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Abstract

Cutinases are utilized in a variety of industries for the hydrolysis of a broad range of
substrates, such as cutin, polyesters, soluble esters, insoluble short- and long-chain
triglycerides. The novel cutinase from Trichoderma reesei (Tr) attracted much
attention for its two rare characteristics distinct from the classical cutinases: it
possesses a lid covering its active site and its optimal activity at acidic pH. However,
the structural basis on pH preference and the function of lid is still not well understood.
In this work, total of six initial systems were set up either at acidic or basic pH
conditions (closed-apo, open-apo and open-holo). Then, molecular dynamics (MD)
simulations were performed to make a better understanding of structural dynamics of
Tr cutinase under different pH conditions for the first time. The results mainly suggest
that it is easier to open for the lid at an acidic pH condition. In addition, the binding of
long-chain triglyceride is more stable at lower pH than higher pH. These findings
elucidate that how pH influences 7r cutinase at atomistic level. The structural and
dynamic details would be useful for rational enzyme design for acidic cutinase.

Introduction

Cutinase can hydrolyze a variety of substrates, such as cutin, polyesters, soluble esters,
insoluble short- and long-chain triglycerides. The wide application in products and
industrial processes of cutinases, including detergent and laundry industry, the textile
industry, the food industry and the oil and fat industry and so on, has particularly made
them attractive to intense research.'® Cutinases share the same core of the
o/B-hydrolase family, belonging to serine esterase.” The a/B-hydrolase fold contains
eight B-sheets with several a-helices on either side.® They have a classical catalytic
triad consisting of Ser, His and Asp, in which catalytic serine is not covered by an
amphiphilic lid structure,” this often be believed to be responsible for the absence of
interfacial activation. Lid converts from a closed to an open conformation at the
present of the water-oil interface in most of lipases, producing large hydrophobic
surfaces with relative portions of the active cavity, thus displaying strong affinity and

sharply increased activity towards lipids.””
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Recently, a novel cutinase from Trichoderma reesei (Tr cutinase) has been found and
its native and inhibitor-bound X-ray crystal structures have been obtained'’.
Interestingly, its two uncommon features also attracted our attention as mentioned
above: one is it possesses a lid covering the active site in its closed conformation,
similar to lipases. The other one is its optimum catalytic activity towards triglycerides
at acidic pH condition.'’ 7r cutinase was defined as a new member of lipolytic
enzymes exhibiting structural and kinetic properties of true lipases. Its optimum
activity on short- and long-chain triglycerides was tested at pH 6, and it was inactive to
short-chain triglyceride at pH 8, while the typical cutinase from Fusarium solani (Fs)
displays optimum activity at pH 8 using the same pH-stat device.'"” Most reported
cutinases show either non-existent or low activity at acidic pH. Nonetheless, it has
been reported that other cutinases being active to cutin at below pH 4 recent years.'' ™
In industrial processing of acidic and alkaline environments, such as the process of
acidic plant materials,' the findings of acidic cutinases can promote efficient
hydrolysis as biocatalysts and improve its industrial application."”” Therefore, the
structural details of 77 cutinase at atomistic level will be helpful for the modification of
enzyme.

In Tr cutinase, the lid is composed of helix al (Ser33-Lys43), helix a2 (Thr50-Gly70)
and a hinge loop between them at the N-terminus (Fig. 1). Conformational
rearrangements of the N-terminus (greater movement of helix al and slight rotation of
helix a2) result in opening of the active cavity. Due to the lid completely covers the
catalytic Ser164, activity would be possibly occur only when lid is open. In terms of
lipases, many studies have been conducted over the years, especially by computational

16,17

methods. For example, stuyding in the conformational changes, the mechanism of

opening and closing of the lid," the structural elements linked to the interfacial activity

19-21 .
These studies

and the roles of the lid region in different solvent environments.
show diversity of conformational changes of the lid region in lipases from different
sources. It is certain that there are great differences between the lid of 77 cutinase and
lipases (PDB ID: 1QGE* and 3OOD16) through comparing crystal structures (Fig. S1).

Considering the importance of the lid region, whose mobility and behavior control the
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access of substrates to the active site of enzyme. So in our work, we attempt to make a
more detailed understanding of the relationship between structure and function, and
more importantly, try to explain how mobility of lid region affects catalytic activity.

In the same way, human gastric lipases (HGL) and dog gastric lipases (DGL) with lid
are active under highly acidic surroundings.”** Tr cutinase may share some similarity
with them. Experimental results indicated that gastric lipase prefers to bind to the
oil-water interface at acidic pH condition.”” Besides, Selvan et al*® have conducted MD
simulation to understand acid stability and domain movements of gastric lipases at an
acidic pH and neutral conditions. They found the region with greatest fluctuations in
the lid during MD simulation. This region has been considered to important for
catalysis. The available information on lipases could shed light on our investigation.

In this work, based on the closed and open structures of 7 cutinase with and without a
substrate, we performed MD simulation to make it possible to explore what aspects of
protein structure, opening and mobility of the lid and substrates binding, are affected
by different pH conditions, and how these aspects link to catalytic properties. It is
indicated that pH affects the motion of the lid. Besides, the binding of long-chain
triglyceride to active cavity at acidic pH can stabilize the global conformation of the
enzyme-substrate complex. This study provides novel insight in understanding how pH
influences 7 cutinase at atomistic level. The structural and dynamic details will be

benefit for protein engineering for acidic cutinase.*”**

Materials and Methods

Structure preparation and molecular docking

The crystal structures of 7r cutinase in closed (PDB ID: 4PSD) and open (PDB ID:
4PSE) conformation were used as initial coordinates. The major ingredient of olive oil
called 1, 2, 3-trioleoylglycerol was used as the substrate molecule in this work. The
structure of 1, 2, 3-trioleoylglycerol was sketched by Accelrys Discovery Studio 2.5 %
and energy minimization was performed at the HF/6-31G* level of Gaussian09

program.3 * The topology and parameters for the 1, 2, 3-trioleoylglycerol was generated
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by the SwissParam server.”' The protonation states of ionizable residues at pH 6 and 8
were determined based on the pK, values predicted by H++ server,” respectively. To
construct a model for 7r cutinase with substrate bound, AutoDock Vina program® was
used to dock a 1, 2, 3-trioleoylglycerol into its open conformation structure. The
complex with the lowest binding free energy was selected as the initial structure for
simulation. All MD simulation systems were prepared with VMD 1.9.2,** including
generation of the topology and coordinate files for the 7+ cutinase in closed and open
form at two pH conditions. Finally, there were six systems built for MD simulations

study (Table. 1). The structures were visualized using PyMOL.*
MD simulation

MD simulations were conducted for each system of 7 cutinase using NAMD package
2.9% with CHARMM27 force field® for the protein. For explicit water simulations,
TIP3P model®® waters were used to solvate the systems in a periodic boundary cubic
box extending up to 15 A from the protein to boundary in each direction. The net
charge of the protein before adding counter-ions is -6e and -10e at acidic and basic pH,
respectivily. Sodium and chloride ions were added to make up a neutral solution of
0.15 M NaCl. For each system, energy minimization for 50000 time steps was carried
out with a harmonic force constraint of 20 kcal-mol™-A™ on the substrate and protein,
substrate and backbone atoms of protein and substrate and alpha carbon atoms of
protein, respectively. Then the temperature was gradually increased from 0 to 300 K
within 200 ps under the NV'T ensemble. The systems were relaxed within 2 ns from 20
to 0 kcal mol' A? under NPT ensemble condition. 38 ns MD production was
performed for each system, except that the simulation was extended to 48 ns for the
apo-open systems. For MD production, the temperature and pressure were kept
constant using a Langevin thermostat and a Langevin barostat,”’ respectivily. The
covalent bonds to hydrogen atoms were constrained using SHAKE algorithm*’ and the
long electrostatic interactions was calculated by Particle Mesh Ewald (PME) method.*!
The cut-off for van der waals interactions was set to 12 A. The time step was set to 2 fs.

The atom coordinates were saved every 10 ps for trajectory analysis with VMD
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package. The time evolution data was smoothed by in-house script with an averaging

interval of 100.
Results and discussion
pH influence the motion of the lid in closed state

In order to explore the structure and dynamics of this enzyme in the closed form at
different pH conditions, MD simulations at pH 6 and pH 8 were performed. The
structural stability of two systems was monitored by plotting the root-mean squared
deviation (RMSD) of the backbone atoms. Fig. S2A shows that two systems stabilize
after 25 ns and the RMSDs of protein are converged to 1.5 A and 2.0 A at pH 6 and pH
8, respectively. In addition, radius of gyrations (Rgs) (Fig. S2B) maintain stable during
20-40 ns, indicating the closed systems are well equilibrated. It is observed that some
differences exist at two pH conditions. The values of RMSD and Rg are higher at pH 6
than pH 8. This implies pH have an influence on conformational changes of 7 cutinase

in closed form.

Residues fluctuation in 77 cutinase during MD simulation in closed state is depicted in
Fig. 2. The root-mean-square fluctuation (RMSF) of helix al (Ser33-Lys43) shows
definite smaller conformational changes at pH 8 than the system at pH 6. Just as
representative conformations extracted from MD trajectories in Fig. 2, helix al (main
part of covering the active site) exhibits greater flexibility and sensitive response to the
acidic pH condition. To some extent, it is indicated that the lid may open more easily in
the environment of acidic pH condition, because the process of lid opening must be
accompanied by greater lid displacements. Lipases are known to remain in a closed
form in an aqueous environment.'®*® 7 cutinase with a lid structure controlling the
access to active site may be keep it in the same way. As shown in Fig. S2, lid region
maintained closed state in our simulation time scale for the closed structure in water.

Besides, by comparing the crystal structure of 7r cutinase in closed and open form, it is
observed that some tight interactions between lid and core structure must be destroyed

in the transition from closed to open state (Figures 1 and 3B), which mainly are the

Page 6 of 26



Page 7 of 26

Molecular BioSystems

hydrogen bond interactions between Ile51 and Asp223, and Asp49 and Ile225. So the
distances between them were calculated and plotted in Fig. 3A. It can be observed that
both of the distances always are at H-bonding distance during MD simulation at pH 6
and pH 8 conditions. This is mostly consistent with the crystal structure. It implies that
there are other important factors would destroy the strong interactions, such as the
binding of the enzyme to a hydrophobic interface or the binding of substrate just like in
the lipases.'® Even so, some differences have also shown at two pH conditions, the
distances are smaller at pH 8 than the system at pH 6. Rg profiles mentioned above for
closed state at different pH conditions indicate a more compact structure at pH 8. In
summary, we can conclude that the opening of the lid can’t be observed in aqueous
environment under the time scale simulated in this study. pH condition is one of the
factors in regulating the opening process of the lid in 7 cutinase. More concretely, lid
is more favorable to open at the acidic pH condition. As for the structural or
environmental factors triggered the lid opening, the mechanism of this process would

be explored in the further study.

The influence of pH condition on conformational stability of enzyme-substrate

complex
Flexibility of the 7Tr cutinase structure

The structure of Fs cutinase co-crystallized with a short-chain triglyceride analogue (as
an inhibitor) has been first studied by Longhi et al.** To our knowledge, there is no
reported substrate co-crystallized structure of cutinases and little information is
available about the structural dynamics of enzyme-substrate complex until now. For
novel 7r cutinase with significant features, in order to understand the relationship
between structure and pH-dependent catalytic activity, the current work is conducted.
The results provide insights into global and local conformational changes through
analyzing MD simulation trajectories.

RMSD and Rg of backbone atoms (Fig. S3) were calculated to check the stability of
the open systems. It can be seen from Fig. S3 that apo and holo systems reach

equilibrium after 5 ns and 20 ns, respectively. Rgs maintain stable during 20-40 ns,
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demonstrating a good convergence for open systems.

The RMSFs of the trajectories of open conformation relative to the native structure
were calculated. It can be seen from Fig. 4A that there is little difference in apo state
between pH 6 and pH 8. While the kolo state (Fig. 4B) at pH 8 is more flexible than
the system at pH 6 with an average value of 1.81 A and 1.18 A, respectively. The main
flexible regions were identified in all of systems, which are the lid region
(Asp30-Gly70) and region Cys212-Tyr232. The location of them in protein structure is
shown in Fig. SA. The latter is corresponding to the loop Cys171-Tyr191 in Fs cutinase,
which is one of the substrate binding sites. The other two substrate binding sites are the
region Arg88-Glyl01 and Vall22-Asnl38 in 7r cutinase (Fig. 1) corresponding to
Arg40-Gly52 and Val73-Ser91 respectively in Fs cutinase.’ In early reviews about Fs
cutinase, there were some statements that a “breath-like” movement in the mini-flap
appears to exist in cutinase, which could be relative to substrate specificity.” ** The
movement involves the size of entrance of the active site, which is consisted of a small
flap (residues Leu81-Ala85) and a binding loop (residues Cys178-Alal86) (Fig. S4).8
In present systems, flexible helix a2 located above the latter two binding sites and
region Cys212-Leu232 partially hinder the entrance of cavity, which is corresponding

to this movement. They exhibit difference at two pH conditions as described latter.
Mobility of the lid region

Considering the lid structure is unique to 7r cutinase among classical cutinases of the
same family. It covers the active site like true lipases, but the secondary structure
elements and the position of the lid are different with the lipases. The role of this

region in lipase is studied by Secundo et al,*’

it is proposed that the mobile lid plays an
important role in regulating enzyme activity and substrate specificity etc. Therefore, it
is necessary to focus on the mobility of the lid region in open form in aqueous solvent
at different pH conditions. The apo state is used as a control, the lid in the holo state
exhibits smaller conformational changes at acidic pH with lower RMSD values (Fig.

6B), while it undergoes great conformational changes at a basic pH. The great

conformational changes are mainly attributed to the flexibility of helix al in the lid
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(Fig. 4B). In order to get easy observation of the lid mobility during MD simulation at
the different pH conditions, the snapshots from each trajectory in open systems were
extracted and displayed (Fig. 5). It is indicated that the helix al has the trend of being
away from the core in some trajectories. The distance of Co atom between residue
Asn35 (in helix al) and Asp223 (in the core region) was calculated and depicted in Fig.
7A and B, which can reflect the motion of the helix al. As shown in Fig. 7A and B, the
distance in the holo systems at pH 6 almost remains at 8 A, it is close to the crystal
structure, while it increases markedly, exceeding to 12 A at pH 8. The H-bond between
Asn35 and Asp223 H-bond exists in crystal structure of 7r cutinase. It is therefore
possible to infer that it is a vital element to stabilize the helix al. As expected, this
H-bond takes about 90% occupation during the last 20 ns of simulation time at pH 6,
while takes near zero at pH 8.

Tr cutinase prefers to bind the substrate at an acidic pH condition

Comparing the RMSD and Rg (Fig. S3) of simulations of the four systems respectively,
both of the RMSD and Rg have lower values at pH 6 than the case of pH 8 in the kolo
and apo systems, especially the average of RMSD is near 1.0 A in the 7r cutinase with
substrate-bound at pH 6, which is the pH condition with optimum activity.

Helix al and o2 together with region Cys212-Leu232 are responsible for the integrity
of the active cavity. We previously mentioned that there is a clear trend of narrowing
down of entrance of the active cavity. A detailed description of this finding is worth
investigating further because size of the entrance is a key element for function of
enzyme in general.46 How the relative motion between the helix a2 and region
Cys212-Leu232 represented the core over the equilibrium trajectories at different pH
conditions changes? To elucidate this, the time evolution of distance is plotted in Fig.
7C and D. The distance between residue Ala54 and Ile224 can reflect the opening level
of the active pocket entrance as displayed in Fig. 7E. In both of the apo and holo
systems at pH 8, the relative distances are smaller than those at pH 6, especially the
difference is apparent in the holo state. It means that helix 02 and region

Cys212-Leu232 occur close to each other at pH 8§, resulting in a more narrow active
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pocket entrance than the systems at pH 6. Besides, the other finding that helix al
would be away from the core as mentioned previously is also worthy of our attention.
The solvent accessible surface area (SASA) of active cavity was calculated for the

common residues within 5 A from substrate of the initial equilibrium structure in holo

state at the two pH conditions, using VMD and a standard probe radius of 1.4 A. In Fig.

8, the active cavity in holo system at pH 8 has an obvious larger SASA than that at pH
6, the majority of which is more than 3600 A” with higher relative frequency. This
cause disruption of integrity of the cavity and greater exposure to solvent for the active
site at pH 8, which are not benefit to keep the substrate bound to the pocket. In
summary, smaller conformational changes occur at pH 6 upon long-chain triglyceride
bound to the cavity. It suggests that 7» cutinase prefers to bind the substrate at the
acidic pH condition. This may explain that a heightened catalytic activity for

long-chain triglycerides.
Conclusion

In the present study, the analysis of closed systems in 77 cutinase suggests the motion
of the lid is affected by the surrounding pH conditions, especially the lower pH is the
condition that lid tends to open easily. We constructed enzyme-substrate complex
structure of 7r cutinase, through comparative analysis of two open-holo systems,
conformational stability of enzyme-substrate complex is also influenced by pH. At
acidic pH, the holo system undergoes smaller conformational changes, indicating that
Tr cutinase prefers to bind substrates at acidic pH condition. The results obtained in
MD simulations can explain that the optimal activity exhibited in 7r cutinase at acidic
pH towards triglycerides. The key interactions that maintain the closed form were
identified, such as hydrogen bond interactions between Ile51 and Asp223, and Asp49
and Ile225. In addtion, the relative motion between the helix 02 and region
Cys212-Leu232 were proposed to reflect the opening level of the active pocket
entrance, which would be key structural element for the enzyme activity. This study
provided novel insight to understand the relationship between structure and function

under different pH conditions of cutinase, which would be useful for rational enzyme
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design for acidic cutinase.
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Supporting Information

Fig. S1 Structure comparison of crystal structures of 7r cutinase and two lipases in
closed form. The lid of 7r cutinase (PDB ID: 4PSD) and lipases ( PDB ID: 1QGE and

300D) are colored red, cyan and purpleblue, respectivily.

Fig. S2 RMSD and Rg plots of backbone atoms of protein for closed form. (A) RMSD
plots at pH 6 (blue line) and pHS (red line); (B) Rg plots at pH 6 (blue line) and pHS
(red line).

Fig. S3 RMSD plots of backbone atoms of protein and Rg plots of backbone atoms of
core protein with the exception of the lid for open form. RMSD plots for apo state (A)
and holo state (B), at pH 6 (blue line) and pH8 (red line); Rg plots for apo state (C) and
holo state (D), at pH 6 (blue line) and pH 8 (red line), respectively.

Fig. S4 Structure comparison of crystal structures of 7r and Fs cutinases in dark and
light grey, respectively. The catalytic Ser164 is shown in stick representation. Region
Cys212-Tyr232 and helix a2 in 7 cutinase are colored hotpink and magenta. Region
Cys178-Alal86 and Leu81-Ala85 in Fs cutinase are colored greencyan and green,

respectively.
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Table 1. Summary of the six simulation systems

. water total .
systems starting structure time
molecules atoms
close-pH6 . 10622 35157 40 ns
clisepiay Sy e (DI Dy A0 10617 35142 40 ns
apo-pH6 i ) 12573 40973 50 ns
apo-pHS X-ray structure (PDB ID: 4PSE) 12570 40964 50 ns
holo-pH6  Docked 1,2,3-trioleoylglycerol into 13081 42668 40 ns
holo-pH8 4PSE 13075 42650 40 ns
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Figure Captions

Fig. 1 Initial structures of 7r cutinase in MD simulation: closed and open conformation
are presented by dark and light shading, respectively. Helix al and o2 connected by a
loop (consist of lid) are colored red and blue; regions Cys212-Tyr232, Arg88-Gly101,
and Val122-Asn138 are colored pink, cyan and purple, respectively. The active site is

colored yellow.

Fig. 2 RMSF of heavy atoms of closed system at pH 6 (black) and pH 8 (red). Two
representative snapshots of lid region extracted from trajectories at pH 6 (left) and pH

8 (right) are showed in cartoon models.

Fig. 3 (A) The relative distribution of two distances from the lid to the core in closed
systems at pH 6 (solid lines) and pH 8 (dash-dotted lines). (B) Cartoon representation

of the two distances in crystal structure.

Fig. 4 RMSFs of heavy atoms of open systems. (A) apo state at pH 6 (blue) and pH 8
(red); (B) holo state at pH 6 (blue) and pH 8 (red).

Fig. 5 Snapshots of 7 cutinase structures in open systems. The color is coded by the
rmsf, with blue being the lowest fluctuations to white to red being the highest
fluctuations. apo state at pH 6 (A) and pH 8 (B); holo state at pH 6 (C) and pH 8 (D).

Fig. 6 RMSDs of backbone atoms of lid region (residues 30-70) in open systems
during MD simulation. (A) apo state at pH 6 (blue) and pH8 (red); (B) holo state at pH
6 (blue) and pH 8 (red).

Fig. 7 The relative distribution of distances in open systems. One reflects the trend of
helix al being away from the core: (A) apo state at pH 6 (solid line), (B) apo state at
pH 8 (dash-dotted line); the other one represents the opening level of entrance of the
active cavity: (C) apo state at pH 6 (solid line), (D) holo state at pH 8 (dash-dotted

line).

Fig. 8 The SASAs distribution of residues within 5 A from substrate of the initial

equilibrium structure. (A) and (B) apo and holo state at pH 6 (solid line) and pH 8



Molecular BioSystems Page 18 of 26

(dash-dotted line), respectively.



Molecular BioSystems

Page 19 of 26

Fig. 1



Molecular BioSystems

close-pH6.0 close-pH8.0

’:;M f ) A“Jf f w
R YR
sn‘s \ ¥

1 1
30 60 90 120 150 180 210 240
Residue Number

Fig. 2

Page 20 of 26



Page 21 of 26 Molecular BioSystems

A 05 B
— pH6_Asp223-lle51
041 —--— pH8_ Asp223-lle51
03}
& 02}
C
S
3 01f
o
L
L o6
= —pH6_lle225-Asp49
o 99 —--—pH8_lle225-Asp49 Asp49
14 \
04 lle51
03| . a5 * lle225
02f %:Q
0.1+
24 238 3.2 36
Distance

Fig. 3



>

RMSF (A)

@

Molecular BioSystems

10
apo-pH6
8 ——— apo-pH8
6
4
2
) 1 | | ) 1 1
10
a1(Ser33-Lys43) = holo-pH6
8 = holo-pH8
6
G\“10\
4 : Cys212-Tyr232
2

30

120 150 1
MD simulation time (ns)

Fig. 4

80

210 240

Page 22 of 26



Molecular BioSystems

Page 23 of 26

Fig.5



>

36

27

RMSD (A)

@

36

27

RMSD (A)

Molecular BioSystems

apo-pH6
——— apo-pH8

L 1 1 L L i

holo-pH6
= holo-pH8

5 10 15 20 25 30
MD simulation time (ns)

Fig. 6

35

40

Page 24 of 26



Page 25 of 26

>

Relative Frequency

Relative Frequency ()

04

03

0.2

0.1

04

0.3

0.2

0.1

Molecular BioSystems

= apo_pH6_Asp223-Asn35
—--= apo_pH8_Asp223-Asn35

—— holo_pH6_Asp223-Asn35
—--= holo_pH8_Asp223-Asn35

~— apo_pH6_lle224-Ala54
—--= apo_pH8_lle224-Ala54

——— holo_pH6_lle224-Ala54
—--= holo_pH8_lle224-Ala54

Distance

Distance

Fig. 7

17




Molecular BioSystems

Ao3
- 7S, = apo-pH6
2 —--= apo-pH8
)
3021
o
[
o
S04}
K
[}
4
L -
3000 3200 3400 3600
Bos
- holo-pH6
% —--= holo-pH8
202t 7 Ay
o . Vs
I P N
[ ud .
2041} & N
© . ~
© ¥ N
14 o B
e 1 1 =
3400 3600 3800 4000

Solvent Accessible Surface (A squared)

Fig .8

Page 26 of 26



