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ABSTRACT Interfacial activation of Rhizomucor miehei lipase is accompanied by a hinge-type motion of a single helix
(residues 83-94) that acts as a lid over the active site. Activation of the enzyme involves the displacement of the lid to expose
the active site, suggesting that the dynamics of the lid could be of mechanistic and kinetic importance. To investigate possible
activation pathways and to elucidate the effect of a hydrophobic environment (as would be provided by a lipid membrane)
on the lid opening, we have applied molecular dynamics and Brownian dynamics techniques. Our results indicate that the
lipase activation is enhanced in a hydrophobic environment. In nonpolar low-dielectric surroundings, the lid opens in
approximately 100 ns in the BD simulations. In polar high-dielectric (aqueous) surroundings, the lid does not always open up
in simulations of up to 900 ns duration, but it does exhibit some gating motion, suggesting that the enzyme molecule may exist
in a partially active form before the catalytic reaction. The activation is controlled by the charged residues ARG86 and ASP91.
In the inactive conformation, ASP91 experiences repulsive forces and pushes the lid toward the open conformation. Upon
activation ARG86 approaches ASP61, and in the active conformation, these residues form a salt bridge that stabilizes the
open conformation.

INTRODUCTION

Lipases have been used as models for studying the regula-
tion of interfacial enzyme-catalyzed reactions for many
years. Considerable insight has been obtained from the
crystal structures of several lipases (Derewenda et al., 1994;
Brzozowski et al., 1991), including the inactive and active
forms of the lipase-inhibitor complexes. The crystal struc-
tures indicate that the conformational changes during acti-
vation are rigid body hinge-type motions of single or mul-
tiple helices (Derewenda et al., 1994) (see Fig. 1). Here we
restrict our discussion to a particular lipase, the Rhizomucor
miehei lipase (Rml). Like many lipases, it has a catalytic
center with a chymotrypsin-like triad [SER... HIS ...
ASP], which is shielded from the solvent by a helical loop,
which is referred to in the literature as a "lid." During
activation, the lid is displaced to allow access of the sub-
strate to the active site. From the crystal structures, it is
evident not only that the backbone of the central part of the
lid moves by more than 7 A, but also that the hydrophobic
surface increases by approximately 750 A2 (U. Derewenda
et al., 1992), which agrees well with the general observation
that, in an aqueous solution, the lipase activity is increased
in the presence of a lipid interface (Verger et al., 1984;
Pieroni et al., 1990). The overall catalytic process involves
adsorption of the enzyme from the bulk aqueous phase onto
the lipid surface and catalysis at the interface (Derewenda et
al., 1994; Brockman, 1984).
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Many mechanisms have been proposed to explain the
activation of lipases at a lipid-water interface, including an
increase in substrate concentration at the interface, better
orientation of the scissile ester bond, reduction in the water
shell around the ester molecules in water, and a conforma-
tional change in the enzyme. Theoretical treatments of the
catalytic process are based either on a surface-mediated
mechanism (Derewenda et al., 1994; Thuren, 1988) ("sub-
strate theory"), which suggests that the preexisting surface
structure and/or different meso and crystalline phases of the
lipid substrate may have considerable influence on the be-
havior of lipolytic enzymes, or on the conformational
changes in the enzyme upon adsorption onto the interface
("enzyme theory") (Muderhwa and Brockman, 1992).
These models are merely conceptual extremes and are not
mutually exclusive. Our previous studies focused on study-
ing the phases and interfacial properties of the lipid sub-
strate (Peters et al., 1993, 1994, 1995a,b). Here, however,
we will focus on aspects involving the enzyme.

Although progress has been achieved in our understand-
ing of the relationship between different lipases, largely
because of x-ray studies (Derewenda et al., 1994), there is
still a gap in correlating the enzyme activity to the interfa-
cial properties of the lipid substrate. X-ray diffraction data
provide important but predominantly static information
about lipase structures. In solution, the motion of the en-
zyme may be complex, and in particular, as the enzyme
approaches the substrate, lipid-enzyme interactions may
play an important role in the activation process. It is exactly
this intermediate region of the activation pathway which, at
the present time, cannot be probed by experiment, but about
which computer simulations might provide essential infor-
mation. The motion of flexible loops in enzymes is of
considerable interest (Wade et al., 1993; Kempner, 1993;
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FIGURE 1 The Ca trace of Rhizomucor miehei lipase. The light grey

regions show the conformations of the active site lid in the closed, ligand
free (lower) and open (inhibitor-bound) (upper) crystal structures of Rml.
The cylinders represent the helix in the active site lid.

Philippopoulos et al., 1995; Falzone et al., 1994; Williams
and McDermott, 1995), because these structural changes
may control biochemical activity. Thus, to establish a link
between substrate properties and the lipase reaction, it is
important to examine the dynamic motion of the lid over the
active sites upon substrate binding.
We have applied two different simulation methods to

probe different time scales. Molecular dynamics (MD) ap-

plied on the time scale of picoseconds and Brownian dy-
namics (BD) approaching the order of microseconds were

used to study conformational changes during the activation
of the enzyme. In the MD simulations, the lid stability was
investigated by opening and closing the lid in small steps by
applying restraining potentials on the pseudotorsional an-

gles between Ca carbons in small steps. The maximum and
minimum values of the pseudotorsional angles were deter-
mined from the x-ray crystal structures of the active (open)
and inactive (closed) forms of Rml. Similar approaches
have been used to study the bending mode of lysozyme
(McCammon et al., 1976; Bruccoleri et al., 1986) and
lipases (Norin et al., 1993). Previous studies of R. miehei
lipase (Norin et al., 1993) involved either molecular me-

chanics minimization without MD or a combination of MD
and minimization with a distance-dependent dielectric con-

stant. In the present study we have extended the previous
investigation, first to explore the effects of different dielec-
tric models (constant and distance-dependent dielectric con-

stant) on the restrained opening of the lid. Dielectric con-

stant values of E = 4, 8, and 12 were used in the MD
simulations, and values ranging from 4 to 80 were used in
the BD simulations. The relatively low values were chosen

because it is expected that the mobility of the water is
greatly reduced in the vicinity of the lipid interface, and
hence, the partially fixed water dipoles near the interface
lead to a reduced dielectric constant of water in this region.
The effective dielectric constant of water is estimated to be
E 5 in the vicinity of methyl ester monolayers (Vogel and
Mobius, 1988); E = 6-8 near polar monolayer headgroups
(Demchak and Fort, 1974), E = 14-21 near zeolite surfaces
(Foster and Resing, 1976); and E = 36-41 near micelle
interfaces (Mukerjee et al., 1977).

Second, we have carried out BD simulations to study the
dynamics of the helical loop, and in particular, to address
the following: 1) What is the time scale for opening of the
lid? 2) Does the loop act as a gate opening and closing over
the active site in hydrophilic or hydrophobic environments?
and 3) Does the loop (partially) unfold during activation of
the enzyme? In a recent study (Norin et al., 1994), the
structural properties of Rml in water and nonpolar solvent
(methyl hexanoate) were investigated. Although partial
opening of the lid was only observed in nonpolar solvent,
these simulations were only performed on a short time scale
(200 ps). Motions of peptide loops occur on time scales of
10-9 to 10-l s (Wade et al., 1993; Kempner, 1993; Philip-
popoulos et al., 1995; Falzone et al., 1994; Williams and
McDermott, 1995), which, at the present time, are not
accessible with standardMD techniques, when the protein is
modeled in full atomic detail. We have therefore utilized a
BD technique, which has been used for studying the motion
of a loop over the active site of triose phosphate isomerase
(Wade et al., 1993, 1994), in which the amino acid residues
in the loop are represented by suitably parameterized
spheres undergoing diffusive motion and the remaining part
of the protein is held fixed.
Our presentation is organized as follows. In the next

section, the potential model and simulation details are de-
scribed. We then present our results and finally, the main
findings of our investigation are summarized.

MODEL AND SIMULATION DETAILS

The conformational change occurring during the activation
of Rml was simulated by MD and BD. An essential con-
sideration is the influence of the lipid substrate on the
activation pathway and dynamics. To elucidate the effect of
a hydrophobic environment, we approximated the lipid sub-
strate by a simple continuum medium surrounding the en-
zyme and examined the effect of variation of its properties
on the motions of the active site lid.

Molecular dynamics

High-resolution crystal structures of the native Rml re-
solved to 1.9 A (Z. Derewenda et al., 1992), and those of a
lipase inhibitor complex resolved to 2.6 A (Brzozowski et
al., 1991) were used as models for the inactive and active
structures, respectively. Both structures were obtained from
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the Protein Data Bank at Brookhaven (Bernstein et al.,
1977). The entry codes are 3tgl and 4tgl for the inactive and
active lipases, respectively. The structures reveal that the
conformational change observed during activation is re-
stricted to 23 residues of the total of 269 and can be
described as hinge bending of the helical loop covering the
active site.

Polar hydrogen atom coordinates were generated, and
simulations were carried out using the CHARMm polar
atom force field (Molecular Simulations, 1992). All of the
atoms that define the lid region (residues 76-98) and all
atoms in the side chains of all of the residues within a
distance of 6 A from any atom in residues 76-98 in the
initial structures of the active and inactive lipases were
allowed to move. In the MD simulations, the conforma-
tional change was simulated by restraining the Ca
pseudotorsional angles with a harmonic function with a
force constant of 1000 kcal/mol/rad2 to move the lid be-
tween the inactive and active forms of Rml in 20 steps. To
determine the pseudotorsional angles of the inactive and
active forms, each structure was optimized by applying 200
steps of steepest-descent energy minimization followed by
600 steps of conjugate gradient energy minimization. In the
simulations, two different minimization schemes were used
to test the sensitivity of the methodology. In the first ap-
proach (hereafter called Ml), the pseudotorsional con-
straints were released before performing energy minimiza-
tion, and only the active atoms defined above were
minimized. In the second approach (hereafter called M2),
the backbone atoms of those side chains that were part of
the dynamic region were also included in the minimization.
Throughout the simulations, a time step of 1 fs was used.
The nonbonded pair list was updated every 10 fs, and the
potential was truncated at 15 A. The SHAKE algorithm
(Ryckaert et al., 1977) was applied to constrain the bond
lengths to their equilibrium positions, and the equations of
motion were solved using the Verlet algorithm (Allen and
Tildesley, 1989). The simulation was started from the min-
imized inactive closed structure of Rml, which initially was
slowly annealed by increasing the temperature by 5°C every
50 time steps up to a temperature of 300 K. This period was
followed by an additional equilibration phase of 3 ps. The
annealed and equilibrated structure was used as the starting
conformation for the next simulation, in which a new set of
pseudotorsional angles was applied to enforce the opening
of the lid. Energies were sampled every 0.05 ps over a
simulation period of 5 ps. This scheme was used sequen-
tially for all sets of pseudotorsional angles, leading, at the
20th step, to the active lipase structure. The calculations
were performed both in the forward (opening) and back-
ward (closing) directions. After each run, the structure was
minimized, using 200 steps of steepest-descent energy min-
imization followed by 600 steps of conjugate gradient en-
ergy minimization. Several simulations were carried out,
using different values for the dielectric constant, which was
either taken to be a constant (CDIE; E = Ec) or a distance-

approximate solvent screening term in which the electro-
static interaction between two charges experiences greater
attenuation as they are separated.

Brownian dynamics

The crystal structure of the inactive form of Rml (3tgl) was
used for the BD simulations. Polar hydrogen atoms were
added to the crystal structure using the CHARMm program
in the QUANTA software package (Molecular Simulations,
1992). All titratable residues were assumed to adopt their
usual protonation state at neutral pH, and the tautomeric
state of histidine residues was assigned by graphical anal-
ysis of their hydrogen bond geometries. The positions of the
added hydrogen atoms were optimized while keeping the
other atoms fixed by means of energy minimization (100
steps steepest descent), brief (0.3 ps) heating to 300 K with
molecular dynamics, and further energy minimization (200
steps steepest descent).
The electrostatic potential of the protein was calculated

by solving the finite-difference linearized Poisson-Boltz-
mann equation using the incomplete Choleski conjugate
gradient method (Davis et al., 1990; Davis and McCammon,
1989, 1991; Northrup et al., 1982, 1984; McCammon and
Northrup, 1981) at a range of solvent dielectric constants.
The protein dielectric constant was set to 2. The atoms of
the protein were assigned point charges and radii (equal to
2(- 5/6)o.; this makes the model of the solute consistent with
the spherical probe model of a water molecule used to
define the solvent-accessible surface; Lee and Richards,
1971) from the optimized potentials for liquid simulations
(Jorgensen and Tirado-Rives, 1988) parameter set. The radii
of hydrogen atoms were set to zero, and the molecular
surface was calculated with a probe of radius 1 A (Lee and
Richards, 1971; Janin, 1979; Richmond and Richards, 1978;
Chothia, 1976). This probe radius, when used with the
above solute atom radii, gives a description of the solvent-
accessible surface that is consistent with observations of
water molecules in protein cavities (Wierenga et al., 1991,
1992). The relative dielectric constant was "smoothed" at
the molecular surface, so that it changed gradually between
the protein and solvent values (Davis and McCammon,
1991). The protein was assumed to be surrounded by aque-

ous solution of 0.1 M ionic strength with the ion density
having a Boltzmann distribution at 300 K and excluded
from a 2-A-thick Stern layer on the protein surface.
The potential was first calculated on a 65 x 65 X 65 grid

with a 2.5-A spacing centered on the protein, using bound-
ary conditions at the edges of the grid for which each atom
is considered as a Debye Huckel sphere. A second "fo-
cused" potential was then calculated using a 65 x 65 x 65
grid with a 1.0-A spacing and boundary conditions assigned
from the first potential. This potential was used to calculate
the electrostatic forces during the BD simulations. For the
BD simulations, the electrostatic potential was calculated

dependent (RDIE; E = Ecr) quantity. E = Ecr acts as an
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mobile lid residues were omitted. During the simulation, the
lid residues moved in the electrostatic field of the fixed
atoms of the protein.
The peptide "lid" was modeled as a linear chain of

spheres in which each residue was represented by a single
appropriately parameterized sphere initially centered on its
Co3 atom. The chain consisted of 18 residues (80-97), the
central 12 residues (83-94) of which were allowed to move.
The three residues at each end were held fixed but contrib-
uted to the forces on the mobile residues. The spheres were
linked by pseudobonds, the lengths of which were main-
tained by geometric constraints (Luty et al., 1993). All of
the spheres were assigned identical hydrodynamic radii of
3.15 A. Hydrodynamic interactions between the loop resi-
dues were neglected. A central point charge was assigned to
each residue corresponding to its overall charge.
The motion of each residue was determined by forces due

to the other residues and due to the fixed atoms in the
protein. The forces due to other mobile residues were cal-
culated according to a modified (Wade et al., 1993; Mc-
Cammon et al., 1980) version of the model of Levitt and
Warshel (Levitt and Warshel, 1975; Levitt, 1976). They
consisted of angle and torsional forces to model the peptide
geometry, a helix stabilization force, an excluded volume
force to prevent van der Waals overlaps, a solvent interac-
tion force to model the propensity of different residues to
associate in water, and electrostatic forces.
The force field was as used previously (Wade et al.,

1993) except for the following modifications:
* Residue-specific parameters were used for the ex-

cluded volume and solvent interaction terms. Parameters for
the excluded volume term were from set B in table 4 of
Levitt and Warshel (1975), and parameters for the solvent
interaction term were from table 3 of Levitt and Warshel
(1975).

* Solvent interaction terms were calculated between mo-
bile residues and fixed atoms of the protein.

* A helix stabilization term was calculated according to
the method of McCammon et al. (1980). The residues for
which this term may be calculated were defined, for this
lipase, as residues 84-92. The helix stabilization term was
a function of the dihedral angles between subunits and was
only calculated for dihedral angles in the range 25-55°C;
otherwise it was set to zero. The stabilization energy was
smaller for the terminal residues (up to 1.4 kcal/mol) than
for the interior residues (up to 6 kcal/mol). The stabilization
energies were chosen to approximately reproduce the ex-
perimental Zimm-Bragg s parameter for valine describing
its helix-forming propensity (McCammon et al., 1980).
Simulations were done with two helix definitions. In the
first (hereafter called cran for constant range), the length of
the helix and the positions of its terminii were constant.
According to this definition, the helix could unwind, result-
ing in zero stabilization energy, but the same residues were
always defined as terminal ones. For the second helix def-
inition (hereafter referred to as vran for variable range), the

could vary according to the values of the dihedral angles.
The helix could also break into more than one helix, each
with its own terminal residues.
Each mobile residue was subjected to electrostatic and

solvent interaction forces from the fixed atoms of the pro-

tein. Penetration of the mobile residues into the volume of
the fixed atoms in the protein was prevented by making
corrections at each step. The excluded volume of the fixed
atoms was defined by the surface of a 2-A-radius sphere
rolled over the fixed atoms assigned standard OPLS radii (a
and nonzero hydrogen radii). If, when moved, a residue
would fall within the excluded volume of the fixed atoms,
that residue was returned to its original position and the
pseudobonds in the moving loop were reconstrained. Over-
laps between the moving residues and the fixed atoms were

checked again, and if present, the correction procedure was

repeated. This was continued until there were no unfavor-
able close contacts between the moving residues and the
fixed atoms or until five cycles of movements and recon-

straints had been performed. In the latter case, the new

positions of the residues that satisfied the excluded volume
criteria were used regardless of whether the bond con-

straints were satisfied. The solvent interaction term was

calculated from the distance of the C9 atom of each fixed
residue, using residue-specific parameters.
The motion of the lid was modeled with parameters set to

simulate surroundings varying from aqueous polar to non-

polar. Aqueous solution was modeled with a high dielectric
constant and the solvent interaction term. Nonpolar sur-

roundings were modeled by using a low dielectric constant
and not calculating the solvent interaction term. The solvent
interaction term is parameterized to model the probability of
bringing two residues together in aqueous solution. There-
fore, a simple model of this probability in nonpolar solution
is achieved by removing it. Trajectories were generated
using the Ermak-McCammon equation (Ermak and Mc-
Cammon, 1978). The protein was assigned a radius of 29 A,

and a time step of 0.01 ps was used. All electrostatic and BD
calculations were performed with a modified version of the
UHBD program, version 4.1 (Davis et al., 1990; Madura et
al., 1995) on Silicon Graphics workstations.

RESULTS AND DISCUSSION

Molecular dynamics

Constrained MD simulations were performed using a con-

stant (CDIE) or a distance-dependent (RDIE) dielectric con-

stant. Conformational changes were simulated by adding a

pseudotorsional potential to the force field, which enforces
the movement of the lid between the inactive and active
structures. Fig. 1 displays the inactive and active conforma-
tions of the Rml. The lid region is indicated by the light grey
color, where the cylinders represent the helical lids of the
inactive form (lower position) and the active form (upper
position). The reliability of this method can be tested by

length of the helix and the identities of the terminal residues
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reversible, i.e., in terms of energy and structural root-mean-
square displacement (rmsd) the differences between simu-
lated and crystal structures should be small. A typical ex-
ample is shown in Fig. 2 for E = 8 using CDIE and RDIE.
In the simulations using CDIE, two different minimization
schemes were used to test the sensitivity of the methodol-
ogy. The results are displayed in Fig. 3, where the mean
energy differences, Eactive -Einactiveg are plotted as a func-
tion of dielectric constant. Eactive and Einactive refer to the
total energy (i.e., potential energy) of the active and inactive
forms, respectively. Einactive is an average value calculated
from the energies determined before restrained opening and
after restrained opening and closing. For E = 8, we observe
that the two schemes (CDIE and RDIE) yield similar results.
Larger deviations are found for lower dielectric constants.
No reliable data were obtained for e = 2, because in this low
dielectric constant medium, ARG86 and ASP91 form a salt
bridge, which causes a large displacement of ARG86 from
its position in the inactive crystal structure. The calculated
energy difference between the inactive and active structures

5 10
opening steps

15

10
opening steps

FIGURE 2 Total energy difference, E - Einactive, between simulated
structures and the inactive Rml structure calculated during the MD simu-
lations of a restrained change in the lid conformation. Results are shown for
model (M2) using (a) CDIE = e = 8 and (b) RDIE = e-,y = 8 Zy. Lines
correspond to opening ( ) and closing (---).

7 9
Dielectric constant

13

FIGURE 3 The mean energy difference between the active and the
inactive Rml structures as a function of dielectric constant. 0, CDIE with
minimization scheme MI; *, CDIE with minimization scheme M2; A,
RDIE with minimization scheme M2. For both dielectric treatments the
open form is more stable. Error bars (half shown) are estimated from the
difference in Einaclive calculated before and after opening and closing the
lid.

depends on the choice of the movable part of the enzyme
and the protocol for simulation and minimization. Scheme
M2 results in lower energy values than scheme Ml, indi-
cating that more strain between the movable and fixed parts
of the enzyme is released. Although similar results were
obtained for the simulations using CDIE and RDIE, the
energies recorded during opening and closing were
smoother for the RDIE methodology at a lower dielectric
constant, which is reflected in the error bars shown in Fig.
3. However, the results of the different approaches follow
the same trend; it is energetically favorable for the enzyme
to become active in a low dielectric environment, where
strong electrostatic interactions lead to stabilization of the
active conformer.

Brownian dynamics

In the previous model, pseudotorsional constraints were
applied to reduce the computational burden. A shortcoming
of this approximation is the biasing of the activation path-
way toward the pathway defined by the restraints and the
lack of information about the dynamical properties of the
loop along the pathway between inactive and active forms.
Loop motions that occur on time scales of nanoseconds or
longer are too expensive to study by MD. We therefore
utilized BD to investigate the motion of the lid under
different environmental conditions and periods up to 1 gis.
In these simulations, the motion of the loop residues is
governed by electrostatic, solvent interaction, and excluded
volume forces from the stationary part of the protein, the
forces due to the other mobile residues, and the random
frictional forces due to solvent. We maintained the approx-
imation that the surrounding environment is modeled as a
continuum. It is characterized by two parameters: E and the
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presence or absence of a solvent interaction force. These
parameters were varied to elucidate their effect of these
parameters on the activation of Rml. A summary of the
simulation details is provided in Table 1, and representative
images of distinct lid conformations are displayed in Fig. 4,
a-f.

e = 80 versus e = 4

Simulation results obtained for E = 80 and 4 are shown in
Figs. 4-7. The primary quantities computed in the simula-
tions are the rmnsd calculated between the crystal structure of
the inactive form and the structures obtained during the
course of the simulations and distances between certain
charged residues. The rmsd data were calculated between
the simulated structure at time t and the crystal structure of
the inactive form using the coordinates for the C,3 atoms, or

in the case of Gly, the Ca atom. All data were normalized
by the number of mobile residues. The rmsd calculated
between the active and inactive crystal structures is 2.5 A.
To define an opening time, we have used the criterion that
the rmsd should be larger than 2.2 A for at least 50 ns.

Reported times are taken at the beginning of this 50 ns. The
time evolution of the rmsd is shown in Fig. 5 for E = 4 and
E = 80. Simulations were performed without solvent inter-
action between flexible loop and fixed protein atoms, and
intralid solvent interaction was only included at high dielec-
tric constant. A characteristic feature of all of these runs is
that after opening or partial opening of the lid, only small
fluctuations in the rmsd data are observed at low and high
dielectric constant values. The effect of solvent on the activa-
tion of Rml will be discussed below (see Effect of Mutation).
Conformations of the lid observed in the simulations at E = 80

and e = 4 are shown in Fig. 4, a and b, respectively. At E =

80, the lipase lid is partially open, whereas at E = 4, it appears
that the simulated structure is slightly more open than shown
by the crystal structure of the active lipase. Deviations of open
simulated structures from the crystal structure of the Rml-
inhibitor complex (active form) may be caused by several
effects. They may be due to the simplicity of the model, but a

direct comparison of the structures is difficult, because the
active conformation was taken from the crystal structure of a

lipase inhibitor complex, where the actual position of the lid is
probably influenced by the inhibitor and by crystal contacts
(Derewenda, 1995).

E dependence

As the dielectric constant of the medium is increased, the
opening time of the lid is increased and the stability of the
open form decreases, i.e., opening is only partial and the
open structure undergoes large fluctuations. Opening times
determined from the rmsd are given in Table 1. The esti-
mated errors in the opening times are considerable, and it
would require a large number of simulations to calculate
precise opening times. However, the dependence of the
opening time on the dielectric constant fits the general view
of the function of lipases, which undergo a tremendous
increase in activity when the substrate concentration ex-

ceeds the critical micelle concentration for the substrate,
indicating that the presence of a lipid interface improves the
activation of lipases and hence the opening time increases
many-fold with increasing dielectric constant (E). Our re-

sults indicate that the helical lid does not fully open at E =

80, and a much lower dielectric constant medium such as
the lipid interface is required for the lipase to open fully to

TABLE I Simulation details of the Brownian dynamics

Lid Lid-protein Simulation Opening
Dielectric intrasolvent solvent Helix time period time
constant interaction interaction treatment Sequence (ns) (ns) Fig.

4 - - cran wt 900,300,300,300,300 94 ± 79 4 b
300,300,300 4 d and e

4 - - vran wt 300,300,300,300,300 84 ± 63 4 d and e
4 + - cran wt 300 100
12 - - cran wt 900,300 95 ± 50 -

12 - + cran wt 100,100,300,300 90 ± 57 -

28 - - cran wt 900 140
36 - - cran wt 900,600 298 ± 202 -

36 - + cran wt 300 >300
44 + - cran wt 900 75
52 + - cran wt 900 155
66 + - cran wt 900 130
66 + + cran wt 300 >300
73 + + cran wt 300 >300
80 - - cran wt 900,900 270 ± 156 -

80 + - cran wt 900,600,900 300 ± 57 4 a
80 + + cran wt 600,600,900 >624 ± 265 4 c
4 - - cran ARGN86 500 >500 4f
4 - - cran ASPH91 500 230
4 - - cran ARGN86-ASPH91 500 >500 4f

+ and -refer to the nresence and ahsence of solvent interaction forces resnectivelv.
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a b

Inactive

d

Inactive

e

iActive

f

86

FIGURE 4 Stero views of the conformation of the active site lid in the crystal structures of the open and closed forms of Rml (bold) and at times during
the BD simulations (increasing thickness corresponds to increasing time). (a) E = 80; snapshots at 50, 200, and 600 ns; with intralid solvent interaction.
(b) E = 4; snapshots at 50 and 300 ns; without intralid solvent interaction. (c) E = 80; snapshots at 20, 120, and 220 ns; with intralid solvent and lid-protein
solvent interactions. (d) E = 4; using fixed (thin line; cran) or variable (thick line; vran) helix length. Snapshots were taken at 117 ns; without solvent
interactions. (e) E = 4; snapshots at 300 ns; see d for more details. (I) e = 4; snapshots at 300 ns; for ARGN86 (thin line) and ARGN86-ASPH91 (thick
line); without solvent interactions.

give access to the substrate. This reflects the importance of
electrostatic interactions between charged amino acid
groups. This is also observed from the time evolution of the
distances between the charged residues in the lid (ARG86
and ASP91) and those close to the lid (ASP61, ASPi 13, and
ASP203), which are displayed in Figs. 6 and 7 for E = 80
and E = 4, respectively. The corresponding distances ob-
served in crystal structures of the inactive and active lipase
forms are summarized in Fig. 8. Figs. 6 and 7 indicate that
the strong electrostatic interactions between ARG86 and
ASP61 as well as between ARG86 and ASPI 13 are impor-
tant for stabilizing the open form. These interactions are
weakened as the dielectric constant is increased, essentially
destabilizing the active conformation of Rml. The activation

of the lipase is not sensitive to the helix definition (cran
versus vran). As indicated in Table 1, simulations per-
formed with cran and vran yield similar estimates for the
opening time at E = 4. The final open conformation of the
lid is similar for both helix models (see Fig. 4 e). However,
conformations displayed in Fig. 4 d suggest that when the
vran option is used, the lid passes through a more unfolded
state before reaching its active conformation.

Solvent interaction dependence

We performed additional runs to elucidate the effect of
solvent on the activation of Rml. In these simulations, we
included solvent interaction forces (which model the effect
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FIGURE 5 Rmsd of the C,B positions from the crystal structure of the
closed inactive conformation as a function of simulation time for simula-
tions without lid-protein solvent interactions at E = 4 ( ) (without
intralid solvent interactions) and E = 80(---) (with intralid solvent
interactions).

of aqueous solvent) between the flexible loop residues and
the fixed protein atoms in the calculations. The time evo-
lution of the rmsd is shown in Fig. 9. Similar opening times
are observed in the simulations performed with or without
solvent interaction between loop residues and fixed protein
at E = 12 (see Table 1). These opening times are compa-
rable with the results of the simulations performed at E = 4,
indicating that the solvent interaction plays only a minor
role at low dielectric constant. However, at high dielectric
constant, this interaction becomes more important, slowing
the opening of the lid. For instance, at E = 80, the estimated
opening time is approximately 300 ns, when the lid-protein
solvent interaction is excluded. Including lid-protein solvent
interaction, the estimated opening time exceeded 600 ns,

FIGURE 7 Distances between selected residues as a function of simu-
lation time for simulations without solvent interactions. Simulations were
performed at E = 4. The lid opens after approximately 100 ns. Line style
and residue pairs are the same as in Fig. 6.

and in most of the runs only partial opening was observed in
the simulations of up to 900 ns. Similar effects were ob-
served at E = 36 and E = 66 (see Table 1).
Compared to the previous simulation results, where we

excluded solvent interactions between loop residues and
protein atoms (Fig. 5), we note that the observed fluctua-
tions in the rmsd are much larger in a high dielectric
constant medium than in a low dielectric constant medium,
and no reliable opening time could be estimated. The extent
of the fluctuations is an indication that the loop motion is
substantially influenced by an aqueous environment in
which electrostatic interactions between charged residues in
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FIGURE 6 Distances between selected residues as a function of simulation
time for simulations with intralid solvent interactions, but without lid-protein
solvent interactions. Distances are given for ARG86-ASP61 (- - -), ARG86-
ASPI 13 (- * -), and ARG86-ASP203 (- -- -). Simulations were

performed at E = 80. The lid opens after approximately 300 ns.

FIGURE 8 Selected distances between key residues determined from the
crystal structures of the inactive and active enzyme. Only the structure of
the inactive form is shown. Numbers in parantheses refer to the active
conformation. Data are given in angstroms.
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FIGURE 9 Rmsd of the C,B positions from
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FIGURE 11 Electrostatic force on residues ARG86 (---) and ASP91
(- * - * -) for simulations with intralid and lid-protein solvent interactions
at E = 80.

constant is increased to E = 80, the forces become equal in
magnitude and decrease by a factor of approximately 100.
As observed earlier, at low dielectric constant, the electro-
static interactions are strong enough to stabilize the active
conformation of Rml, whereas in an aqueous solution, these
forces are screened and usually result in a partially open
structure.

Effect of mutation

is observed during the MD and BD results show that electrostatics is a key param-
a displays lid config- eter in the activation of Rml. To further elucidate the
ae (i.e., the continuous importance of ARG86 and ASP91 in the mechanism, we
[gate the nature of the have conducted additional simulations in which these two
Iyzed the electrostatic residues were mutated to neutral groups (ARGN86 and
LSP91. The time evo- ASPH91, respectively). As indicated in Table 1, mutations
0 and 11 for E = 4 and ARGN86, ASPH91, and ARGN86-ASPH91 were consid-
lifference is observed ered. In the simulation with the mutant (ARGN86 and
lue ARG86 is approx- ASPH91), the electrostatic interactions of the loop are ab-
4. As the dielectric sent, because there are only two charged residues in the

loop. Fig. 12, a and b, shows the time evolution of the
distances between ARGN86 and aspartic acid residues 61,
113, and 203, which were monitored during the simulation
with the mutant ARGN86. Loop configurations observed
during the simulations with mutants ARGN86 and
ARGN86-ASPH91 are displayed in Fig. 4f. In both simu-
lations, the loop remains close to the inactive conformation
but is partially unfolded, suggesting that both charged
groups contribute to the stabilization of the helical loop. It
is interesting to note that in the simulation with ARGN86,
the negatively charged ASP91 is pulled over to the active
conformation, which could indicate that repulsive forces
acting on ASP91 in the inactive form and attractive forces
between ARG86 and ASP61 as well as ASPi 13 enhance the

300 lipase activation. Simulations performed with a mutant
200 250 300 where only ASP91 has been mutated to ASPH91 result in an

active conformation. The observed opening time is on the
kRG86 (---) and ASP91 same order as for the native Rml, indicating that the role of
actions at E = 4. ARG86 in the activation of Rml is more important than
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FIGURE 12 ASPI 13 an'd ASP203 and (b) ASP91 and ASP61, ASPI 13,
anid ASP203 as a function of simulation time at E = 4 (without solvent
interactions). ARG86 is mutated to ARGN86. Line style in a is the same
as in Fig. 6. (b) Distances are given for ASP91-ASP61 (-- -), ASP91-
ASP1 13 (- *- -), and ASP91-ASP203 (--... -). The lid does not open.

ASP91. The importance of ARG residues, and in particular
ARG86, is shown by experiments in which enzyme activity
is reduced when they are chemically modified. It is ob-
served that guanidine can competitively inhibit the activa-
tion of Rml. This is thought to be because guanidine is
chemically analogous to the end of an ARG side chain, and
therefore competes with ARG86 for hydrogen-bonding
partners. When assayed on tributyrin substrate, Rml showed
approximately one-third of its normal activity in the pres-
ence of guanidine. The inhibition is not observed in Rml,
when guanidine was added after the addition of substrate,
suggesting that the ARG in Rml is only important during the
activation process (Holmquist et al., 1993).

CONCLUSION

In conclusion, we have investigated the activation of Rml
under different environmental conditions using MD and
BD. Restrained MD was applied to estimate the energy gain
during activation, whereas BD was employed to estimate

the time scale of opening and elucidate the loop dynamics
upon activation of the enzyme. The time scale for opening
is approximately 100 ns in a lipid-like environment. In an
aqueous solution, the lid opens more slowly and exhibits
gating of the active site. To study sotne of the effects of a
lipid interface on the activation of the enzyme, we have
approxitnated the substrate by a continuum model using
different values of the dielectric constant and a solvation
interaction term. Both constrained MD and BD suggest that
the enzyme activity increases as the surrounding medium's
dielectric constant is lowered, and the active form is stabi-
lized by electrostatic interactions between charged residues.
Key residues are ARG86 and ASP91 in the lid region and
ASP61 and ASP103 close to the lid in the open conforma-
tion. Mutation of ARG86 and ASP91 to neutral amino acid
groups reveals that, in the closed conformation, ASP91
pushes the lid toward the open conformation, whereas
ARG86 forms a salt bridge with ASP61 in the active open
form. As the dielectric constant increases, this interaction is
screened and hence the active form is destabilized. Mutation
of both ARG86 and ASP91 to neutral residues results in a
closed conformation of Rml and the loop unfolds, suggest-
ing that interactions between ARG86 and ASP91 contribute
to the stabilization of the helical structure of the loop.
Changing the properties of the loop by using cran (constant
length of the helix and positions of its terminii) and vran
(variable length of the helix and positions of its terminii)
does not change the helix structure in the open conforma-
tion, but for vran the helix goes through a more unfolded
state during activation. These simulations indicate the im-
portant role for salt links in controlling lipase activation,
which could be investigated in site-directed mutagenesis
experiments. They also suggest that engineering of addi-
tional salt links could lead to increased activity.

Computations were performed at Novo-Nordisk A/S.

GHP would like to acknowledge financial support from the European grant
BIOZ-CT93-5507.
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