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Active Site-Directed Inhibitors of Prolyl Oligopeptidase Abolishes
its Conformational Dynamics
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Abstract: Deciphering conformational dynamics is crucial for
understanding the biological functions of proteins and for designing
compounds targeting them. In particular, providing an accurate
description of ys-ms motions opens up the opportunity for regulating
protein-protein interactions (PPls) by modulating dynamics of one
interacting partner. Here we analyzed the conformational dynamics
of prolyl oligopeptidase (POP) and the effects of active site-directed
inhibitors on the dynamics. For this purpose, we used an integrated suggested
structural biology approach based on NMR spectroscopy and SAXS  interdomain fl
experiments complemented by MD simulations. Our results found "°N  line bro
that POP is in a slow equilibrium in solution between open and  crystallography co
closed conformations, and that inhibitors effectively prevented this
equilibrium by stabilizing the enzyme in a closed conformation.
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Dynamics is an essential component for the biological functions

of proteins.!"! Therefore, the characterization of protein motions
is fundamental for developing therapeutic compounds that may
modulate conformational dynamics of their targets. Considering
the emergent therapeutic focus on protein-protein interactions

(PPIs),® modulating ps-ms dynamics opens up a valu
opportunity for
recognition between flexible proteins.®! Hence, the design of
compounds that modify conformational dynamics st
promising strategy for controling PPI networks i
pathogenic mechanisms.

Prolyl Oligopeptidase (POP) is an 81-KDa mon
peptidase that hydrolyzes short peptides at the
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KYP-2047 ZPP

Figure 1. A) Porcine POP in the closed conformation (PDB ID: 1QFS™),
covalently bound to the active site-directed inhibitor ZPP (orange). The ao/B-
hydrolase is shown in green and the B-propeller in blue. B) Aeromonas
punctata POP in the open conformation (PDB ID: 3IUJ[631), colored following
the same code as in A). C) Chemical structures of ZPP and KYP-2047
inhibitors.

The in vivo role of POP is related to synaptic functions and
neuronal development. In this regard, it has been found that
POP interacts with the intrinsically disordered proteins a-
synuclein and GAP-43."" Recent studies have demonstrated
that the direct interaction between POP and a-synuclein, the
protein involved in the development of Parkinson’s disease,
accelerates the aggregation of a-synuclein in vitro and in cells."'"
Interestingly, KYP-2047,"? a covalent active site-directed
inhibitor of POP (Figure 1 C) effectively reduce aggregation in
vitro and in vivo."'® " Further experiments have shown that this
reduction is a consequence of an increased in vivo clearance of
aggregated forms of a-synuclein promoted by POP inhibition.!"*"!



Nevertheless, the lack of knowledge on the conformational
dynamics of POP and the effects of inhibitors represents a major
impediment for exploring the mechanisms underlying POP-
mediated aggregation of a-synuclein. For this reason, here we
have analysed in detail the conformational equilibrium of POP in
solution and how it is affected by the binding of active-site
directed inhibitors. For this purpose, we have combined the
capacity of NMR spectroscopy to describe dynamic events at
atomic resolution'™ with the potential of SAXS experiments
complemented with MD simulations to probe large-scale
structural fluctuations in solution.!"

Conformational dynamics of POP in the time scale of ys-ms was
analyzed by methyl-TROSY "C-'H multiple quantum relaxation
dispersion (RD) experiments!"® using selective labeling of methy!
positions of methionine residues.”'” Methionine methyl groups
are excellent reporters of structure and dynamics due to
simplified spectra and the high sensitivity and resolution
achieved using the TROSY effect"® To assign the methyl-
TROSY spectrum, we took site-directed mutagenesis approach
(see Supporting Information). In order to eliminate the
contribution of dipolar relaxation from surrounding protons in the
effective transverse relaxation rates (Rz.ex),/'® '® we produced a
highly deuterated [methyl-'>C]-methionine-labeled POP. For this
purpose, methionine auxotrophic E.coli cells were supplemented
with [methyl-"*C]-L-methionine (2, 3, 3, 4, 4, - ds) in a highly
deuterated expression medium. This methionine isotopomer was
chemically synthesized in order to achieve high deuter;
content in non-labeled positions, especially in 3 and y posj
(see Supporting Information). Interestingly, RD experlments of
free POP showed intense decay curves for most m
signals (Figure 2, red), providing robust signature,
pervasive pus-ms dynamics of the free enzyme. Esti
of the exchange parameters were extracted by fj
data to a two-state mode.I"® k., values obtaine
RD data were comprised between 38 s
population between exchanging states around 509
Figure 3 A shows that highest amplitude motions were lo
in the a/B-hydrolase domain.

Afterwards, the effects of binding of the covalent active
directed inhibitors benzyloxycarbonyl-pgblyl-prolinal (
1 C)' and KYP-2047 on POP con '
examined. Extensive changes in the
inhibited POP indicated
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order to unravel the structural aspects of the conformational
dynamics of POP and the effects of inhibitor binding, we used
SAXS, a highly versatile technique that probes molecular
structure at low resolution in solution."™ Free and ZPP-bound
POP samples were analyzed using an online gel filtration
chromatography coupled to SAXS in order to eliminate the
interference of protein aggregates (Figure S4 in the Supporting
Information). In the two cases, scattering profiles of eluted
monomer species presented high spectral homogeneity as
determined by singular value decomposition (see Supporting
Information). Subsequently, these profiles were averaged to
obtain the corresponding high-quality scattering profiles, which
showed no signatures of interparticle interactions or radiation
damage (see Figures 4 A and S5 in the Supporting Information).
Afterwards, the overall size of particles in solution was evaluated
by extracting the radius of gyration (Ry). Comparison of Ry of
free and inhibited POP disclosed significant structural
differences between the two forms of the enzyme (R, of 28.50 +
0.06 A vs. 27.40 + 0.06 A, respectively). In turn, the pair-
distance distribution functions (P(r) Figure 4 B) of free and
inhibited POP revealed significant differences in the global
shape. P(r) function of free POP vyielded a multimodal
distribution with a maximum dimension (D.ax) of 86 + 3 A, while



ZPP-bound POP showed a Gaussian-like distribution of smaller
Dpax (81 £ 3 A).
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Figure 3. A) Structure distribution of ARex values obtained by multiple

of free POP (red) overlaid with the spectra of POP bound to ZPP
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consisted exclusively of closed conformations resembling the X-
ray structure of POP covalently bound to ZPP (Figure 4 C, blue).
Theoretical averaged Ry of select uctures of inhibited POP
also was in good agreement with rimental value (Ry
values of 27.23 + 0.01 A vs. 27.40 = 0.06, ctively).
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Figure 4. S!XS experiments of free and inhibited POP. A) Averaged
scattering profiles of free POP (red) and ZPP-bound POP (blue). Insets show
Ry values and Guinier plots, which confirms the absence of interparticle
tions and radiation damage. The theoretical scattering profile obtained
OM is shown in black. B) P(r) distribution of free POP (red) and ZPP-
POP (blue). Dotted lines shows the corresponding maximum
nsions (Dnax), Which reflects the bigger size of free POP. C) Structures of
P selected by the EOM. Representative open and closed structures of free
OP are shown in red, and representative closed conformation of POP
covalently bound to ZPP is shown in blue; inhibitor is marked by a black circle.

In summary, the integrated approach combining NMR
spectrometry and SAXS experiments complemented by MD
simulations have demonstrated that POP is a highly dynamic
enzyme in the ms time scale, showing an equilibrium between
open and closed conformations. In turn, we have shown that the
binding of active site-directed inhibitors effectively impedes the
conformational exchange by stabilizihg POP in a closed
conformation. According to these results, it can be therefore
proposed that ps-ms conformational dynamics of POP causes
significant fluctuations in the configuration of the surface(s)
involved in molecular recognition events. Hence, stabilizing the
POP in a closed conformation by inhibitors would cause
substantial alterations on the affinity and specificity of the native
PPIs of the enzyme. We speculate that this mechanism could
represent a central feature for the reversibility of POP-mediated
aggregation of a-synuclein induced by active site-directed POP
inhibitors which has been reported in the literature.!"" ** Overall,
the results presented here open the way for designing novel



POP inhibitors conceived as conformational modulators able to
regulate the native interactome of the enzyme.

Experimental Section

Cells were purchased from Novagen, chemicals from Sigma-Aldrich, and
deuterated chemicals from Cambridge Isotope Laboratories. Affinity and
size exclusion chromatography columns were from GE Healthcare Life
Sciences.

Expression of POP and [methyl-'3C]-methionine-labeled POP: POP
was expressed in Escherichia coli BL21 (DE3) cells using pET-11
plasmid containing the human POP gene, following a standard
protocol.?"! HisTag was removed by digestion with TEV protease, and
POP was purified in a Superdex 200 HiLoad column before performing
the experiments. For the [methyl-'*C]-methionine-labeled POP,
auxotrophic E. coli B834(DE3) cells were grown in minimal media
containing 80 mg/l of [methyl-"*C]-L-methionine. Purification was
performed as described previously. In the case of highly deuterated
[methyl-"*C]-methionine-labeled POP, auxotrophic E.coli B834(DE3) cells
were transformed with pETM-10 plasmid containing the human POP
gene. Cells were grown in deuterated minimal medium supplemented
with 2 g/l D-glucose (1, 2, 3, 4, 5, 6, 6 — d;) and 50 mg/I [methyl-">C]-L-
methionine (2, 3, 3, 4, 4, - ds), synthesized as described in the
Supporting Information. HisTag cleavage was not performed in this case.
The binding of ZPP and KYP-2047 inhibitors was carried out by drying an
aliquot of 10 equivalents of the inhibitor dissolved in 1,4-dioxane with a
soft stream of N, in a small glass tube. Afterwards, POP sample
added to the tubes containing the dried inhibitor aliquot and incubat
20 min at room temperature.

NMR experiments and fitting of RD data: All NMR experi
performed at 25°C in a Bruker 800 MHz Avance Il
equipped with a cryoprobe. POP samples comprised bet
250 pM in Tris d14-HCI 50 mM pH 8, NaCl 20 mM, DTT
0.03%, and 100% D0 buffer. 'H-"3C methyl-TROSY H
used the pulse sequence described by Tugarinow

RD experimentsm] used a CPMG element of 40 ms, with 0, 2, 4, 6, 8,
12, 16, 20, 24, 28, 32, 36 and 40 randomly ordered inversion pulses.
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data by least-squares. The global fitting did not improve the results
obtained by the independent one, as revealed by the F-test statistical
analysis.
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son, several
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ing a PILATUS 2M pixel detector (DECTRIS,
s run at 0.35 ml/min, acquiring 1 frame per
elength was 1.24 A, and the range of
momentum tran 0.007 < s < 0.444 A™". The scattering
profiles of all frames were Inspected, and anomalous profiles were
discarded. The_scattering profiles corresponding to the pure buffer
fggmes of fregl®Bnd ZPP-bound POP datasets were averaged and
tracted from all profiles using the PRIMUS program®®*!
(ABAS data analysis software). The same program was used to
e the subtracted scattering profiles of monomer species of free
ibited POP, and to derive forward scattering (/(0)) and R, from the
roximation. P(r) distribution functions were obtained with the
5]

Computatiorfal methods and ensemble optimization method (EOM):
All free POP MD simulations were performed with AMBER12 software.*®!
The ff99SB force field®” for proteins was used, and explicit water
les were incorporated as TIP3P water model.*® Protein structures
eutralized and an additional number of sodium and chloride ions
added to simulate physiological saline solution. Protein plus ions
e then solvated in pre-equilibrated water molecules in a truncated
tahedron box with a 15 A layer. After energy minimization, temperature
as progressively raised to 300°K using constant pressure dynamics. All
production runs were done with a time step of 2.0 fs in NPT ensemble (1
bar and 298°K). The shorter MD simulation for ZPP-bound POP was
computed using the Desmond molecular dynamics program.?®! The
OPLS-AA force field and TIP3P water model were used.?® The default
relaxation protocol in Desmond was used, followed by the production run
in the NPT ensemble. Prior to the EOM, theoretical scattering curves
were calculated from the simulated PDB files using CRYSOL software
(ATSAS data analysis software).®”!

The EOM was performed over a sub-ensemble of N structures from a
large pool of M model structures (M >> N) by minimizing the x* between
the experimental (/ex,) and theoretical (/imeor) profiles (Equation 2):

PR y [t e (sj)]z
k-1 a a(s;)

Where K is the number of data points, o(s) are the standard deviations,
and p is a scaling factor. leorn(S) is defined from the individual n profiles
as follows (Equation 3):

(Equation 2)

N
1
lineor5) = 7 ) Joneorns)  (Equation 3)
n=1

Experimental curves used in the EOM comprised data points from s <
0.15 A for POP, and from s < 0.3 A for POP bound to ZPP. Constant



subtraction was applied in all cases. The EOM was carried out using 50
random initial sub-ensembles of N=20 structures, since the use of more
structures in this method (N = 50) did not improve the result.?™ A total of
1500 generations were performed. One hundred independent EOM runs
were performed, and the most frequent result was taken as the solution
with best fit (Figure 4 A).
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