized beads, CalB activity was measured using the
water-soluble chromogenic substrate para-nitrophenol butyrate
(pPNPB, 1) or one of the fluorogenic substrates fluorescein
diacetate (FDA, 2) S,6-carboxyfluorescein diacetate (CFDA, 3)
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Figure 1. Experimental design showing the different fluorogenic and
chromogenic substrates used for measuring CalB activity: pNPB (1; R,
= (CH,),CH,), FDA (2; R, = CH,, R, = H), 5,6-CEDA (3; R, = CH,,
R, = COOH), FDB (4, R, = (CH,),CH, R, = H). CalB is
immobilized noncovalently on SAM surfaces of different hydro-
phobicity: PEG-terminated SAM R; = (EG),,_,,, methyl-terminated
SAM R, = CH,, propyl-terminated SAM R; = (CH,),CH,, octyl-
terminated SAM R, = (CH,),CH;, octadecyl-terminated SAM R, =
(CH,),,CH;.

and fluorescein dibutyrate (FDB, 4). For all these substrates,
the enzymatic reaction yields a colored (1) or fluorescent (2—
4) product that can easily be measured spectroscopically
(Figure 1, Figure S1).

Surface Preparation and Characterization. The silani-
zation protocol using trimethoxysilanes was first tested on glass
coverslips to ensure that indeed monolayers were formed.
Water contact angle measurements of the resulting surfaces
show a range between 49.7° for trimethoxy methylsilane and
89.9° for trimethoxy octylsilane (Table 2 and SI). The contact
angle increases with increasing alkyl chain length, clearly
showing that the surface hydrophobicity can be tuned by
varying the length of the alkyl chain. Atomic force microscopy
(AFM) measurements were used to obtain information about
the thickness and the homogeneity of the silane layer. The layer
thickness was determined to be 0.8 and 1.5 nm for the
trimethoxy propylsilane and the trimethoxy octlysilane
functionalized glass coverslips, respectively (Figure S4). These
values correspond well to the theoretical thickness of 0.9 nm
for a propyl-terminated and 1.6 nm for an octyl-terminated
monolayer.

Enzyme Immobilization. For the activity measurements
CalB was immobilized on glass beads silanized using exactly the
same protocol as for the glass coverslips. Before activity
measurements were performed, the immobilization efficiency
was tested first. ATTOS65-labeled CalB was mixed with the
glass beads and incubated for 30 min. Subsequently, the beads
were separated from the solution, and the fluorescence intensity
of the supernatant was determined. The remaining fluorescence
in the supernatant was less than 6% for all surfaces tested
(Table 2). Also only very little enzymatic activity was detected
in the supernatant when adding the substrate FDB (see SI for
details). Taken together, these results show that CalB binds
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Table 2. Enzyme Immobilization

on Surfaces of Different Hydrophobicity

PEG methyl propyl octyl octadecyl
contact angle (deg) 37.1 £ 0.6 49.7 £ 0.8 642 + 1.1 89.9 + 1.0 nd.”
immobilized enzymes (%) 943 + 0.3 96.2 + 0.6 95.6 + 0.7 96.3 + 0.6 97.0 + 0.6
active enzymes (%) 542 + 7.8 623 + 122 68.0 + 14.1 69.5 + 93 59.7 + 115

“n.d. — not determined.
Table 3. Enzymatic Turnover Rate on Surfaces of Different Hydrophobicity (1/s)
free CalB PEG methyl propyl octyl octadecyl
pNPB 0.80 + 0.05 0.54 + 0.09 0.65 + 0.18 0.67 + 0.27 0.59 + 0.15 091 + 0.27
FDA 0.0104 + 0.00SS 0.0138 + 0.0061 0.0138 + 0.0053 0.0118 + 0.0052 0.0191 + 0.0085 0.0494 + 0.0269
CFDA 0.0086 + 0.0017 0.006S + 0.0041 0.0070 + 0.0022 0.0060 + 0.0025 0.0075 + 0.0024 0.0177 + 0.0108
FDB 0.0030 + 0.0014 0.0031 + 0.0019 0.0037 + 0.0030 0.0034 + 0.0025 0.0213 + 0.0063 0.0338 + 0.0260

very strongly to all surfaces irrespective of their degree of
hydrophobicity.

The beads containing immobilized CalB were subsequently
used for an active-site titration to determine the fraction of
enzymes that remained catalytically active after surface
adsorption. When CalB reacts with the suicide inhibitor methyl
4-methyl-umbelliferyl hexylphosphonate (ELSI-MF)***"  the
fluorophore 7-hydroxy-4-methylcoumarin is released in a
stoichiometric amount. Consequently, the concentration of 7-
hydroxy-4-methylcoumarin corresponds directly to the concen-
tration of active CalB. A comparison of the activity of the
immobilized CalB samples with a sample of nonimmobilized
CalB shows that 54—70% of enzymes retain their activity upon
immobilization on the different surfaces (Table 2). The lowest
fraction of active enzymes (54%) was detected on the
PEGylated surface. Even though the difference between the
surfaces is small, a trend can be observed. The fraction of active
enzymes increases with increasing hydrophobicity before it
decreases again. The highest fraction of active enzymes was
detected on the octyl-terminated surface. This result suggests
that there is an optimum hydrophobicity of the immobilization
support: at low hydrophobicity the enzyme might not adsorb in
the active, lid-open conformation; in contrast, the enzyme
might unfold on very hydrophobic surfaces.

Activity Measurements. Four different water-soluble
substrates were used to measure the activity of immobilized
CalB. To test for the influence of the size of the substrate, the
three structurally related fluorogenic substrates fluorescein
diacetate (FDA), S,6-carboxyfluorescein diacetate (CFDA), and
fluorescein butyrate (FDB) were chosen and compared to the
frequently used chromogenic substrate para-nitrophenol
butyrate (pNPB). Whereas pNPB is hydrolyzed by CalB very
efficiently, the catalytic activity for the fluorogenic substrate
CFDA is very low.” This large difference in activity is most
likely the result of a very bulky alcohol group, which hinders
binding of CFDA into the active site. The use of these
substrates not only allows for testing for the size of the alcohol
group, but also provides a direct spectroscopic readout of the
catalytic reaction in real-time.

Progress curves of the enzymatic reaction using 500 nM
immobilized enzyme and 10 yM of fluorogenic substrate are
shown in Figure SS. The progress curves show a sigmoidal
shape typical for the hydrolysis of a fluorogenic substrate with
two enzyme-cleavable bonds.”*™>' This two-step reaction,
involving an intermediate with different brightness, complicates
the kinetic analysis.”' To circumvent this problem, only the first
7% of the intensity data points have been used for calculating
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the enzymatic rate (see SI for details), corresponding to the
first conversion step of the substrate into the intermediate. The
enzymatic turnover rates for all substrates and surfaces tested
are summarized in Table 3.

When comparing the turnover rate for the frequently used
substrate pNPB, only small differences in CalB activity were
observed between the different surfaces and the control sample
containing nonimmobilized, free enzyme. In contrast, the
turnover rate drastically changed for the substrate FDB when
the enzyme was immobilized on the octyl- or octadecyl-
terminated surface. On the octyl-terminated surface the
turnover rate increased by a factor of 7 and on the octadecyl-
terminated surface by a factor of 11, with a large error in the
latter case. This higher error originates from the extremely high
hydrophobicity of the octadecyl-functionalized beads, which
leads to aggregation. Because of this higher error it is difficult to
draw conclusions for the substrates CFDA and FDA where the
turnover rate is only increased for CalB immobilized on the
octadecyl-functionalized surface (2X increase for CFDA; 4X
increase for FDA).

The observed increase in catalytic activity might originate
from interfacial activation on the hydrophobic surface for the
substrate FDB. Alternatively, the substrate FDB might
accumulate on the hydrophobic surface, resulting in an
increased local concentration of the substrate. Control
experiments investigating the autohydrolysis of the different
fluorogenic substrates on propyl- and octyl-functionalized beads
minimize this second possibility (see SI for details), indicating
that the increased catalytic activity is primarily the result of
interfacial activation. Molecular dynamics simulations com-
bined with docking studies were carried out to provide more
detailed insight into the structural origin of this interfacial
activation, most clearly observed for the substrate FDB.

Molecular Dynamics Simulations. To provide structural
insight into the mechanism behind this interfacial activation, we
applied a combination of molecular dynamics and docking
calculations to determine the effect of a hydrophobic interface
on the conformational distribution of CalB. As a first step, we
used long time scale replica exchange simulations to map out
the conformational distribution and dynamics of CalB in
aqueous solution. Consistent with previous simulations,'>*°~>*
analysis of the mobility of different residues in CalB throughout
the replica exchange simulations illustrates a substantially
higher flexibility for the a5 helix and to a smaller extent also for
the @10 helix. The other secondary structure elements remain
fairly rigid throughout the simulations (see Figure S7).
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Figure 2. Common conformations of CalB and its active site cleft during replica exchange simulations. (a) Conformations of the six most heavily
occupied clusters, including estimated occupancies and width of the active site cleft. (b) Histogram of cleft distances over all replica exchange
trajectory frames, illustrating the subdivision of conformations into closed (cleft <1.52 nm, crystal-like, or open states (cleft >1.9 nm). (c) Fractional
occupancy of conformational clusters, either calculated from the raw replica exchange trajectories or estimated at 308 K using MBAR.** Closed,
crystal-like, and open conformations are plotted with triangles, squares, and circles, respectively. Error bars show standard deviations in estimated

populations calculated by MBAR.

Clustering analysis (see Experimental Procedures for details)
illustrates that the primary conformational change apparent in
the trajectories is switching between cleft-closed and cleft-open
states of the S helix, altering the accessibility of the CalB active
site (Figure 2). The conformations of the active site can be
subdivided into three categories based on the width of the
active site cleft (Figure 2b): closed (cleft width <1.52 nm),
crystal-like (1.52—1.9 nm cleft, roughly matching that in the
crystal structure), and open (>1.9 nm cleft). Reweighting of the
observed conformations by applying the MBAR method to the
replica exchange trajectories indicates that at 308 K, the
occupancies of clusters falling into these states are 36.1%,
55.6%, and 8.2% for the closed, crystal-like, and open states,
respectively.

While kinetic parameters are particularly difficult to estimate
from replica exchange simulations due to the changing
temperatures, we estimated the approximate lifetimes of
different states (closed, crystal-like, open) by monitoring the
trajectories of cleft distance vs time. Only stretches of the
simulation after the first 6 ns of each replica trajectory, for
which the target temperature never rose above 350 K, were
considered in the lifetime calculations. Median dwell times in
all three major conformations were 20—30 ps for each
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trajectory, and median times for transition from the closed to
open or open to closed state were 2.2 and 5.7 ns, respectively;
however, these figures likely underestimate the true dwell times
in each conformation because longer dwell times are censored
since the temperature at some point rises above the 350 K
threshold.

Docking Studies. Our observation that the width of the
CalB active site is highly variable provides a possible
explanation for the experimental observation that bulkier
substrates show qualitatively different behavior in the presence
of hydrophobic interfaces. In order to determine whether the
conformational state of CalB determines substrate binding, we
docked all substrates (Figure S1) to a substrate-analogue bound
CalB crystal structure (PDB code 1LBS), to the equilibrated
starting structure for the molecular dynamics simulation, and to
one representative conformation of each of the 24 most heavily
occupied clusters identified by clustering analysis.

Plots of the DOCK binding energies versus cleft distance are
shown for all substrates in Figure 3. Two striking patterns
emerge from these plots: (i) a marked depletion of favorable
conformations with a small cleft distance is observed for the
bulkier substrates. In contrast, many closed conformations are
able to bind pNPB with a low relative binding energy. (ii) FDB
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stands unique among all substrates in that its most favorable
docked poses correspond to a low-occupancy, highly open
cluster (cluster 14, with a cleft distance of 2.29 nm and an
estimated fractional occupancy of 0.014 at 308 K).

A comparison of the crystal structure with cluster 14 shows
that the mobile @S helix unfolds completely and leaves the
vicinity of the active site cleft (Figure 4a). Figure 4b shows the

Figure 4. Comparison of a representative cluster 14 conformation with
the CalB crystal structure (PDB code 1LBS). (a) The backbone trace
of the crystal structure is shown blue; the structure of cluster 14 is
shown in gray. The aS helix is labeled in red (crystal) or orange
(cluster 14). The catalytic serine (S105) is highlighted in green. (b)
Most favorable, catalytically competent, docked conformation of FDB,
showing the location of the substrate, the catalytic triad residues, and
the aS helix (orange).

single best-binding conformation of FDB in cluster 14. This
binding pose would be sterically forbidden in the crystal
structure due to the conformation of aS. Other favorable
binding poses for FDB also correspond to more open
conformations, and the closed conformations are particularly
disfavored. Comparisons of the best scoring docked poses for
all substrates are shown in Figure S8.

Conformational Free Energy Estimates. As discussed
above, our experimental data indicate that CalB shows
preferential activation toward bulky substrates (in particular
FDB) in the presence of a hydrophobic interface. More
importantly, the degree of activation increases with interface
thickness and consequently hydrophobicity. To provide a
molecular-level interpretation for these results, we applied a
simplified model to estimate the effect of a hydrophobic layer of
varying thickness on the conformational distribution of CalB.
This model approximates the silane-functionalized beads as
consisting of hydrophobic slab that covers a hydrophilic,
impenetrable slab. For each CalB conformation, the protein is
treated as a rigid body. We approximated the partition function
for the protein in contact with the hydrophobic slab (including
all possible orientations and depths; see Figure Sa) using a
simplified energy function that is based on the solvent exposed
surface area of hydrophilic and hydrophobic side chains.
Comparing the partition weights of different conformations
allows for an approximation of the relative occupancies of
different conformations in the presence of different slab
thicknesses.

According to the model, the presence of the hydrophobic
slab strongly favors open enzyme conformations (Figure Sb),
except for very thin slabs (~0.5 nm). This preference for open
enzyme conformations becomes more apparent with increasing
slab thicknesses up to approximately 1.5 nm. The reason for
this depth dependence is readily apparent from plots of the
preferred insertion depths of the different conformations
(Figure S9a—c). Whereas most closed conformations do not
insert more than 0.4 nm into the hydrophobic slabs, most
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hydrophilic slab below the hydrophobic layer. (b) Estimated occupancies of different conformational states of CalB while in contact with a

hydrophobic slab of varying thickness.

crystal-like and open conformations favor insertion depths up
to 1 nm. It is also notable that all open and crystal-like
conformations favor orientations where the active site is buried
deeply in the hydrophobic slab. In contrast, the closed state
tends to tilt further away from such an alignment (Figure S9d).

Clearly, these low-resolution calculations, designed to test
the effect of a hydrophobic interface on the conformational
distribution of CalB, suggest that a hydrophobic interface biases
the enzyme toward aS-open conformations. These conforma-
tions are oriented such that the active site is facing toward the
hydrophobic interface so that they are most likely stabilized by
the interface. Assuming that the enzyme binds to the surface in
the same orientation under experimental conditions, these
calculation results directly explain the observed interfacial
activation for bulkier substrates and the observed dependence

on alkyl chain length (i, layer thickness).

B DISCUSSION

The activity measurements performed in this study show that
the turnover rate of CalB increases when immobilized on
surfaces of increasing hydrophobicity. For fluorescein dibuty-
rate (FDB), which is the fluorogenic substrate with the longest
alkyl chain, CalB activity increased 7-fold after immobilization
onto the octyl-functionalized surfaces and 11-fold on the
octadecyl-functionalized surface. An increased turnover rate was
also detected for the other fluorogenic substrates fluorescein
diacetate (FDA; 4X increase) and $,6-carboxyfluorescein
diacetate (CFDA; 2X increase), but to a much smaller extent
and only on the octadecyl-functionalized surface. In contrast,
the turnover rate is not affected by the type of surface when
activity is measured with the frequently used chromogenic
substrate para-nitrophenyl butyrate (pNPB), which has a much
smaller alcohol substituent than the fluorogenic substrates.
The observed increase in CalB activity for the large, bulky
substrates might be caused by a better access of these substrates
to the active site on the more hydrophobic surfaces or a
conformational change leading to interfacial activation. It has
been shown for other lipases that substrate accumulation at the
interface leads to a higher local substrate concentration and
therefore increased activity.”> >* We are not able to fully rule
out this possibility, but consider it as very unlikely. No
differences in product accumulation were observed when
substrate autohydrolysis was observed in the vicinity of the
functionalized beads (Figure S6). Moreover, the only parts of
the substrate that can possibly interact with the alkyl chains
coupled to the beads are the substrate alkyl chains. If this was
the case, an increased turnover rate should also be observed for
pNPB hydrolysis, which is not the case. This leads to the
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conclusion that the increased activity observed on the most
hydrophobic surface is indeed the result of a conformational
change that improves the access of large, bulky substrates to the
active site. This conclusion is strongly supported by the
presented simulations, which show that the S helix samples a
large range of conformations with open conformations being
more likely in a hydrophobic environment (Figure Sb).

Interfacial activation is usually observed for most other
lipases when their activity is measured in the presence of
detergent micelles or any other hydrophobic interface.”” Only a
limited number of experiments point to the existence of
interfacial activation for CalB under similar experimental
conditions, and from these studies no clear conclusions could
be drawn. Earlier experiments, in which CalB was immobilized
on agarose beads functionalized with octyl chains®® or
Sepabeads functionalized with octadecyl chains,” suggested
activation effects much smaller than those observed in the
present study. Stronger activation was detected for CalB
adsorbed on alkyl-terminated self-assembled monolayers on
gold.31 No active site titration was performed, however, and the
authors explained the effect with a higher number of active
enzymes on the surface. Combining the results of these existing
studies with the results obtained here suggests that strong
activation is only achieved when CalB adsorbs on a highly
packed, self-assembled monolayer of uniform molecular
arrangement formed, for example, on gold or using silanization.
Clearly, the quality of the hydrophobic interface is crucial for
the activation of CalB. It is therefore not unexpected that
interfacial activation has hardly been observed before when
CalB was immobilized onto alkyl-functionalized polymeric
beads where the alkyl chains are less ordered. In addition, these
assays have mostly been performed with substrates of smaller
size where the cleft opening is less important. It is clearly an
interesting topic for future studies to investigate if the
immobilization conditions found here will also yield
interfacially activated CalB when using other bulky substrates
that are not fully water-soluble, but need to be solubilized with
detergents or dissolved in organic solvents.

Helix a$ plays a crucial role in the observed activation. This
helix has been discussed as a potential lid ever since the crystal
structure of CalB has been resolved.” As no interfacial
activation could be confirmed,” however, its role as a lid was
questioned later."”*”*" Instead it was suggested that @5 acts as
an anchor for establishing the initial contact of the enzyme with
a hydrophobic interface”’ and that it plays a role in substrate
binding."® Our simulations confirm that a5 is the most mobile
part of the enzyme structure and that it can adopt a large range
of different conformations, including transient unfolding
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(Figure 4). The conformation of a$ directly determines the
cleft distance and therefore the maximum size of the substrate
that can fit into the active site. Most importantly, the simulation
results show that the open conformations are more frequently
occupied when the enzyme is in contact with a hydrophobic
interface. Taken together, these simulation results highlight the
crucial role of aS in determining substrate access to the active
site and establish that its conformation is regulated by the
hydrophobicity of its environment. The simulations do not only
show a range of open conformations, but also a number of
structures where S is more closed than in the crystal structure.
In none of these conformations, however, is the active site fully
shielded from the solvent: a narrow, open channel remains
along with sufficient room in the active site to possibly
accommodate small substrates (Figure 3e). In this context,
CalB can be considered as an intermediate enzyme acting as an
esterase for small substrates with easy access to the active site
(e.g, pNPB hydrolysis) and as a lipase for larger/bulkier
substrates where full access to the active site depends on the
structural conformation of the a5 lid. This intermediate status
of CalB has already been proposed in 1994 when the crystal
structure was published;9 however, our results are the first
experimental proof that CalB does indeed show this behavior.
We note that, as all simulations were performed in aqueous
solution, the possibility exists that other conformations of the
enzyme would also arise in the presence of a hydrophobic layer.
The extensive sampling performed here (over one microsecond
of simulation, with sampling enhanced by parallel tempering
calculations), and the rapid interconversion between closed and
open conformations, argue against this possibility but do not
exclude it. Given that the closed conformations that we
identified almost uniformly disfavored deep insertion into
hydrophobic layers, it is still highly likely that any unsampled
conformations favored by a hydrophobic environment would
most likely resemble open state conformations as we describe
above.

In conclusion, the results obtained from our combined
experimental and simulation approach point toward the
existence of an atypical interfacial activation of CalB on highly
hydrophobic supports when the enzyme hydrolyzes large/bulky
substrates. It is difficult to conclude if this regulation of
substrate specificity and catalytic activity is of importance for
the natural function of CalB, as its natural substrate is not
known. One can easily imagine that this is an elegant way of
making use of one and the same enzyme for different functions
in the native environment. More importantly, this information
about the crucial role of the a$ helix provides a new starting
point for the optimization of CalB for industrial applications.
Our results provide clear evidence that CalB possesses a larger,
more open active site when immobilized on a well-packed,
hydrophobic surface. It might, therefore, be able to
accommodate a larger range of substrates with bulkier and
aromatic alcohol substituents that are usually not hydrolyzed
efficiently.
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