ChemComm

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been

accepted for publication.
ChemComm

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;HEm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WwWW.rsc.org/chemcomm


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 4

ChemComm

Chem€omm

R okl

Exploring water as building bricks in enzyme engineering

Peter Hendil-Forssell,® Mats Martinelle® and Per-Olof Syrén*®

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

A novel enzyme engineering strategy for accelerated catalysis
based on redesigning a water network through protein backbone
deshielding is presented. Fundamental insight into the energetic
consequences associated with the design is discussed in the light of
experimental results and computer simulations. Using water as
biobricks provides unique opportunities when transition state
stabilisation is not easily attained by traditional enzyme
engineering.

Enzyme engineering constitutes a cornerstone for expanding the
catalytic scope of enzymes! and is pivotal when tailoring biocatalysts
to industrial biosynthetic processes.?* Enzyme engineering, to create
more space or to form favourable enzyme-substrate interactions,
has been based on designing small libraries® that replace key amino
acids in and around the active site to attain improved biocatalysts.1.¢-
13 Furthermore, the repertoire of available building blocks for
enzyme design has been expanded through the incorporation of
unnatural amino acids into protein scaffolds.4-18 Herein we present
an alternative enzyme engineering strategy centred on increasing
the water affinity of the protein backbone to achieve efficient
transition state (TS) stabilisation through hydrogen bond formation
via a water bridge (Figure 1). In an effort to explore this possibility
further we focused on promiscuous amide bond hydrolysis catalysed
by esterases for which a missing key hydrogen bond?? in the rate
limiting spZ-like nitrogen inversion step!®2! hampers efficient
catalysis. This key interaction in amidases and proteases stabilises
the TS of nitrogen inversion (Figure 1a), which is prerequisite to
achieve a productive conformation of the lone pair of the reacting
nitrogen atom of the amide substrate during catalysis.1>2° We turned
our attention to the I1189A point mutation in Candida antarctica
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lipase B (CalB), that to our great surprise was found to afford a 34-
fold enhanced promiscuous rate (Amut-wild typeAGt = -2.1 kcal*mal1
Table 1), despite the fact that the required!® hydrogen bor 1
formation between the scissile NH-group of the amide substrate ana
the alanine sidechain is not possible. We hypothesized that tF 2
substitution affected the solvation of the active site?? to provide
enhanced interaction possibilities between the TS and water to alic .
for accelerated catalysis. Quantum mechanical (QM) calculations /.
concert with molecular dynamics (MD) simulations revealed that th
1189A point mutation reconstituted the missing hydrogen bon-'
through the formation of a short water bridge (Figure 1c, Figure .
Figure S2). Inspired by these facts we decided to evaluate th
feasibility and energetic consequences of using water as biologic. '
building bricks in enzyme design (Figure 1c).

As  amide-based chemistries represent basal  organic
transformations23 that are of prime interest in the pharmaceu al
and biotechnological industrial field2425, attempts to enhance
promiscuous amidase activities in industrially relevant enzyme
scaffolds have previously been performed.13.26.27 Traditional enzyrr .
design has focused on reconstituting the missing hydrogen bond i
esterases by engineered acceptor side chains (Figure 1b).13 Due t
spatial constraints in esterases, this has resulted in a tenfol”
increased promiscuous reaction ratel? by the formation of a direc*
but non-optimal hydrogen bond in the TS of inversion (Figure 1b). i »
order to explore our hypothesis that water could reconstitute a
strong hydrogen bond in the TS for the CalB 1189A variant, whic
would explain the enhanced promiscuous activity (Table 1), Qv
calculations were performed (Figure S1-S2, Supporting Informati ).
Geometry optimization using DFT at the B3LYP/6-31G(d,p) leve ~f
theory revealed a perfect hydrogen bond formation between the TS
and the exposed backbone in the variant through the participatic »
of two water molecules as building bricks (Figure S2c). In contras .
the key hydrogen bond was lost and the resulting water cluster was
found to reside in a catalytically non-productive conformation for tt 2
wild-type enzyme (Figure S2b). These results highlights the potential
of using enzyme design to increase the water accessibility of pol r
protein backbone functional groups, that are normally masked b,
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Figure 1. Using water as potential designer tools. a) Hydrogen bonding to the reacting
NH-group of the amide substrate in the TS of nitrogen inversion is essential for efficient
catalysis in amidases and proteases. The Ser-His-Asp catalytic machinery of a serine
protease is schematically shown together with the oxyanion hole. The key hydrogen
bond is shown by the arrow. b) Traditional enzyme engineering has afforded a direct but
weak hydrogen bond in esterases that mimics the key hydrogen bond in amidases.*3c) A
water cluster (red), residing in a precise orientation for interacting with the scissile NH-
group in the TS, would reconstitute the missing hydrogen bond during nitrogen inversion

in esterases.

bulky and interacting side chains?8, to allow in theory for the
formation of a water bridge between the TS and the protein (Figure
1c). This strategy would avoid the entropic penalty that would
inevitably be associated with restricting the conformational freedom
of protein side chains.?® However, enzyme design of a precisely
oriented water cluster, which would take full advantage of the
capability of water to donate and accept hydrogen bonds, is
hampered by our current poor understanding of the influence of
solvent dynamics on catalysis.3%34 Furthermore, fixing water
molecules inside hydrophobic enzyme cavities could be energetically
disfavoured, as compared to water in bulk3*3> and “freezing” the
rotational and translational movement of individual and flexible
water molecules in transition state structures will be associated with
high entropic costs. Thus, in order to shed additional light on the
water cluster geometries beyond the “frozen” picture provided by
the QM calculations, MD simulations were performed on the second
tetrahedral intermediate during acylation (Figure 2a-b), which was
used to represent the TS for nitrogen inversion.2° The O-C-N-H
dihedral angle was not held fixed during the MD simulations in order
to sample both productive nitrogen inversions (Figure 1a, dihedrals
> 130°) and unproductive transition state structures (a threshold
value of 130° for the O-C-N-H dihedral was chosen as proteases have
been found to display corresponding angles that exceed 130° during
their facilitated inversion process)!®. Monitoring of all possible
bridging interactions between the scissile NH-group and explicit
water and protein was performed during 100 ns MD for the wild-type
enzyme (Figure S3a). From the MD simulations, that were run in
duplicates, it can be concluded that the active site of the esterase
enzyme is solvated (Table S1). Complex water clusters in the wild
type (Figure S3a) provided a hydrogen bond to the scissile NH-group
of the substrate in 9% of the analysed 40,000 snapshots (Table S2).
However, only a minority of the total snapshots (0.05%)
concomitantly displayed a hydrogen bonded water molecule and an
0O-C-N-H dihedral angle larger than 130°, which would correspond to
a productive TS for nitrogen inversion (Figure S4). Furthermore, for
the wild-type enzyme the water H-bond acceptor was typically
involved in water bridges involving three or four water molecules to
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enzyme acceptors at positions T40, D134, Q157, 1189 and A.. .
(Figure S3a). “Freezing” such large clusters of solvent molecules
the enzyme active site during TS formation is expected to k
associated with severe entropic penalties. Furthermore, these w
molecules were on average stabilised with only 2 hydrogen bond
(Table S1-S2) in contrast to 3.6 in bulk.3° Taken together, these facte
indicate a possible stabilisation of the TS for nitrogen inversion fc -
wild type through the formation of a key hydrogen bond to a water
molecule (Figure S2), which could explain the low promiscuot =
amidase activity displayed by the wild-type enzyme.

Next, duplicate MD-simulations of the 1189A variant were performed
to evaluate additional stabilisation of the key water acting s
hydrogen bond acceptor in the TS. It was found that the probability
of H-bond formation between the scissile NH-group and a wat r
molecule was very similar to that of the wild-type enzyme.
Interestingly, from the MD-simulations it was found that the ac. -
site contained one additional water molecule as compared to '
type (Table S1), presumably as a consequence of the additional cavity
formed. Moreover, profound differences in the water clusters that
bridged the reacting NH-group in the modelled TS with the prote™
were detected (Figure S3b). Importantly, the large clusters consisting
of 3-4 water molecules, and that were interacting with D134, Q1° /
and A281 in the wild type, were replaced in favour of a short water
bridge to the backbone at position 189 in the mutated enzyimr..
(Figure S3b), which would be in accordance with the QM resul »
(Figure S2c). The probability of forming such a short water bridge 1o
the backbone of 189 increased from 0.5% in the wild-type enzyme t ,
3.6% in the Ala variant (Table S3). Moreover, the altered wate.
patterns were associated with a significant shift in the O-C-N- 1
dihedral angle population towards higher values for the 1189A
variant, as compared to wild type (Figure S5). The 1189A varial ¢
displayed a relative probability increase of one order of magnitude
to display dihedral angles that would correspond to product®
transition state structures. Furthermore, the introduced mutatio.
increased the quality of the hydrogen bond network as each active
site water displayed slightly more hydrogen bonds on averag
compared to wild type (Table S1-52).

Taken together, the QM and MD results support a more exposed
backbone for the 1189A variant that is more prominent in stabilisir. >
a water-mediated key hydrogen bond via short water clusters, whic
would be less entropically disfavoured as opposed to freezing larger
networks of water. Furthermore, the QM calculations revealed th ¢
1189 constituted a “hotspot”, as it displayed a backbone carbonyi
that resided in proximity of the reacting amide bond and on  ne
opposite side compared to the catalytic Ser (Figure S. '
corresponding to the antiperiplanar spatial arrangement of th-
hydrogen bond acceptor found in amidases (Figure 1a).2° Henc:
additional functionalization/defunctionalisation at this key positio
would give insight into the role of water as potential building brick<
in enzyme design. For this purpose four additional variants wei »
designed and analysed both computationally and experimentall-
(Figure S3c, S6-S7, Table S4-S5). A shorter MD simulation (50 ns) ar.
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Figure 2. In silico design of a water cluster to achieve efficient TS stabilisation. A)
Snapshot of an MD-simulation of wild type. Typically, larger water clusters involving
three to four solvent molecules are necessary to link the substrate NH-group in the TS to
the enzyme through hydrogen bond formation. The p-nitrobutyranilide substrate is
shown in ball&stick and the key hydrogen bond is shown by the arrow. For the MD-
snapshots, the active site entrance (L278, A281 and 1285) is not shown for clarity. B)
Snapshot of an MD simulation of the I1189A variant. A productive and short water bridge
consisting of two water molecules between the TS structure and the deshielded
backbone is formed in accordance with the QM calculations (Figure S2).

the 1189V variant revealed a lower relative probability (0.1%) of
generating a short water bridge between the TS and the protein
compared to that of the wild-type enzyme (0.5%, Table S3, Figure
S3c). This would be in accordance with a protected backbone and
with the experimental observations that the 1189V variant displays
slightly lower amidase activity compared to that of wild type (Table
S4).13 Computational analysis of the 1189G variant (representing
maximal deshielding) unravelled the formation of a water bridge
consisting of a single water molecule (Figure S7a) with an associated
relative probability of 0.5%, which is close to the value displayed by
wild type for the formation of a cluster consisting of two waters.
Kinetic experiments confirmed that the 1189G variant displayed a 6-
fold higher absolute amidase activity compared to that of wild type
in accordance with a favourable lower entropic cost of freezing one
water molecule in the 1189G variant. Remarkably, the 1189G variant
displayed a shift in the amidase over esterase reaction specificity of
84-fold at 37 °C (Table S4-S5). Interestingly, the additional
functionalization displayed by the 1189S and 1189N variants was
associated with complex and highly-ordered transition state
structures for which larger water clusters bridged the introduced
side chain and TS, concomitantly with the formation of short clusters
to the deshielded backbone (Figure S6-S7). All analysed variants
displayed an experimentally determined promiscuous reaction rate
that was correlated to the probability to form a short water bridge
between the TS of inversion and the protein backbone (see
Supplementary note on water patterns in SI, and Figure S7 for
in TS). the
promiscuous rate displayed by 1189S (Table S4) stresses that cavity
formation did not facilitate nitrogen inversion per se. Visual

representative water patterns Moreover, low

inspection demonstrated that rotation around the C-N bond of the
substrate, to circumvent nitrogen inversion, was not feasible (Figure
S8). To shed fundamental insight into the energetic consequences of
a reconfigured water cluster, the absolute specificity (ket/Kwm) of wild

This journal is © The Royal Society of Chemistry 20xx
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type and the 1189A variant towards the hydrolysis of p-nitrophe:. .
butyrate (ester) and p-nitrobutyranilide (amide) was determined : .
different temperatures in both water and heavy water (Table 1). Tt
34-fold absolute rate enhancement for amide bond hydro’ s’
displayed by 1189A was associated with a six-fold drop in esteras »
activity as compared to that of wild type at 26 °C (Table 1). As an
ester oxygen has two lone pairs, there is no need for inversion durir 3
ester hydrolysis and hence no rate enhancement is expected upon
introducing hydrogen bonding acceptors in close vicinity of tt 2
substrate.!3:21 The overall effect of the point mutation was a 210-fola
increase in the relative amidase over esterase reaction specificity as
compared to that of wild type at 26 °C (Table 1).The striking chang.
specificity is not associated with
rearrangements as confirmed by circular dichroism (Figure S11 ar
Table S6). In H,0, the 34-fold accelerated amide bond hydrolysis rat
displayed by the 1189A variant (corresponding to Amut-wiid typeAGJk =
2.1 kcal*mol?) was associated with a large decrease of 3.3 kcal*

1 in activation enthalpy (Amut-wid ty,,eAH*), in accordance witn
stabilization of the TS for nitrogen inversion by enhanced hydrc -~
bond formation. Simultaneously there was a decrease in the
activation entropy (T * Amut-wiid ty,,eAS*) of 1.2 kcal*mol! disfavou~i~~
catalysis, which would be in accordance with “freezing” wat -
molecules in the transition state.3935 For ester hydrolysis, that
proceed without inversion29, the six-fold decrease in absolute activi /
displayed by the [1189A wvariant was associated with 2
disadvantageous change in the entropic state function (i.e. T * Apmu.-
wild t,,,,e.AS:c =-1.3 kcal*moll), in analogy to the value found for amic :
bond hydrolysis (i.e. -1.2 kcal*moll). In contrast, the activatic..
enthalpy displayed by the variant was essentially unchanged fc
ester hydrolysis (Table 1, bottom) in accordance with catalys..
without inversion and hydrogen bond stabilisation. These results ar .
aligned with the fixation of a small water cluster in the TS for bot.
ester and amide bond hydrolysis catalysed by the 1189A varian’.
Furthermore, the significantly lower activation enthalpy displayed b,
the 1189A variant in D,O compared to that of wild type is in
accordance with increased hydrogen bonding strength in he -
water (Table 1, See Supporting note on solvent isotope effects).36 The
5.3 kcal*mol lower activation entropy for 1189A compared to that
of the wild type in D,0 at 26 °C, is in accordance with the well-know
fact of the higher entropic costs of freezing a free D,O molecu’ .
compared to H,0.36

in reaction structur .

Water is fundamental for the chemistry of life.3 It is known th7
explicit water molecules play central roles in chemistry3” and !
biology by providing a driving force in ligand association343338, and
for specificity3® and activity?2313239, Herein, thermodynamic !
experimental data in concert with computer modelling suggests that
water constitute potential building blocks in enzyme design, s a
deshielded backbone accelerates catalysis through the formatior. *
a short water bridge between the productive TS and the protei-
backbone. The experimentally observed resulting change in absolut:
specificity of 34-fold displayed by CalB 1189A, is to the best of oi.-
knowledge the highest promiscuous amidase activity obtained this
far. The tailored water network that facilitates stabilisation of the " 3
for nitrogen inversion was associated with an entropic penalty of 1.2
kcal*mol, which is much less than the cost for freezing one watu r
molecule in a salt crystal.*® Furthermore, a linear enthalpy-entropy
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Table 1. Thermodynamic data given at 299 K for the hydrolysis of p-nitrophenyl butyrate and p-nitrobutyranilide derived from the linearization of the Eyring equation (figure S9).

Substrate Variant Solvent AH* T*AS*90k AG*s9k Keat/Kni299 k) Relative reaction
[kcal*mol?] [kcal*mol?] [kcal*mol?] [M1*s1] specificity
(Kcat/ Knamide /Keat/ Kiester)

i/\ CalB wt H.0 17.3 -2.45 19.8 0.022 1.0

OzNOu D:0 228 2.20 206 0.0054
CalB 1189A H.0 14.0 -3.66 17.7 0.75 210
D20 15.0 -3.08 18.1 0.36

)OV\ CalB wt 12.5 1.28 11.3 37000

OZNOO CalB 1189A H.0 12.3 -0.065 12.3 6100

compensation plot (Figure S10) indicates that the reconfigured water
network did not alter the reaction mechanism. Hence, using water as
biobricks could constitute a promising strategy when transition state
stabilisation is not easily attained by traditional enzyme engineering.
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