]‘ I ‘ Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

Use of Umbrella Sampling to Calculate the Entrance/Exit Pathway for
Z-Pro-Prolinal Inhibitor in Prolyl Oligopeptidase

Jean-Frangois St-Pierre,” Mikko Karttunen,” Normand Mousseau,*" Tomasz Rc')g,§ and Alex Bunker'*

"Département de Physique and Regroupement Québécois sur les Matériaux de Pointe, Université de Montréal, C.P. 6128,

succursale centre-ville, Montréal (Québec), Canada H3C 3J7

"Department of Applied Mathematics, The University of Western Ontario, 1151 Richmond Street North, London (Ontario),

Canada N6A SB7

§Department of Physics, Tampere University of Technology, P.O. Box 692, FI-33101 Tampere, Finland
' Centre for Drug Research, Faculty of Pharmacy, University of Helsinki, P.O. Box 56, FI-00014, University of Helsinki, Finland
J‘Department of Chemistry, Aalto University, PO Box 6100, FI-02015, Aalto, Finland

ABSTRACT: Prolyl oligopeptidase (POP), a member of the prolyl endopeptidase family, is known to play a role in several
neurological disorders. Its primary function is to cleave a wide range of small oligopeptides, including neuroactive peptides. We have
used force biased molecular dynamics simulation to study the binding mechanism of POP. We examined three possible binding
pathways using Steered Molecular Dynamics (SMD) and Umbrella Sampling (US) on a crystal structure of porcine POP with
bound Z-pro-prolinal (ZPP). Using SMD, an exit pathway between the first and seventh blade of the 3-propeller domain of POP was
found to be a nonviable route. US on binding pathways through the 3-propeller tunnel and the TYR190-GLN208 flexible loop at the
interface between both POP domains allowed us to isolate the flexible loop pathway as the most probable. Further analysis of that
pathway suggests a long-range covariation of the interdomain H-bond network, which indicates the possibility of large-scale domain
reorientation observed in bacterial homologues and hypothesized to also occur in human POP.

1. INTRODUCTION

Endopeptidases are a class of proteases that hydrolyze internal,
i.e,, nonterminal, peptide bonds. Prolyl oligopeptidase (POP) is a
proline-specific endopeptidase that cleaves oligopeptides (<30-
mer) at the C-side of an internal proline. In vitro analysis found
that a wide variety of neuroactive peptides substrates can be
cleaved by POP,' > and in vivo analysis indicates that these are its
actual metabolic substrates.” It has been found, although some-
what inconsistently, that certain POP inhibitors can reverse
memory loss caused by amnesic agents, neurological disorders,
and aging, making POP an important drug target.6’7 In addition,
an alteration in POP enzyme activity has been measured in serum
samples taken from patients suffering from Parkinson’s and
Alzheimer’s disease® and multiple sclerosis.” Experimental evi-
dence exists that POP might have a role beyond its peptidase
function. Examples of this include protein—Frotein interactions,”"°
intracellular transport,11 inflammation,'>"? angiogenesis,14 and
cancer development.'*"> The biochemical role of POP and its
inhibitors has been reviewed in refs 1—3, 7, and 16.

Several fundamental questions regarding access to the active
site, gating, selection, and the detailed inhibition mechanisms
remain unanswered. Recent studies have combined a number
of experimental and simulation techniques to address the
details of inhibition mechanisms'” as well as binding and gating
mechanisms,'® and progress has been made in developing com-
binatorial libraries for POP."

In this paper, our focus is on the active site access (exit)
pathways. This is a fundamental question in understanding
the peptidase function. What makes this question particularly
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challenging is its dynamic nature: entry and exit involve dynamic
response. Hence, docking studies and short time-scale density
functional calculations are not able to address this question. We
study porcine POP, crystallized with a bound ZPP inhibitor
described by Fiilop et al** (PDB database ID 1QFS). The
structure is composed of two domains: the protease catalytic
domain with an o.—f3 hydrolase fold composed of amino acids
1—71 and 436—710 and the seven-bladed [-propeller, com-
prised of amino acids 72—435. The active site is on the surface of
an internal cavity between the two protein domains. The ZPP
inhibitor has a hydrophobic head that sterically blocks the active
site and an aldehyde tail that forms a reversible covalent hemi-
acetal bond with the SERS54 residue of the catalytic domain. The
p-propeller domain has an unusual, mostly hydrophobic inter-
action between the first and seventh blades. This is called the
“velcro rip” and has been proposed to act as a filter to the active
site.”°”** Later studies have demonstrated that the domain by
itself is more stable than in conjunction with the catalytic
domain.** This finding is in agreement with a small scale com-
putational study carried out by Fuxreiter et al.”* and our previous
computational work on POP with an unbound inhibitor in the
binding cavity:** both indicate that the f3-propeller is a highly
stable structure. It was suggested that the entry point is most
likely through the H-bonded network of loosely structured loops
that connect the two protein domains, in particular the location
of the TYR190-GLN208 flexible loop.
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Recent electron microscopy experiments suggest that the
interdomain region offers a wider entry point than the
B-propeller tunnel.'® For example, Shan and collaborators find
that the crystal structure of a distant POP relative, Sphingomonas
capsulata (SC; PDB database ID 1YRZ), displays an open
conformation in absence of the inhibitor, where the two domains
are separated, exposing the catalytic triad to the solvent.””
Experimental evidence of an open form of a homologous protein
has also been captured by X-ray diffraction crystallography of
Aeromonus punctata prolyl endopeptidase.”® In that study, Li et al.
captured the closed form of the protein after soaking the open
form of the crystallized protein in a bath of the inhibitor. By
maintaining the protein in this open form using glutaraldehyde
driven lysine cross-linking, they obtained a complete absence of
activity. This interdomain large-scale motion has not yet been
observed in experiments performed on mammalian POP. Cy-
steine cross-linking experiments binding the two domains to-
gether have, however, been shown to lead to strongly reduced
protein activity.29

Elucidating the mechanism through which substrates gain
access to the active site, i.e., identifying the ligand entry pathway,
would be beneficial for the development of new classes of
inhibitors for mammalian POP. It is important to perform full
MD simulations with explicit solvent since water can access the
active site and in some cases even have a decisive role.’® To study
the entry pathways, it is necessary to test the various possible
trajectories directly. In this paper, we use SMD and US to
measure the free energies of the three postulated exit/entry
pathways of the ZPP inhibitor. Once we have determined the
correct entry/exit pathway, we then study the interaction be-
tween inhibitor and the elements of the protein structure that
comes in contact with it. Although SMD is first used to generate
rough pathways, the bulk of our results are obtained using US.
Using these methods, we determine that the most probable exit
pathway is through the loosely structured loops between the two
domains opposite the interdomain hinge.

2. METHODS

2.1. Software, Model, and Simulation Parameters. All
simulations were performed using the GROMACS 4.0 simula-
tion package’' at constant pressure (1 bar) and temperature
(310 K; NPT). Temgerature was maintained using the Nosé—
Hoover thermostat®”>® and pressure using the Parrinello—
Rahman barostat.** The coupling time constants were set to
0.1 and 1.0 ps for thermostat and barostat, respectively, and the
protein and solvent were thermalized separately. Electrostatic
interactions were computed using the Particle-Mesh-Ewald
method (PME).***® The Lennard-Jones interactions were cut
off at 1.0 nm. The same cutoff was used for the real-space part of
PME. Charge groups were chosen to be small to avoid artifacts
that may arise if the charge groups are spatially too large.*”

To parametrize the POP and ZPP molecules and the solution
ions, we used the OPLS-AA (Optimized Parameters for Liquid
Simulations, AA stands for all-atom) potential set.*® Partial
charges on ZPP were taken from our previous work.”® For water,
the TIP3P model was used.*

The initial structure was taken from our previous 100 ns MD
study of POP with the ZPP inhibitor unbound in the active site.*®
POP was solvated in a box of water of size 10 X 10 X 10 nm.
Potassium and chlorine ions were added to neutralize the system

to model physiological conditions (140 mM salt concentration).
The solvated simulation box contained a total of 100 468 atoms.
Analysis and visualization were performed using the VMD
(Visual Molecular Dynamics) package®® and GROMACS*"*!
analysis tools. Pathways were generated and evaluated using
SMD and US, as described in the following sections.
_ 2.2.SMD and US. In SMD, an external force, called force bias,
Fy, is applied to a single atom or a group of chosen atoms,
through their center of mass. SMD is an irreversible approach,
and its use is based on the Jarzynski equality (exp[ —W/kpT]) =
exp[ —AG/kgT], where kg is the Boltzmann constant, T is
temperature, and W is the total nonreversible work done on the
system by Fg, during a nonequilibrium transition between two
states connected by a reaction coordinate A.**~** The free energy
difference between these two states is given by AG = AG(4).
The angular brackets stand for an ensemble average taken by
repeating the simulation many times along the path connecting
the initial and final states, A, and A,. The essence of the Jarzynski
equality is that it links rigorously the work done in a none-
quilibrium process to the change in the equilibrium free energy
difference. This method has been used in small systems, e.g.,
single molecule conformational changes,45747 and, more rarely,
in larger systems involving, e.g, protein—protein interactions.**
We define the direction of Fy, as 7g,. All other degrees of
freedom are allowed to react freely to this force. To drive the
system, we apply a harmonic force

Fo(A) = ky(ATy — 7o) (1)

where kg, is the force constant and 7, is the center of mass. A
force bias with a fixed value of kg, is introduced with 4 increasing
from zero to one at a continuous rate as the simulation proceeds.
This rate is known as the pulling rate.

It has been shown by Park and Schulten* that the Jarzynski
equality is equivalent to calculating the free energy difference
from the first and the second-order cumulants of the work done
by the biasing force:

(W2 —(wy

AG = (W) — T

(2)

While both the Jarzynski equality and eq 2 are formally correct
in the thermodynamic limit, finite sampling leads to potential
problems since AG depends exponentially on W; the result is
easily dominated by the extremal values of the distribution.>*>"
The impact of this sensitivity to rare pathways can be evaluated
by comparing results obtained from these two methods.

US>>>® obtains the free-energy difference between two states
from a set of equilibrated simulations. Like in SMD, a force bias is
applied. However, now the configuration is equilibrated at each
step, which we refer to as window. The value of the harmonic
force constant used for each window is independent and can be
set to a value that optimizes the efliciency with which the phase
space is sampled. Parameters k; and A must be selected in such a
way as to ensure that the phase space sampled by adjacent
windows overlaps sufficiently, forming a continuous pathway
between the initial and the final state. Results from all windows
can then be combined using the weighted histogram analysis
method (WHAM)>* to provide the full thermodynamical evolu-
tion along the reaction coordinate.

Examples exist of systems where US has been successfully
applied to include ion channels,*>*® unfolding of the 127 titin
domain,”” and the evaluation lipid transfer and peptide penetration
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Catalytic domain

Beta-propeller domain

Figure 1. (a) SMD ZPP-pulling vectors for the flexible loop exit (red), the -propeller tunnel exit (green), and three possible exits through the velcro-rip
of the 3-propellor (golden arrows). The ZPP inhibitor inside is in orange. (b) Zoom on the ZPP with carbons colored by our definition of its three
regions: PHE (yellow), PRO1 (green), and PRO2 (cyan) groups. In its inhibition mode, the PRO2 aldehyde group is involved in a covalent bond to the
SERS54 of the protein. Oxygen and nitrogen atoms are left in red and dark blue, respectively.

in cellular membranes.**** SMD and US have been compared for
ligand binding in the gramicidin A channel and Kv11.1 (also
known as hERG) potassium channel.% Several comprehensive
reviews are available.®"%>

2.3. Application of SMD and US to the Study of Our
System. SMD employing the Jarzynski equality was performed
on the system with the applied bias force dislocating the ZPP
molecule from the binding pocket along the three proposed
pathways shown in Figure 1a. We generated one pull vector each
for the pathways through the 3-propeller tunnel and the flexible
loop. For the third pathway, the velcro-rip junction between the
first and seventh blade of the f3-propeller, three different pull
vectors (see Figure 1a) were attempted to test this suggested exit
pathway.”* >

Since the center of mass and the orientation of the protein are
not inherently conserved properties for the simulated system
(protein 4+ ZPP + solvent), it was necessary to add restraints to
conserve the position and orientation of the protein. This was
achieved by restraining the positions of a small number of
O-carbon atoms positioned far from the sampled ZPP exit
pathway with harmonic restoring forces with a force constant
of 10k]J/(mol x nm?). Two sets of weak restraints were selected,
for the flexible loop exit and -propeller tunnel pathways, and in
both cases the harmonic force constant on these restraints
was 2—3 orders of magnitude smaller than the restraining
force bias applied to the ZPP ligand. For the 3-propeller tunnel
pathway, the restrained residues PRO7-ASP3S, ASP431-GLY464,

TYRS10-LYS546, and ILE610-GLN629 were all located on the
catalytic domain and did not form part of the inner cavity. For the
flexible loop exit, the atoms selected for restraint span both
domains: on the catalytic domain, the Q-carbon atoms of the
residues VAL427-LYS458 were restrained, and on the beta-
propeller, they were placed on amino acids TYR73-GLY108
and GLY288-LYS458. Although, formally, this position on both
domains affects allosteric communication between the two
domains, the restraints are weak enough and dispersed enough
to minimize this possibility. With the orientation of the protein
maintained, the force bias is relative to the center of mass of the
protein, and the expression for the force bias vector becomes

Eﬂ’ = kﬂ)(l Ffb - (chfZPP - ?cmfprotein)) (3)

Following the work of Tskhovrebova et al,® we first com-
puted the free-energy barriers for the different exit pathways
using SMD. This was performed with a harmonic force constant
kg, = 5 MJ/(mol x nm*) and pulling rates of 0.5 nm/ns, as was
used in previous work,®* and also of 0.1 nm/ns. To make it
possible for the ZPP to exit POP, the simulation box was
extended by 2.0 nm in the direction of the force bias for the
[-propeller tunnel pulling vector, which brings the total number
of atoms in the periodic box to 130 004.

For our US, we used states obtained from the SMD as starting
configurations. For each window, we selected a state where the
value of the component of the displacement vector (the vector
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Table 1. Umbrella Sampling Windows Parameters for the Flexible Loop Exit”

window z (nm) T (ns) kg, (MJ/(mol x nm?)) source
1 0.3 10 2.5 SMD
2 0.4 10.1 2.5 SMD
3 0.5 10 2.5 SMD
4 0.6 10.1 2.5 SMD
S 0.7 10 2.5 SMD
6 0.8 10 2.5 SMD
7 0.9 10 2.5 SMD
8 1 10 2.5 SMD
8b 1 8.4 10 8
9 1.1 10 2.5 SMD
9b 1.05 8.4 10 9
9c 1.1 7.1 10 9
10 1.2 10.1 2.5 SMD
10b 1.15 8.4 10 10
10c 12 8.4 10 10
11 13 10 2.5 SMD
12 1.4 10 2.5 SMD
13 1.5 10 2.5 SMD
13b 1.47 10 10 13
14 1.6 10.1 2.5 SMD
15 1.7 10.1 2.5 SMD
15b 1.65 8.4 10 15
15¢ 1.7 8.5 10 15
16 1.8 10 2.5 SMD
16b 1.75 7.1 10 16
16¢ 1.8 8.5 10 16
17 1.9 10 2.5 SMD
17b 1.85 72 10 17
17¢ 1.9 7.1 10 17
18 2 10 2.5 SMD

window z (nm) T (ns) kg, (MJ/(mol x nm?)) source
18b 1.95 72 10 18
19 2.1 10.1 2.5 SMD
20 2.2 10.1 2.5 SMD
20b 214 10.1 10 20
21 2.3 10.1 2.5 SMD
22 2.4 N 2.5 SMD
23 2.5 10 2.5 SMD
24 2.6 10 2.5 SMD
25 2.7 10.1 2.5 SMD
26 2.8 10.1 2.5 SMD
27 29 7 2.5 SMD
28 3 10 2.5 SMD
29 3.1 10 2.5 SMD
30 32 10 2.5 SMD
31 33 10 2.5 SMD
32 3.4 10 2.5 SMD
33 3.5 10 2.5 SMD
34 3.6 10 2.5 SMD
35 3.7 10 2.5 SMD
36 3.8 10 2.5 SMD
37 3.9 10 2.5 SMD
38 4 10 2.5 SMD
39 4.1 10 2.5 SMD
40 4.2 10 2.5 SMD
41 4.3 11 2.5 SMD
42 4.4 10 2.5 SMD
43 4.5 10 2.5 SMD
44 4.6 10 2.5 SMD
45 4.7 10 2.5 SMD
46 4.8 10 2.5 SMD

“z is the reaction coordinate, the equilibrium distance between the ZPP and protein’s center of mass for each window. kg, is the force constant of the
spring restraining the ZPP at distance z. T'is the length of time of the window’s MD simulation. The “source” column indicates what was the source of the
initial conformation of the window, where SMD means it was extracted from the close position in the steered molecular dynamics and where a number

points to the US window for which the last conformation was extracted.

connecting the centers of mass of the POP and ZPP along the
direction of the force bias) matched the value of A for the
window.

Only the flexible loop and the -propeller exit pathways were
studied with US. The pathways were divided into 46 and 48
windows, respectively, with the reaction coordinate values sepa-
rated by 0.1 nm. In each window, kg, = 2.5 MJ/(mol x nm?), and
force biased MD was performed for 10 ns and 8—9 ns,
respectively. These initial simulations were started using con-
formations obtained from the SMD, as shown in Tables 1 and 2.
To ensure sufficient overlap between distributions sampled in
adjacent windows, undersampled regions were identified, and
simulations were launched in these windows.

For the loop opening, 14 extension windows were added in
regions where the resistance to sampling was particularly high
(energy barrier regions); the sampling was extended by 5—8 ns,
performed with a higher force constant of $5—10 MJ/
(mol x nm?) to obtain a minimum sampling of 50 000 confor-
mations per bin of size 0.01 nm along the reaction coordinate.
For the -propeller tunnel exit, 20 extension simulations with a
force constant of 5 MJ/(mol x nm?) of length S ns each were

added to reach a minimum sampling of 100 000 conformations
per bin of size 0.0095 nm. From this data, the free energy difference
profile of ZPP-POP unbinding was computed using WHAM,** as
implemented in GROMACS 4.5.3.°° These extension windows
were initiated with the last conformation of a nearby window, as
indicated by the “source” columns of Tables 1 and 2.

3. RESULTS

In order to describe the ZPP molecule and its interactions with
its environment, we use the same formalism as in our previous
publication®® to define the structure of the ZPP molecule in
terms of three atomic groups. As shown in Figure 1b, PHE
represents the aromatic phenyl head, PRO1 the middle proline,
and PRO2 the terminal proline containing the aldehyde group
(involved in the hemiacetal bond with SERS54). In the following
section, we describe our SMD results followed by the US results,
and an analysis of the exit pathway.

3.1. Exploration of the Exit Pathways Using SMD. As the
first attempt to estimate the free energy barriers associated with
the exit pathways, we conducted a set of three SMD simulations
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Table 2. Umbrella Sampling Windows Parameters for the f-Propeller Exit*

window z (nm) T (ns) kg, (MJ/(mol x nm?)) source
1 —0.1§ 9.1 2.5 SMD
2 —0.05 9.7 2.5 SMD
3 0.0S 8.6 2.5 SMD
4 0.15 9.4 2.5 SMD
S 0.25 9.3 2.5 SMD
Sb 0.2 S N S
6 0.35 9.3 2.5 SMD
7 0.45 9.3 2.5 SMD
8 0.55 9 2.5 SMD
9 0.65 9.4 2.5 SMD
10 0.59 N S SMD
11 0.75 8.5 2.5 SMD
12 0.85 8.1 2.5 SMD
12b 0.8 S S 12
13 0.95 82 2.5 SMD
14 1.0S 7.8 2.5 SMD
15b 1 S N 15
16 1.1§ 9.2 2.5 SMD
17 1.25 79 2.5 SMD
18 1.35 8.1 2.5 SMD
18b 13 S S 18
19 1.45 8.2 2.5 SMD
20 1.5S 7.7 2.5 SMD
21 1.65 S 2.5 SMD
21b 1.6 82 S 21
22 1.75 S 2.5 SMD
22b 1.72 9.2 S 22
23 1.85 8.9 2.5 SMD
24 195 N 2.5 SMD
24b 1.95 9.3 S 24
25 2.05 S 2.5 SMD
25b 2.05 8.4 S 25
26 2.15 9.3 2.5 SMD
27 228 S 2.5 SMD

window z (nm) T (ns) kg, (MJ/(mol x nm?)) source
27b 2.19 9.5 S 27
28 235 S 2.5 SMD
29 245 7.3 2.5 SMD
29b 2.36 8.3 S 29
30 2.55 8.3 2.5 SMD
30b 2.48 N S 30
31 2.65 7.9 2.5 SMD
31b 2.59 S N 31
32 2.75 6.3 2.5 SMD
33 2.85 7.8 2.5 SMD
34 295 8.7 2.5 SMD
34b 2.88 S S 34
35 3.05 8.6 2.5 SMD
35b 3 S N 35
36 3.15 8.6 2.5 SMD
37 3.25 8.3 2.5 SMD
38 3.35 8.5 2.5 SMD
38b 3.31 S S 38
39 345 8.2 2.5 SMD
39 3.5 S N 39
40 3.55 8.6 2.5 SMD
40b 3.6 S S 40
41 3.65 8.4 2.5 SMD
41b 3.7 S S 41
42 3.75 8.5 2.5 SMD
42b 3.8 S S 42
43 3.85 8.7 2.5 SMD
44 3.95 8.8 2.5 SMD
45 4.0 8.5 2.5 SMD
45b 4.05 S S 45
46 4.15 8.5 2.5 SMD
47 425 8.8 2.5 SMD
48 4.35 8.6 2.5 SMD

“z is the reaction coordinate, the equilibrium distance between the ZPP and protein’s center of mass for each window. kg, is the force constant of the
spring restraining the ZPP at distance z. T'is the length of time of the window’s MD simulation. The “source” column indicates what was the source of the
initial conformation of the window, where SMD means it was extracted from the close position in the steered molecular dynamics and where a number

points to the US window for which the last conformation was extracted.

with a pulling rate of 0.1 nm/ns and 35 SMD simulations at a rate
of 0.5 nm/ns for both the flexible loop and the -propeller exit
pathways with a total simulation time near 250 ns per pulling
direction. The work (W) required to move the ZPP over the
entire path was calculated for each run. We computed the free
energy difference from the distribution of W values using the two
separate methods discussed previously and found a significant
discrepancy between their results. The pull rate was found to
strongly influence the sampled pathways: in all 35 SMD trajec-
tories with the higher pulling rate along the loop exit pathway, the
ligand exited either around or through the TYR190—GLN208
flexible loop, while two of the three slower SMD pathways
favored a concerted opening of the same loop. Moreover, the
orientation of the ZPP at the exit of these two trajectories was
reversed. The trajectory requiring the lowest work had ZPP oriented
such that the phenyl group PHE was directed toward the catalytic
domain and the PRO2 proline group toward the -propeller.

The second trajectory showing a concerted opening of the
flexible loop had a value of W that was greater by 40 kJ/mol than
the previous pathway. In this case, ZPP exited the protein in a
reversed orientation with the PHE and PRO2 groups directed
toward the S-propeller and catalytic domain, respectively. The
lack of convergence in the sampled work obtained at the slow
pulling rate of 0.1 nm/ns indicates that a slower pulling rate
would be required for the ZPP to adopt the preferred conforma-
tion in most pulling trials. Given the large number of trials
necessary for sufficient statistics, and the high computational cost
of each pulling trial, this option was not retained.

We also used SMD to investigate a third possible exit pathway
proposed by a number of groups, which involves ZPP moving
through the velcro-rip between the first and seventh blades of the
p-propeller domain (see Figure 1).297% we generated three
SMD simulations using three different pulling vectors (gold
vectors in Figure 1)and a pulling rate of 0.5 nm/ns. In all three
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Figure 2. Average root-mean-square deviation evolution in the loop
exit (black) and the 3-propeller (red) as a function of displacement from
the binding site. Error bars express the standard deviation.

cases, the ZPP molecule failed to pass through the velcro rip,
either exiting by the 3-propeller exit or through the hinge region
linking the catalytic and the 3-propeller domains. Clearly, the
velcro-rip is extremely stable. This result is consistent with
previous simulation results that indicated that the [-propeller
domain is highly stable.2?° Thus, this exit pathway was ruled out
and the rest of our analysis focused only on the two remaining
candidate pathways.

While SMD can serve to rule out a proposed exit pathway, this
method requires too many simulations to converge. We did,
however, use the configurations from generated pathways as
starting points for US trajectories.

3.2. Free Energy Difference Calculations with US. The
initial configurations for launching MD in all of the US windows
were obtained from the SMD pathways. US for both the flexible
loop and the f-propeller exit pathways was performed as de-
scribed previously. The sum of all simulation times (i.e., includ-
ing all windows) is equivalent to 539 ns of MD for the loop exit
and 499 ns for the -propeller exit. In all individual simulation
windows, statistics were accumulated after an initial 2 ns equili-
bration with positions, simulation times, and force constants as
listed in Tables 1 and 2. To evaluate convergence toward
equilibrium, we computed the root-mean-square deviation
(rmsd) of the protein for each window. After 4 ns, the rmsd
values converged, on average, to 0.20 nm =£0.02 nm for the loop
exit and 0.20 nm £0.01 nm for the 5-propeller pathway Figure 2.

Figure 3 shows the number of configurations sampled along
the reaction coordinate for the loop and the [-propeller exit
pathways, respectively, with bins of sizes 0.01 and 0.0095 nm.
The smallest count for the loop exit is 50 585 conformations at
z = 1.45 nm and 122 193 conformations at z = 1.27 nm for the
B-propeller. They correspond to visiting times of 101 and 245 ps,
respectively.

The resulting potential of mean force obtained from WHAM
for the loop exit and 3-propeller exit is presented in Figure 4. The
error bars give the standard deviation as calculated using 100
iterations of statistical bootstrapping using the histogram Baye-
sian bootstrap available in Gromacs version 4.5.3.%° For the loop
exit, we find the lowest free energy at position 0.8 nm in the
cavity, the transition peak at 1.8 nm, and the solvated free energy
at 4.15 nm in the reaction coordinate. This reveals a free energy
difference between the bound and free ZPP conformations of

Conformation count (millions)

— TI190-Q208 loop exit
—— B-propeller exit

2 3 4
Reaction coordinate (nm)

Figure 3. Histogram of the reaction coordinate along the loop exit as a
function of displacement from the binding site using a bin size 0of 0.01 nm
(black) and along the [-propeller tunnel exit using a bin size of
0.0095 nm (red).

120

g
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— Beta-propeller exit
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o
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2
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[=]
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1588

Figure 4. Potential of mean force for the loop exit (black) and
p-propeller tunnel exit (red) as a function of displacement from the
binding site. The red curve was shifted vertically for better legibility.
Error bars express the standard deviation.

—18.5 &+ 8.2 kJ/mol with a transition energy barrier of 25.1 &
8.1 kJ/mol in the entry direction. For this interaction, we can
calculate a constant of inhibition K; = 0.8 mM using the formula:

K = [1M] e A¢/RT (4)
where R is the perfect gas constant and T is the absolute
temperature. The accuracy of AG was calculated to be £8.2
kJ/mol, on the basis of one standard deviation on the binding free
energy difference; thus our the confidence interval for K; is
[32 uM, 18 mM]. This inhibition constant is much wzeaker than
the empirical value of K; = 0.35 nM® since it does not include the
formation of the favorable hemiacetal bond, an event not
simulated in our study. However, the K; found in our study is
on the same order as other inhibitors who do not form a
hemiacetal bond like suc-Gly-Pro-Nan with a K; = 0278 +
0.35 mM at pH 5.6 and Z-Gly-Pro-OH with a K; = 0.253 +
0.18 mM at pH 8 or K; = 21.2 % 0.5 uM at pH 7.35.
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For the 5-propeller tunnel exit, a WHAM analysis performed
on the US data (Figure 4 in red) yielded a free energy minimum
at —0.05 nm and a transition free energy of —101.6 = 4.7 kJ/mol,
corresponding to a plateau starting at z = 4.0 nm, at which point
the ZPP is free in the solvent. Contrary to the loop exit, this
pathway shows no global minimum, rising systematically as the

Figure S. Main amino acids (colored by type) making contact with ZPP
from the windows. z = 1.0nm (a), z= 1.3nm (b),z= 1.6 nm (c),and z =
3.0 nm (d).

ZPP moves out of the protein. Furthermore, the free energy
barrier corresponds to a K; of 7.6 x 10~ '* M with a confidence
interval [1.2 aM, 50 aM] based on one standard deviation of the
free energy difference, 9 orders of magnitude smaller than the
experimental value, hence very strong binding,

These two observations suggest that the 3-propeller exit is not
sampled sufficiently, in spite of a total of 499 ns of MD simulation
dedicated to this pathway. We hypothesize that the cause of this
undersampling is the pathway’s extreme constriction, which leads
to very low mobility of the ZPP in the windows, with a ZPP
position ranging from z = 1.95 nm to z = 2.95 nm, presented in
Figure 6, making it almost impossible to fully sample the
accessible conformations along the trajectory. Thus, even though
the displacement may vary and overlap with neighboring win-
dows, the phase space along the exit path is not properly sampled
due to the strong dependence on initial conditions for the MD
run in each window. To verify this hypothesis, we compared the
average radius of gyration of ZPP for both the loop and the
[-propeller pathways, the number of conformation clusters
adopted by ZPP based on a rmsd clustering and the standard
deviation of the angular distribution of ZPP as a function of the
position along the reaction coordinate (Figure 7).

The above quantities are associated with the mobility and the
conformational entropy for ZPP as each new window is explored.
For all three properties, the window-to-window fluctuations are
20 to 30% larger for the 3-propeller exit than the flexible-loop
exit. Since there is sufficient overlap between neighboring
windows, we would expect that these three properties evolve
smoothly from window to window, along the reaction coordi-
nate. The large fluctuations observed for the [3-propeller exit
indicate rather that there is an imperfect overlap in the

Figure 6. Constriction of the -propeller exit pathway. Position of the ZPP is presented (a) in red for window z = 1.95 nm and (b) in orange for z =
2.95 nm, with the ZPP from window z = — 0.15 nm in blue as a reference to the starting position. The bottom view of the 3-propeller tunnel is presented
in ¢ and d, respectively. The protein’s surface was computed from a volumetric density map averaged over the trajectory of the respective window.
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configuration samples within adjacent windows leading to sharp
conformational transitions between windows. The overlap of the
position of the center of mass of ZPP between neighbor windows
does not translate to a POP—ZPP complex conformation over-
lap of the same windows. This suggests that the visited states are
strongly influenced by the initial configuration selected for each
window. While we cannot, under these conditions, extract an
accurate free-energy barrier for the 3-propeller exit pathway, the
sampling difficulties observed can be directly associated with the
presence of a significant free-energy barrier. This suggests that the
pathway is significantly less favorable than the loop exit. It is thus not
unreasonable to conclude that this will not be the access pathway to
the active site, leaving the loop exit as the only feasible pathway.

= (a)
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Figure 7. (a) Average radius of gyration of ZPP as a function of the
displacement from the binding site. (b) Average number of conforma-
tion clusters using a rmsd clustering algorithm of cluster size 0.07 nm. (c)
Standard deviation of the angular distribution of ZPP as a function of
displacement. Error bars in a and ¢ are obtained through a 5000
bootstrap evaluation of 10% of the available data and a confidence
probability of 95%.

3.3. Interaction between ZPP Inhibitor and POP in Loop-
Exit Pathway. Now that the loop exit, associated with three
loosely structured loops between the two protein domains, has
been identified as the most probable entrance/exit pathway, we
investigate this pathway in further detail.

We investigated the relation between the free energy as a
function of displacement z along the pathway with various
structural properties to understand the nature of the energy
barrier. As seen in Figure 4, two free energy peaks exist, at z = 1.46
and 1.8 nm, of approximately the same height, separated by a
relatively deep local free-energy minimum at z = 1.65 nm. While
it is difficult to determine the exact nature of these free-energy
features, they are well correlated with specific alterations in the
contacts and the H-bond network. Variation in the amino acids
making contact with the different parts of ZPP can be linked to
these transitions and are listed for the PRO2 (Table 3), PRO1
(Table 4), and PHE (Table S) groups. As the ZPP moves out of
the protein, and z approaches 1.3 nm, it comes into contact with
the cavity wall, in particular, a group of hydrophobic side chains:
MET235, ILES91, PHE173, and TRP59S5. ZPP makes contact
predominantly with positively charged ARG252 and ARG643,
positioned on each side of the ligand (see Figure Sa). As it moves
through this constrained region, however, the ligand also forms
contact with hydrophobic amino acids PHE173, ILES91, and
MET235 Figure Sb, as well as with hydrophilic amino acids of the
TYR190—GLN208 flexible loop (Figure Sc), strongly reducing
ZPP’s access to the solvent.

The ligand’s outward displacement along the reaction coordi-
nate is sterically constricted by a group of amino acids that block
ZPP’s direct access to the flexible loop. Looking more specifically
at the configurations sampled around the free energy peak at z =
1.46 nm, we see that ZPP is sterically constrained between
THRS90 on one side of the PHE group and TRP150, LYS172,
and ARG643 on the other side. This reduces significantly the
PRO1 and PRO2 groups’ conformation flexibility, thus lowering
the entropy available to the ZPP and raising the free energy
difference.

The drop in free energy, as ZPP moves past z = 1.46, is
associated with a decrease in the average number of H bonds of
1.6 £ 0.4 (relative to the average number of H bonds for the
region z = 0.3 to z = 1.25 nm) between the whole protein and its
TYR190—GLN208 loop, easing ZPP’s diffusion pathway

Table 3. Average Probability of Existence of the Most Persistent Contacts in Three Regions of the Reaction Coordinate z for the

PRO2-Body Contacts and PRO2-Loop Contacts

PRO2-body PRO2-loop
region 0.3—1.3 nm region 14—2.0 nm region 2.1-3.7 nm region 0.3—1.3 nm region 14—2.0 nm region 2.1-3.7 nm
MET?235 0.62 PHE173 0.85 PHE173 0.42 TYR190 0.41 TYRI190 0.84 GLN192 0.42
PHEL73 0.44 MET235 0.79 MET235 0.34 GLN208 0.32 ALA189 0.45 SER197 0.34
ILES91 0.35 ILES91 0.61 LYSH172 0.27 ASN20S 0.15 ASN205 0.43 GLY19S 0.30
ASN188 0.32 LYSH172 0.45 ILES91 0.26 SER203 0.06 GLN192 0.33 LYSH196 0.23
ARG252 0.31 ASN188 0.28 TRP150 0.19 LEU206 0.03 GLN208 031 ASP194 0.23
GLY236 0.26 SER174 0.20 ARG170 0.16 ALA189 0.01 SER203 0.18 GLN193 0.23
CYSH175 0.20 TRP234 0.19 ASN188 0.12 GLY195 0.04 ASP198 0.17
SER174 0.19 TRP150 0.15 SER174 0.09
TRP234 0.19 ALAS9%4 0.14 TRP234 0.06
ALAS94 0.18 TRPS9S 0.05 VAL171 0.04
GLY237 0.17 LYSH233 0.02 ALAS94 0.04
LYSH172 0.15 GLU169 0.03
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Table 4. Average Window Probability of Existence of the Most Persistent Contacts in Three Regions of the Reaction Coordinate

z for the PRO1-Body Contacts and PRO1-Loop Contacts

PRO1-body PRO1-loop
region  0.3—1.3 nm region 14—2.0 nm region 2.1-3.7nm  region 0.3—1.3 nm region 1.4—2.0 nm region 2.1—3.7 nm
ILES91 0.67 ASN205 0.77 TRP150 0.25 TYR190 0.092 SER203 0.75 GLN192 0.44
MET235 0.56 TRP150 0.70 ASN205 0.14 LEU206 0.048 TYRI190 0.57 LYSH196 0.40
TRPS595 0.48 LYSH172 0.66 PHE173 0.10 SER203 0.031 GLN192 0.51 GLY195 0.36
PHE173 0.46 THRS90 0.51 LYSH172 0.07 SER197 0.50 SER197 0.34
ALAS94 0.36 ILES91 0.45 ILES91 0.05 GLU201 0.32 ASP198 0.18
ILE478 0.26 PHE173 0.29 VAL171 0.04 THR204 0.13 ARG170 0.18
ARG252 0.21 MET235 0.11 MET235 0.04 ASP194 0.13 ASP194 0.18
PHE476 0.16 TYRS89 0.03 THRS90 0.01 LYSH196 0.10 TYRI190 0.16

Table 5. Average Window Probability of Existence of the Most Persistent Contacts in Three Regions of the Reaction Coordinate z

for the PHE-Body Contacts and PHE-Loop Contacts

PHE-body PHE-loop
region 0.3—1.3 nm region 1.4—2.0 nm region 2.1—3.7 nm region 1.4—2.0 nm region 2.1-3.7 nm
ILES91 0.84 THRS90 0.92 TRP150 0.17 SER197 0.68 LYSH196 0.38
ARG643 0.87 LYSH172 0.81 ARG170 0.12 GLY199 0.61 SER197 0.38
PHE173 0.57 VALG645 0.56 PHE173 0.08 SER203 0.30 GLN192 0.32
TRPS59S 0.46 PHE173 0.53 THRS90 0.06 ASP198 0.28 ASP198 0.31
THRS90 0.36 ILES91 0.47 LYSH172 0.05 GLU201 0.23 GLY195 0.29
ASNSSS 0.24 ASP642 0.40 TYRS89 0.03 THR202 0.12 SER203 0.24
HISB680 0.24 ARG643 0.36 LYSH23 0.03 THR200 0.08 GLU201 0.22
ASP149 0.23 TYRS89 0.33 LYSH196 0.06 ASP194 0.18
LYSH172 0.22 VAL644 0.29 GLN192 0.05 ASN20S5 0.17
PHE476 0.21 VALS80 0.21
ILE478 0.11 TRP150 0.19
SERS54 0.11 TRPS9S 0.06
(Figure 8). Table 6 gives a list of H bonds between the above loop 25 . . — —
and the rest of the protein that are modulated by the passage of “o: I%_ ]
ZPP through position z = 146 nm. For z < 146, the 2 soh |
TYR190—GLN208 loop maintains an average of 11.75 =+ g Iﬁ';.-,
0.12 H bonds with the rest of the protein. There are only 17 2 or {/\/ llr\"/\\ "/\/x\/\ ]
pairs of atoms forming H bonds between the above loop and the 'i 15 W
protein that exist for more than 25% of the simulation time and = . 2l ]
another 28 pairs of atoms present between 5% and 25% of that ; VM S
simulation time. -E 10- fl
The second free energy barrier (z = 1.8 nm) can be linked with 3
the breaking of H bonds that connect the f-propeller and £ | | |
catalytic domains. The average number of H bonds between 0 1 2 2 (nm) 3 3
these two domains increases from 15.5 &= 0.22 at z = 1.6 nm to

19.4 £ 0.15 at z = 1.8 nm and falling back to 15.1 £ 0.26 at z =
1.95 nm (Figure 8), which correlates well with the observed
energy peak at z = 1.8 nm. The bulk of the variation in the
H-bond network between the two domains is not directly linked
to the opening of the flexible loop into the solvent since we can
see that the number of H bonds between the TYR190—GLN208
loop and the catalytic domain varies only slightly, going from
1.5+ 0.1 Hbondsatz= 1.6 nmto 1.8 £ 0.1 at z = 1.8 nm and
decreases to 1.3 & 0.1 at z = 1.95 nm (data not presented).

To identify the H bonds modulated by the position of ZPP,
we calculated the correlation coeflicient between the average

1591

Figure 8. Number of H bonds formed between the two domains of
POP (black) and between the TYR190—GLN208 flexible loop and the
protein body (red) as a function of the spring equilibrium length.
Maximum errors evaluated to £0.26 and =+0.18, respectively, are
obtained through a 5000 bootstrap evaluation of 10% of the available
data and a confidence probability of 95%.

number of H bonds per US window and the probability of
existence of each individual H bond for that window. We define
this probability of existence as the percentage of time over the
length of a window for which the H bond exists. Table 7 presents
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those H bonds with (absolute value) minimum correlation
coeflicients of 0.4 for windows around the energy peaks. When
combined, the fluctuations of this group of H bonds (including
those with negative correlation coefficients) explains 75% of all of
the interdomain H-bond fluctuations. Although a few H bonds
are formed and broken in the vicinity of the ZPP (SER148—
ASP642, ARG128—ASP641, LYSH172—ASP642), many are
located opposite the loop opening in the interface region near
the velcro-rip (THR686—ASN96, LYSH7S—TYR71, LEU94—
ASP72, LYSH428—GLU69 in Figure 9).

Once the ZPP has moved past the second free energy
maximum, it gradually loses contact with the body of the protein,
only keeping contact with the TYR190—GLN208 loop
Figure Sd. Due to the higher mobility of the solvent-exposed
ZPP, no strong contact dominates in this region. As the ZPP is
pulled outward, the flexible loop adopts an extended conforma-
tion to maintain contacts with it. The amino acids having the
most frequent contacts with the ligand are those situated on the
192—198 segment of the loop, which can conformationally
extend the furthest into the solvent.

When examining the evolution of the H-bond network
between the two domains of POP, we can see a drop in the
average number of H bonds as the ZPP moves outward from the
second free energy peak (z = 1.8 nm), starting from 19.4 & 0.15

Table 6. Average Window Probability of Existence of the
Most Persistent H Bonds between the TYR190—GLN208
Loop and Protein Body in the 0.3 nm to 1.8 nm Section of the
Loop Exit Pathway

donor acceptor presence time ratio
SER203N LYSS880 0.42
HISS93N THR2040G 0.37
TYRI1900 TRP2340 0.36
GLN208NE TRP2340 0.33
LYS196NZ GLU1690 0.31
ASN188ND2 GLN208OE1 0.30
SER2030G THRS900 0.30
TRP234N TYRI1900 0.28
LYS196NZ TRP1500 0.28

and decreasing to 13.9 & 0.17 at z = 2.1 nm. This number then
increases as the ZPP moves further along the trajectory up to a
value of 18.4 £ 0.22 at z = 3.0 nm. This increase of 4.5 = 0.4 H
bonds from z = 2.1 nm to z = 3.0 nm is mainly due to an increase
of 1.9 & 0.3 H bonds between the flexible loop and the catalytic
domain, indicating that the TYR190—GLN208 loop is folding
back onto the protein. A correlation analysis between the
presence of each individual H bond and the average number of
H bonds (Table 8) shows fewer H bonds forming atom pairs
with high correlations: Specifically, all of the H-bond forming
pairs with an absolute value minimum correlation of 0.3 had to be
selected to explain 75% of the variation of the average number of
H bonds.

Interestingly, we observed a prolonged interaction between
the TYR190—GLN208 loop and ZPP in the z window, where the
inhibitor is completely solvated. Starting from a ZPP—POP
distance of z = 2.7 nm, and moving further outward from the
protein, the large majority of the ligand’s contacts are with amino
acids on the flexible loop, even though ZPP’s motion is only
constrained along the reaction coordinates and the ligand can
move freely in the perpendicular hyperplane. For example, in the
3.2 <z < 3.7 nmregion, ZPP makes contacts with 5.4 amino acids
compared to 12.6 contacts on average for the 0.3 < z < 2.0 nm
region of the trajectory (data not presented). Small in number,
these interactions are nevertheless sufficient to stabilize ZPP’s
position and keep it in contact with the loop for at least 80% of
the simulation time. This suggests that the role of the flexible
loop is not simply to open up and leave a pathway open for the
ZPP entrance. The TYR190—GLN208 loop could play an active
role in recruiting the ZPP ligand by binding to it in the solvent
and directing it to the entry pathway, helping the ZPP to go
through a first free energy barrier at z = 1.8 nm.

4. DISCUSSION

In this work, we identify the most probable pathway for
binding ZPP to POP. Using SMD and US simulations, we
eliminated two proposed pathways: first, through the velcro-rip
and, second, through the 3-propeller tunnel. The first pathway is
ruled out because we were unable to even generate a pathway
using SMD, demonstrating the extreme resistance to this path.

Table 7. Hydrogen Bonds Located at the Interdomain Interface with Activity Modulated by the Position of Zpp on the Reaction
Coordinate As Identified by the Pearson’s Correlation Coefficient against the Average Number of H Bonds for Two Regions,

z=[1.3,2.0] and z = [1.05, 2.1]°

Region z = [1.3,2.0]

Hydrogen bond Correl.(p-val.)
GLN439NE2-GLN439HE22-ASP3560 0.51(0.044)
THRS$970G1-THR597HG1-GLY2540 0.50(0.049)

THR6860G1-THR686HG1-ASN960D1 0.45(0.080)
SER1480G-SER148HG-ASP6420D2 0.44(0.088)
LYSH7SNZ-LYSH7SHZ3-TYR710H 0.43(0.096)
SER1480G-SER148HG-ASP6420D1 0.41(0.114)

LYSH677NZ-LYSH677HZ3-ASP1220D1 0.40(0.125)

ARGI128NHI1-ARG128HH12-ASP6410D1 —0.40(0.125)
LYSH172NZ-LYSH172HZ3-ASP6420D2 —0.43(0.096)
LYSH428NZ-LYSH428HZ3-GLU69OE1 —0.54(0.031)

LEU94N-LEU94H-ASP720D1 —0.54(0.031)

Prob.

0.30
0.16
0.34
0.29
0.28
0.26
0.33
0.16
0.16
0.77
0.19

Region z = [1.05,2.1]

Std-dev Correl.(p-val.) Prob. Std-dev
0.08 0.39(0.060) 0.32 0.09
0.34 0.33(0.115) 0.11 0.28
0.42 0.52(0.009) 0.32 0.42
0.31 0.31(0.140) 027 0.35
0.42 0.39(0.060) 0.27 0.42
0.35 0.20(0.349) 0.26 0.32
0.37 0.26(0.220) 0.36 0.38
0.33 —0.40(0.053) 0.16 0.30
027 0.07(0.745) 022 0.32
0.31 —0.31(0.140) 0.81 0.26
0.35 —0.06(0.780) 0.23 0.38

“In both cases, the average probability of existence and standard deviation of each h-bond in their respective subset of windows is also given.
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Figure 9. View of the amino acids forming interdomain H bonds modulated by the position of ZPP on the reaction coordinate as identified by Pearson’s
correlation coefficient of the involved H bond against the average number of H bonds. Amino acids in orange are positively correlated with the average
number of H bonds, while those in blue are negatively correlated. The catalytic domain is hidden to facilitate the view. ZPP crossing z = 1.3 nm (a) and

z=3.0 nm (b).

Table 8. Hydrogen Bonds Located at the Inter-Domain
Interface with Activity Modulated by the Position of ZPP on
the Reaction Coordinate As Identified by the Pearson’s
Correlation Coefficient against the Average Number of H
Bonds for the Hydrogen Bonds with the Highest Correlation
for the Region z = [1.75, 3.7]*

correl

hydrogen bond (p-val.) prob. std-dev

THRS970G1—THRS97HG1—GLY2540
TRP1SON—TRP150H—ASP6420D2

THR6860G1—THR686HG1—ASN960D1
LYSHS16NZ—LYSHS16HZ3—ASP2560D1
THR6860G1—THR686HG1—GLN95O
ASN477ND2—ASN477HD22—TYR3110H
THR686N—THR686H—ASN960D1

LYSH75NZ—LYSH75HZ3—TYR710

SER148N—SER148H—HISA6400 0.36 (0.066) 019 022
ARGI128NH2—ARG128HH22—ASP6410D1  0.32 (0.099)  0.19  0.31
LYSH172NZ—LYSH172HZ3—ASP6420D1  0.32 (0.106) 0.14 024
ARG128NH2—ARG128HH22—ALA6820 —0.31(0.113) 0.08  0.19
SER381N—SER381H—PRO4820 —0.34 (0.086) 0.18  0.34

“Also included are the average probability of existence and standard
deviation of each H bond in the selected subset of windows.

0.50 (0.008)  0.14 029
0.48 (0.011) 0.1S 029
048 (0.012) 034 040
043 (0.025) 013 023
0.41 (0.031) 0.11 027
0.38 (0.051) 021 0.8
0.38 (0.051) 026  03S
0.37 (0.058) 031 040

The resulting 3-propeller exit trajectory free energy difference
profile was unphysical. Detailed analysis suggests that this
unphysical profile is associated with very constrained regions of
the pathways where sampling is particularly difficult. On the basis
of this evidence, we were also able to eliminate this pathway. The
appropriate behavior of the ZPP when pulled through the flexible
loop region and the physical nature of the free energy difference
profile indicate that this is the correct access pathway.

Whether or not the access to the binding cavity involves a large
domain reconfiguration could not be definitively resolved by our
study. The natural substrates of POP, peptides of length <30
residues, are much larger than the ZPP inhibitor. Thus, the access
mechanism of ZPP may not be the general pathway involved in
its catalytic activity. The long-range destabilization of the H-bond
network that was seen to occur as the ZPP left the binding cavity

could possibly be 1nterpreted as evidence of the large scale
interdomain motion®” that has been hypothesized to play a role
in the access pathway. In addition, the prolonged association of
the TYR190—GLN208 loosely structured loop with the ZPP as it
left the protein provides evidence that this region of the protein
could possibly have a role in ligand recognition and recruitment.
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