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ABSTRACT: Ion mobility mass spectrometry (IM-MS) can be
used to analyze native proteins according to their size and shape. By
sampling individual molecules, it allows us to study mixtures of
conformations, as long as they have different collision cross sections
and maintain their native conformation after dehydration and
vaporization in the mass spectrometer. Even though conforma-
tional heterogeneity of prolyl oligopeptidase has been demon-
strated in solution, it is not detectable in IM-MS. Factors that affect
the conformation in solution, binding of an active site ligand, the
stabilizing Ser554Ala mutation, and acidification do not qual-
itatively affect the collision-induced unfolding pattern. However,
measuring the protection of accessible cysteines upon ligand
binding provides a principle for the development of MS-based
ligand screening methods.

■ INTRODUCTION
Recently, Paẗsi et al. reported a novel class of 5-aminothiazole-
containing ligands of prolyl oligopeptidase (PREP) that affect
α-synuclein aggregation, reactive oxygen species (ROS)
production, and autophagy irrespective of their ability to
inhibit its peptidase activity.1 Previously, Kilpelaïnen et al.,
studying a series of 5-aminooxazoles, also reported a
discrepancy between the potency of these molecules as
peptidase inhibitors and their action in cell-based assays.2 To
account for this observation, it was suggested that these
compounds bind in the inner cavity of PREP, remote from the
substrate binding site, and somehow affect the ability of PREP
to participate in the protein−protein interaction networks
underlying the processes mentioned above. This opens the
question of whether the novel compounds affect the
conformation of the PREP protein in the same way as the
potent active site inhibitors studied before. Anticipating the
upcoming work on the mode of binding of these 5-
aminothiazoles, maybe now is the appropriate time to share
some historical observations using ion mobility native mass
spectrometry (IM-MS) with recombinant porcine PREP and a
covalent active site inhibitor described before (IC-13, PDB
code 4BCB, structure, and potency shown in the Supporting
Information, Figure S1).3 IC-13 was first described in a
structure−activity relationship, exploring the effect of P2
substituents as “pore”-binding elements. It was the most potent
inhibitor of this study and also performed best in a cellular
model of Parkinson’s disease synucleinopathy.3 That makes it a

relevant study object since the binding site of the newly
developed 5-aminothiazoles presumably is located in PREP’s
internal cavity.1 Apart from an azide group on position 4 of the
P2 proline, IC-13 has a 4-phenylbutanoyl group in P3 and a
P1-(2S)-cyanoproline. The electrophilic carbonitrile group
forms a covalent bond with the catalytic serine of PREP,
which significantly increases the affinity.3

The experiments reported here were performed between
2011 and 2015 using the Waters Synapt G1 HDMS (Warwick
University) and Synapt G2 HDMS (University of Antwerp),
which have a higher resolution. Both instruments have the
same general layout but differ in their specifications. At that
time, it was already recognized that soft ionization methods
can preserve information on native protein structures and IM-
MS was becoming established as a fairly easy and cost-efficient
way to probe the conformational landscape of proteins after
ligand binding and to study the effect of ligands on protein
stability by collision-induced unfolding (CIU).4,5 At the same
time, there was good experimental evidence that, in solution,
free PREP constitutes a heterogeneous ensemble of fairly open
flexible conformations, while the PREP−inhibitor complex is
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homogeneous and more compact.6−10 The different ap-
proaches and parameters used to probe the conformational
dynamics of PREP are summarized in Table 1.

The hypothesis that PREP ligands cause their biological
effect through protein−protein interactions independently of
the peptidase activity relies, in part, on observations that the
catalytically impaired PREP mutant Ser554Ala can rescue the
functions lost in PREP-negative mice.11 However, it is not
known whether and how the traditional inhibitors, and indeed
the new PREP ligands, bind to Ser554Ala.

To identify the binding site of their newly developed
compounds, following up on results obtained by molecular
modeling and dynamics, Paẗsi et al. introduced point mutations

of alanine to polar side chains and cysteines to nonpolar side
chains. They also describe a strategy based upon chemical
modification of the introduced cysteines upon ligand binding
but this experiment was not performed.1 However, it brings to
mind that such a strategy would need to work against the
background of 16 free cysteines in the PREP structure.

The aim of this paper is to share previously unpublished
results that may be helpful to researchers studying the
conformational dynamics of PREP and the mode of binding
of this new class of PREP-directed compounds. We divulge
data related to three topics: (1) the suitability of native mass
spectrometry to study the conformational dynamics of PREP
and binding of active site ligands, (2) the stability and

Table 1. Methods Used to Study Ligand-Induced Conformational Changes of PREPa

method parameter free complex refs

dynamic light scattering hydrodynamic radius 3.77 nm 3.24 nm 6
nuclear magnetic resonance (NMR) chemical shift multiple single 7,8
small-angle X-ray scattering in solution (SAXS) radius of gyration maximal distance 28.50 Å 86.2 Å 27.40 Å 81.3 Å 7
H/D-exchange MS flexibility flexible protected 10
native polyacrylamide gel electrophoresis (PAGE) migration distance multiple bands, slow single band, fast 6,10

aPREP ligands that do not affect the catalytic activity obviously cannot be screened as inhibitors but require biophysical techniques to determine
their potency, mode of binding, and stoichiometry.

Figure 1. Native MS spectra and drift times. Panels (A, B) show representative native MS spectra with and without IC-13 for wtPREP and
Ser554Ala, respectively. Panel (C) shows the drift profile of the +16 and +17 charge states of wtPREP in free form (solid lines) and in complex with
IC-13 (dotted lines). In panel (D), the observed CCS is plotted versus the charge state of free wtPREP (blue solid circle) and the inhibitor complex
(blue open circle) measured on Synapt G2. The data in black (up triangle, down triangle) are the values of free and complexed PREP obtained with
the Synapt G1. Horizontal dashed and dotted lines delineate the predicted range of CCS using the EHSS and PSA programs.
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conformation of the Ser554Ala mutant, and (3) the change in
accessibility of cysteines upon binding of an active site
inhibitor.

■ RESULTS AND DISCUSSION
Native MS and IM-MS Drift Times of Free and Ligand-

Bound PREP. Native MS spectra and IM-MS drift times for
free PREP and the PREP−inhibitor complex, measured with
the Synapt G2, are shown in Figure 1 for both wild type and
Ser554Ala. The mass spectra show a single narrow, sym-
metrical distribution of charge states between +19 and +15,
indicative of a folded protein in a monomeric state. The
differences in m/z between the free and liganded proteins
correspond to the theoretical mass of the inhibitor (Figures
1A,B and S3).

Note that in Figures 1B and S3, free and liganded forms of
Ser554Ala coexist, consistent with the weaker binding of IC-13
to the mutant. For both proteins, inhibitor binding appears to
be accompanied by a shift in charge state distribution toward
lower charge states, possibly because of the loss of 1 ionization
site. Drift times and corresponding collision cross sections
(CCSs) increase when the charge state increases (Figure 1D),
which is often explained by more loosely folded species
acquiring more charges. The most obvious for charge state +19
is the presence of several shoulders in the drift time curve,
indicative of the presence of different conformers (Figure S2).
This was also reported by another research group (using a
Synapt G1), where it was interpreted as the consequence of the
conformational heterogeneity of PREP.9 If this were the case,
one would expect that the distribution of the protein over the
different conformers would change when the ligand is bound.
This was not reported, and in our hands, there was but a minor
effect of the inhibitor on the distribution over the different
conformers (Figure S2). Rather, the single drift time
distribution that is apparent in each of the lower charge states
(Figure 1C) is indicative of the occurrence of PREP in a
limited range of structurally related, folded states, but the
highest resolved charge state species +19, and to a lesser extent
+18, display a tendency for unfolding, even at the soft
acquisition settings used.

Although the measurements with the Synapt G1 instrument
did not result in an observable separation of free and ligand-
bound PREP, the extracted ion mobility profiles obtained with
the Synapt G2 clearly show a comparable symmetrical
distribution but with slightly shifted arrival times. The
ligand-bound form has a lower mobility for all detected charge
states that corresponds to a measured CCS of 4952 Å2 for the
charge state +16 (an increase of 45 Å2 or less than 1% of the
CCS of free PREP). This can be interpreted as an apparent
increase of the overall size after ligand binding compared to the
free protein. Although this minute drift in mobility lies within
the error range of the Synapt G2 (∼40−60 Å2),4 it was
repeatedly observed in samples where free and inhibitor-bound
PREP coexisted. The systematic appearance of a ligand-
associated shift in mobility and CCS provides evidence for the
validity of the observed changes. Similar shifts in mobility were
noted when IC-13 binds to Ser554Ala but were not studied in
detail because they are not practical for screening ligands.
Summarizing, IM-MS data indicate that IC-13 binding to
PREP is accompanied by a subtle, but consistent, enlargement
of the global structure in the gas phase, while turbidity
measurements and small-angle X-ray scattering (SAXS) data

show a decrease in overall dimensions upon ligand binding in
solution (Table 1).

The acquired CCS values were cross-validated against the
existing structural information, i.e., 11 X-ray structures in the
protein structure database,3,12−16 using the algorithms available
to us in 2015. Structures were “cleaned” by removing the
solvent and adding missing atoms using a structure editor or
modeling program. More extensive manipulations using
molecular dynamics, such as energy minimization (“relaxed”)
or energy minimization in implicit water (“relaxed in water”),
had relatively minor effects. The results of the calculations,
using different methods, are shown in Figure 2. Accordingly,

the experimentally measured CCS for PREP should fall within
4500 Å2 (relaxed in the water corPA value) and 5300 Å2

(relaxed in the water exact hard-sphere scattering (EHSS)
value). Experimentally obtained values outside this range are
indicative of a structural collapse or unfolding of the protein.
The experimental average CCS across the different charge
states is 4971 ± 72 Å2, which is well inside this interval, as
shown in Figure 1D. For the free wild-type PREP (PDB
1H2W), the predicted range is 4474−5166 Å2, while that of
the IC-13-complex (PDB 4BCB) is slightly larger, 4495−5178
Å2 for corPA and EHSS, respectively. Therefore, the existing
crystal structures do not provide evidence for ligand binding-
induced alterations in the structure of PREP, apart from a very
subtle tendency to expand. Hence, to exclude bias from the
crystallization process, the coordinates of the closed structure
of porcine PREP were modeled to match the open structure of
a bacterial PREP (PDB 1YR2), in which the two domains are
displaced from each other over an angle of ∼30 Å. This
corresponded to a 7% increase of the CCS (4803 Å2 [corPA]

Figure 2. CCS calculations using different computational approaches.
Eleven porcine PREP structures are identified by their PDB code in
the upper axis. PDB 1H2W is a wild-type PREP in the free state at a
1.39 Å resolution, and 4BCB is the complex with IC-13 at a 1.7 Å
resolution. PDB entry 1UOP (asterisk) is a structure of Ser554Ala
complexed with a peptide substrate at a 1.85 Å resolution. By
“cleaned” means the removal of solvent molecules (dehydration) and
addition of missing atoms in the coordinates (solid down triangle,
solid square, and open circle). Structures minimized in water, with
ligands if applicable, are represented by open squares and open down
triangles. The abbreviations corrPA, EHSS, and PSAs stand for the
corrected Mobcal projection, exact hard-sphere scattering, and
projected superposition approximations, respectively.
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and 5511 Å2 [EHSS]) compared with the closed structure. The
size of this increase is not unlike the increment in CCS seen
between the conformers in the drift time profile of the +19
charge state. However, we do not believe that this result
supports a domain opening/closing motion, as has been
suggested,9 but we shall show in the next section that it relates
to the CIU pathway of PREP in the gas phase.

CIU of Free and Ligand-Bound PREP. Unfolding of
PREP in the mass spectrometer was induced by a stepwise
increase of the ion activation settings from conditions that
preserve the folded structures to values that induce unfolding
through an energetic process that increases the internal energy
of the molecule in multiple collisions with the inert gas, similar
to heating. This can be achieved by increasing the voltage in
the sample cone of the electron spray ionization (ESI) source

Figure 3. CIU of PREP (A), PREP−IC-13 complex (B), and Ser554Ala (C). Unfolding was induced by increasing the voltage of the trap. CIU is
accompanied by an initial expansion of the native structure (I) and the formation of 4 additional unfolding intermediates at increasing CE (II−V).
The heat maps show the observed CCS plotted against the trap CE voltage, while the contours represent the relative abundance of the
intermediates. The dashed lines in panel (A) correlate with the relative position of the folding intermediates in the drift profile of PREP as indicated
in panel (D) for Trap CE of 50 and 110 V. Free PREP is indicated with a solid black line, the complex with IC-13 with a dashed gray line, and
Ser554Ala with a red dashed line.
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or by increasing the collision energy (CE) in the trap
preceding the ion mobility unit. In both situations, the same

unfolding intermediates are observed. When increasing ion
activation, the IM spectra show an extension of the native fold

Figure 4. Acid denaturation. IM-MS drift profiles for acetic acid-treated PREP (A), the PREP−IC-13 complex (C) and Ser554Ala (E) using
nondenaturing ionization/vaporization settings (sample cone 40 V, extractor cone 0.5 V, trap 4 V, transfer cell 0 V, and trap bias voltage 45 V).
Panels (B, D, and F) show the corresponding IM-MS drift profiles acquired with 100 V in the sampling cone. Conformers labeled I, II, and III are
the same as in Figure 3A.
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(from 4946 to 4997 Å2) and the appearance of 2−4 additional
distinct ion mobility species at higher drift times (more
extended or unfolded species), illustrated in Figure 3 (CIU in
the trap). The results of CIU in the sample cone are presented
in a more quantitative way in Figures S3 and S4 and as heat
plots in Figure S5. As stated above, a domain opening motion
would produce a protein similar in size to conformer 2 in the
unfolding pathway, but a priori, there is no reason to assume
that this is an obligatory step. Similar unfolding patterns were
obtained with the IC-13-PREP complex and Ser554Ala
(without inhibitor), indicating that, in the gas phase, the
intrinsic stabilities of the different species and the unfolding
intermediates are very similar.

We consider the unfolding intermediates, observed in the
gas phase at different CE settings, as local minima in an
unfolding landscape, which can be probed independently of
the folding state of the protein at the moment that it is
introduced in the ionization/vaporization source. This is most
likely a consequence of dehydration, where the removal of
water results in highly stable structures of PREP, overruling,
e.g., ligand binding-associated stabilization. A key element in
this process likely involves the disproportional strengthening of
electrostatic forces over the loss of the hydrophobic
interactions.

The MS spectra show that IC-13 remains bound to the wild-
type PREP during the ion activation experiments. In the crystal
structure, this compound forms a covalent bond with the
catalytic serine side chain, yet, like other serine protease
inhibitors with an electrophilic carbonitrile substituent, it is
reversible in solution.17 Presumably in the context of the PREP
active site, both formation and dissociation of the bond are
facilitated, establishing an equilibrium in the complex. When
the nitrile group is covalently bound to the active serine
residue as an imino ether and the active site is disrupted,
protonation needed for the reverse reaction does not take
place. The proton required for the reverse reaction comes from
the catalytic histidine (His680) that is assisted in this process
through H-bonding with Asp641. So, from the moment that
the structure of the active site is disrupted, whatever inhibitor
is bound to the catalytic serine remains attached to the
unfolding protein.

The CIU results contrast sharply with the significant effects
on the thermal stability in solution after ligand binding and
with the observation that Ser554Ala has a higher melting
temperature than wild-type PREP (Figure S6). The higher
stability of Ser554Ala is not easily understood since it only
involves the replacement of a hydroxyl group by a hydrogen
atom. However, one may consider that the conformational
dynamics of Ser554Ala are altered. Indeed, the substrate-
induced conformational change of wild-type PREP involves a
movement of the “His-loop” from an outward position toward
the active site serine, which results in the assembly of the
catalytic triad wherein the Ser554 side chain forms a H-bond
with the catalytic His680.10 Among the inhibitor interfacing
residues that are rapidly protected by the inhibitor, as seen in
H/D-exchange experiments, is Trp595 of loop B, which goes
from an open to closed conformation upon inhibitor binding
and shapes the S1 (proline) binding site. Also, the environ-
ment of Trp514 is altered upon inhibitor binding.8 We
hypothesized that when the conformational state of the
Ser554Ala mutant is different from that of the wild-type
PREP, this may affect its fluorescence lifetime. Indeed,
tryptophan side chains in PREP have three distinct lifetimes

for the wild type (t1 = 8.66 ± 0.05 ns, t2 = 3.60 ± 0.03 ns, t3 =
1.15 ± 0.02 with tm = 3.19 ± 0.10 ns) and two for the
Ser554Ala mutant (t1 = 6.11 ± 0.03 ns, t2 = 2.07 ± 0.04 ns,
with tm = 3.44 ± 0.02 ns).

In Figures 1 and S3, we demonstrated for the first time that
IC-13 binds to PREP when the catalytic serine is mutated to
alanine, albeit with a lower apparent affinity. Although we
could not obtain a quantitative measurement of the binding
constant of IC-13 to Ser554Ala by thermal shift, the
concentrations required to saturate Ser554Ala for native MS
are larger than 10 μM and this indicates that the loss in affinity
due to the mutation is substantial. Inhibitors that lack the
carbonitrile substituent (such as IC-9i shown in Figure S1)
occupy the same binding site as their covalent counterparts
with a Ki in the high nM range.3,13,17 Therefore, we
hypothesize that the inhibitor binding site is conserved in
the mutant and, extrapolating to wild-type PREP�that the
covalent interaction of the inhibitor with the catalytic serine is
not required to induce the conformational change. The crystal
structure of Ser554Ala with a bound peptide proves that this
mutant can adopt a conformation with all structural elements
of the catalytic site intact, except a H-bond between the
mutated Ser and His680.15 Therefore, one assumes that the
interaction of the carbonitrile group of IC-13 with the oxy-
anion hole (Asn555 main chain and Tyr473 side chain) is
maintained.
Acid Denaturation of PREP in Solution. To investigate

whether CIU bears any resemblance to unfolding in solution,
PREP was denatured using 0.1−1% acetic acid (pH < 4),
which resulted in a complete loss of the enzymatic activity.
Acetic acid is volatile and does not introduce salt ions, which is
an advantage in MS measurements. As can be seen in Figure
4A, in soft ionization conditions, acid denaturation is
accompanied by a shift toward larger CCS and a broadening
of the drift profile, indicative of the presence of several species
with different sizes or shapes, corresponding to an expansion of
approximately 2.5%. Although enzymatically inactive, the range
in CCS of the acid-denatured species indicates that they are
not completely unfolded but rather retain a certain amount of
structure, as observed for molten globules. In solution, this
partial unfolding was prevented by the presence of IC-13 in the
samples (Figure 4C) and, as expected, higher concentrations of
acetic acid were necessary to denature Ser554Ala (Figure 4E).
IM-MS spectra acquired with high CE settings (Figure 4B,D,F)
are characterized by three narrow distributions of conformers
that appear to be similar in the three experiments. Concluding,
the CIU intermediates are formed in the trap regardless of the
initial ensemble of conformations in the sample. This means
that the key interactions that govern stability in an aqueous
solution are fundamentally different from those that determine
the unfolding pathway of the dehydrated protein in the gas
phase.
Cysteine Modification. Cysteines were selected for

mutagenesis on the basis of their accessible surface area in
the crystal structure of the PREP−inhibitor complex (PDB:
4BCB). Cys25 and Cys532 are exposed on the surface and
were mutated to Ala. Cys57, Cys573, and Cys703 are more
buried inside the protein and were replaced by hydrophobic
side chains that occur in the equivalent positions in other
organisms in a multiple sequence alignment. Cys255 is part of
the substrate/inhibitor binding site as described before.18 The
Cys255Thr mutant has a reduced enzymatic activity and an
altered pH-activity profile. We used a multiple site-directed
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mutagenesis kit with 5 primers on the wild-type sequence and
the Cys255Thr mutant. The following variants were picked up
and studied: 5-Cys (Cys25Ala−Cys57Ile−C532Ala−Cy-
s573Val−Cys703Val), 5-Cys + Cys255Thr (Cys25Ala−
Cys57Ile−C532Ala−Cys573Val−Cys703Val−Cys255Thr). In
a preliminary experiment, the wild-type and the Cys mutants
were titrated with the colorimetric reagent 5,5′-dithiobis(2-
nitrobenzoate). From this experiment, it was apparent that the
number of cysteines modified in the wild type is higher than
the four expected from the crystal structure. Therefore, some
of the cysteines that are buried in the enzyme−inhibitor
complex must be exposed in the more flexible free enzyme. In
the presence of inhibitor, the number of cysteine modifications
is reduced in the wild type and the Cys variants, indicating that
other cysteines are involved than the ones that were replaced.
In subsequent experiments, the more sensitive fluorescent
reagent 5-({2-[(iodoacetyl)amino]ethyl}amino)-naphthalene-
1-sulfonic acid (IAEDANS) was used. In the Supporting
Information of Tsirigotaki et al.,10 we already reported that of
the 16 cysteines in the wild-type PREP sequence, depending
upon the temperature (going from 15 to 40 °C), 8−12 are
readily accessible for modification by IAEDANS in the free
enzyme under native conditions. In the presence of KYP-2047
(see Figure S1), labeling of only 4 cysteines is observed
between 15 and 40 °C. The identity of the cysteines that are
accessible to IAEDANS in wild-type PREP and the 5-Cys
variant was determined by peptide mapping, monitoring the
mass increase of individual tryptic peptides due to IAEDANS
(Figure S7). All of the Cys variants and wild-type PREP have a
similar thermoinactivation rate at 40 °C (data not shown) and
undergo a conformational change upon inhibitor binding as
observed by native PAGE (Figure 5A). The 5-Cys variant is

fully active, and its pH-activity profile is unchanged (Figure
5B), whereas the variants containing Cys255Thr were
enzymatically impaired similar to the parent mutant
Cys255Thr. The results of the cysteine modification experi-
ment are consistent with the results obtained by H/D-
exchange experiments,10 which showed that there are two main
areas in the structure that become less flexible upon inhibitor
binding: (1) two flexible blades in an otherwise rigid β-
propeller domain and (2) flexible loops in the interdomain
interface at the front of PREP (Figure 5C).

Fluorescent labeling by IAEDANS is fairly labor-intensive
because the excess label needs to be carefully removed, the
protein concentration determined, and the fluorescence
calibrated. However, we suggest that a method could be
developed and optimized to measure the amount of label
attached using (native) mass spectrometry and that such a
method could be used with a relatively high throughput for the
screening of PREP ligands.

■ CONCLUSIONS
Lessons learned from this experience are that the native
structure of PREP is not well preserved after desolvation and
ionization inside the mass spectrometer and that ligand-
induced conformational changes are best studied in solution.
Nevertheless, there is reason to believe that free PREP can
exist in different conformations in the gas phase within a
narrow range of CCS that may not be resolved by the
instruments available to us at the time the study was
conducted. Furthermore, the experience with PREP reported
here emphasizes the importance of CE titration for the
judicious and unbiased interpretation of IM-MS results of
monomeric proteins.

Figure 5. PREP cysteine modification. (A) Native polyacrylamide gel with wild type (lanes 1 and 2), 5-Cys (lanes 3 and 4), 5-Cys + Cyst255Thr
(lanes 5 and 6), and Cys255Thr (lanes 7 and 8). In the absence of inhibitor (lanes 2, 3, 6, and 8), three bands are resolved migrating at a lower
speed than the enzyme−inhibitor complex (lanes 1, 4, 5, and 7). (B) pH-activity profile of the wild type (solid black circle) and the 5-Cys variant
(open circle) with 62.5 μM Z-Gly-Pro-pNA. kcat/Km is expressed in M−1 s−1. The pH profile can be deconvoluted in two bell-shaped curves, which
is believed to relate to the conformational heterogeneity of the free enzyme.19 (C) Ribbon representation of the PREP−inhibitor complex (PDB
entry 4BCB). The van der Waals surface of IC-13 is shown in red. The sections of the backbone protected by inhibitor in H/D-exchange
experiments are shown in blue.10 Cysteines are shown by their van der Waals surface according to their modification by IAEDANS in the tryptic
peptide analysis: yellow, labeled; green, mixture of labeled and free; dark gray, not modified; light gray, not observed. Residues replaced in the 5-
Cys variant are indicated by a red star. Of particular interest are Cys78 (yellow) and Cys175 (green) that are buried inside the β-propeller domain
in the complex. The graphic was made with the Swiss-PDB viewer (http://www.expasy.org/spdbv/).

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.4c00866
J. Med. Chem. 2024, 67, 10436−10446

10442

https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.4c00866/suppl_file/jm4c00866_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.4c00866/suppl_file/jm4c00866_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.4c00866/suppl_file/jm4c00866_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.4c00866/suppl_file/jm4c00866_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c00866?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c00866?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c00866?fig=fig5&ref=pdf
http://www.expasy.org/spdbv/
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c00866?fig=fig5&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.4c00866?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


New insights have emerged concerning the mode of binding
of PREP inhibitors with a carbonitrile warhead. IC-13 remains
attached to PREP throughout the CIU experiments, indicating
that the disruption of the catalytic site stabilizes the covalent
bond with the catalytic serine. IC-13 binds to the Ser554Ala
mutant, albeit with a reduced affinity, confirming that native
mass spectrometry can reveal tight covalent interactions as well
as reversible weak binding.

Considering that the catalytically impaired mutant can
rescue functions lost in PREP-negative animals, more research
must be devoted to elucidating the conformational dynamics
and protein−protein interactions of the Ser554Ala protein.

In order to understand the molecular network that lies at the
base of the biological effects of PREP inhibitors/ligands,
medicinal chemists need to address the conformational
dynamics of PREP experimentally. To measure conformational
changes, a number of techniques are available that range from
simple to quite specialized. Of the techniques introduced in
Table 1, there are some that measure size, shape, or
dimensions, for example, native PAGE, dynamic light
scattering, and SAXS. Between those dynamic light scattering
is probably undervalued because, apart from the average
hydrodynamic radius, it also measures (poly)dispersity, the size
distribution of the different particles in the sample. The
relevance for PREP is clear: the free enzyme is heterodisperse,
while the enzyme−inhibitor complexes have a narrow size
distribution.6 Other techniques monitor changes in the local
environment or accessibility of specific protein segments or
side chains. Two-dimensional NMR and hydrogen/deuterium
exchange coupled to mass spectrometry brought insights into
the parts of PREP where structural changes occur when
inhibitors bind, namely, in the loops covering the active site,
the interdomain contacts and two flexible β-propeller
blades.7,8,10 The latter techniques are, however, not easily
amenable to the screening of a series of compounds. The
principle proposed here of using cysteine modification to
monitor local structural changes probably has a lower
threshold and appears particularly attractive in this case,
because PREP has a large number of free cysteines scattered in
its primary structure. Using mass spectrometry to detect the
labels has an advantage over fluorescence or colorimetric
measurements (that yield an average degree of labeling)
because it samples individual molecular species (with 0, 1, 2, 3,
or more labels attached) and therefore can detect a shift in the
distribution of conformations upon ligand binding. Finally, it
could be a useful tool for studying the conformational impact
of compounds that do not inhibit the catalytic activity of
PREP.

■ EXPERIMENTAL SECTION
Materials. Ammonium acetate solution 7.5 M was obtained from

Sigma-Aldrich (Diegem, Belgium), acetic acid from VWR-BDH
Prolabo (Leuven, Belgium), and DMSO from Sigma-Aldrich
(Diegem, Belgium). Micro Bio-spinTM P-6 gel columns for buffer
exchange were from Bio-Rad Laboratories (Temse, Belgium).
IAEDANS was obtained from Molecular Probes (Invitrogen,
Merelbeke, Belgium). The PREP inhibitors IC-13 and KYP-2047
were synthesized as described.3,17 All compounds are >95% pure by
high-performance liquid chromatography (HPLC) analysis.
Protein Expression and Purification. Recombinant porcine

PREP (wild type and S554A) was expressed in JM109 Escherichia coli
cells and purified as described.19,20 Recombinant human his-tagged
PREP was expressed in BL21(DE3) E. coli cells and purified as
described.21 In order to increase the compatibility with subsequent

native IM-MS measurements, all steps of the purification were done in
20 mM tris-HCl buffer pH 7.4, supplemented with 1 mM EDTA and
5 mM DTT. The purity of the sample was monitored using PREP
activity measurements using Z-Gly-Pro-p-nitroanilide (Bachem,
Bubendorf, Switzerland), Bradford protein concentration assays, and
sodium dodecyl sulfate-PAGE (SDS-PAGE) in combination with
fluorescent oreole staining (Bio-Rad Laboratories, Temse, Belgium).
The 5-Cys variant was made in the human his-tagged PREP vector
using the QuikChange Lightning Multi site-directed mutagenesis kits
(Agilent Technologies, Zaventem, Belgium) with the primers listed in
Table 2.

Native Ion Mobility Mass Spectrometry. Sample Preparation.
Two milligrams/milliliters of protein samples (2 mg/mL) were buffer-
exchanged to 200 mM aqueous ammonium acetate (pH 7) in four
consecutive steps using gel filtration microbiospin P6 columns. For
each measurement, the concentration was adjusted to 5 μM in 25−
200 mM ammonium acetate. When studying ligand binding to PREP,
100 μM of the IC-13 compound was dissolved in 1% DMSO and
added in a 1:10 ratio to the protein sample. In order to allow for the
successful formation of protein−ligand complexes, the samples were
incubated for at least 15 min before starting the first measurement.

Instrument Settings. Most IM-MS experiments were performed on
the Synapt G2 HDMS instrument (Waters, Manchester, U.K.) in ion
mobility mode, coupled with an automated chip-based nano-
electrospray device (Advion TriVersa nanomate; spray voltage 1.75
kV). The instrument was tuned for gentle transfer of intact, native
protein, and protein−ligand complexes without causing ion activation
before IM separation. For this, the MS and mobility traces for PREP
were meticulously evaluated at variable instrumental settings for (i)
the absence of ion activation and (ii) coherence between the drift
time-based CCS and the calculated CCS values of the reference
crystal structure of PREP (pdb 1H2W) using corrected PA
(1.14*PA(Mobs/Mexp)2/3),22 EHSS, and PSA algorithms.

Unless otherwise stated, the sampling and extractor cone voltages,
trap and transfer collision energies (CEs), and trap bias voltage were
kept at 40, 0.5, 4, 0, and 45 V, respectively. Ion mobility wave height
and velocity were optimized to keep tD in the center of the tD range
window. Gas flow rates were set at 180 mL/min helium and 90 mL/
min IM, and the backing and trap pressures were kept constant at 3
and 0.025 mbar, respectively. Each acquisition contained ∼120 s.

Data Processing and CCS Calibration. All IM-MS data were
analyzed using DriftScopeX and Masslynx 4.1. The extracted drift
traces were all processed using 2 × 2 mean smoothing parameters.
The measured transit times were converted into collisional cross
section by applying a calibration approach with a set of natively folded
proteins as external reference standards (BSA, concanavelin A, avidin,
and transthyretin).23,24

CCS Calculations. The CCS values from the available crystallo-
graphic data (solvent atoms and atoms related to the crystallization
process were excluded) were calculated using the Mobcal projection
approximation (PA)25 exact hard-sphere scattering (EHSS)26 and
projected superposition approximation (PSA)27−30 programs. The
obtained PA values were corrected (corPA) for the scattering
phenomena between the ion and buffer gas using the scaling factor
CCS = 1.14CCSPA(Mexp/Mpdb)2/3 as described.22

Thermal Shift Assay. Protein thermal shift assays were done using
a real-time polymerase chain reaction (PCR) machine, StepOne Plus

Table 2. Primers Used

Cys25Ala Fwd 5′-ccgtacaggattatcatggtcataaaattg
ctgacccttacgcctg-3′

t73g_g74c

Cys57Ile Fwd 5′-ctgtgccatttcttgagcagattcccatcagagg
tttataca-3′

t169a_g170t

Cys532Ala Fwd 5′-ctgctttgatgactttcaggctgctgctgagtat
ctgatc-3′

t1594g_g1595c

Cys573Val Fwd 5′-atcagagacctgacctctttggtgttgttattgcc
caagttg-3′

t1717g_g1718t

Cys703Val Fwd 5′-gcgttcatcgcgcgggtcctgaacgtcgactg-3′ t2107g_g2108t
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(Applied Biosystems).31,32 The samples were assayed in 100 mM tris-
HCl pH 7.4, 1 mM EDTA, and 3 mM DTT at a final concentration of
6 μM in 20 μL. After a 15 min preincubation of the samples in the
presence of various concentrations of inhibitor IC-13, the fluorescent
dye SYPRO-Orange (Life Technologies, Ghent, Belgium) was added
in a 2.2 excess concentration. Temperature was increased by 1 °C/
min from 25 to 95 °C, and fluorescence readings were taken at each
interval (Ex/Em 490/530 nm). The data were fitted to the Boltzmann
equation using Graphpad Prism6 from which the apparent melting
temperature (Tm) values were calculated. Samples were measured in
quadruplicate, and the experiment was repeated 3 times.
Cysteine Modification and Peptide Mapping. PREP (1 mg/

mL) was labeled using a 20-fold molar excess of IAEDANS by
incubating at 25 °C for 1 h with magnetic stirring in 20 mM tris
buffer, pH 7.8. The labeled protein was separated from the free dye by
gel chromatography using a PD-10 column. Fluorescence was
measured at Exmax 337 nm and Emmax 490 nm in a Tecan Infinite
F200 Pro (Tecan, Switzerland) microtiterplate reader. Trypsin Gold,
mass spectrometry grade, was purchased from Promega BNL (Leiden,
The Netherlands) and used for the digestion of PREP according to
the protocol supplied with it. Tryptic peptides were analyzed using
standard procedures with a Xevo Triple Quadrupole mass
spectrometer (Waters, Manchester, U.K.).
Enzymatic Activity. Assay conditions and pH profile measure-

ments are described in ref 21. To determine the pH-activity profiles,
initial rates were measured in duplicate (within a single test) and
repeated in 3 independent experiments. The within-test variation was
around 5%, but the between-test variation was around 20% due to
uncertainties in enzyme concentration arising from multiple enzyme
dilutions. The general aspect of the curves was not changed between
experiments.
Native Gel Electrophoresis. 10% polyacrylamide gels were cast

in a running buffer without SDS and run according to the instructions
provided with the mini Protean system (Bio-Rad Laboratories,
Temse, Belgium). Protein bands were visualized with Oreole staining.
Fluorescence Lifetime. Time-correlated single-photon counting

was used to measure the fluorescence lifetimes of Trp in PREP (200
nM in tris buffer). A Tsunamimode-locked Ti/sapphire laser system
(laser source Millenia Pro, diode-pumped CW) was used to create a
picosecond pulse laser from Spectra Physics (model 3950C/D). A
spectral-physics pulse selector (model 3980) was used to select a
frequency at 1.6 MHz, and the frequency tripled to 295 nm by the
prism harmonic separator (model GWU23PL). The fluorescence
decays were measured with an emission filter of bandwidth 350 ± 5
nm and a magic angle (54.7°) using a PMA 182 photomultiplier from
Picoquant. Instrument response function (IRF) was measured by
collecting scattered light using a LUDOX TM colloidal silica
suspension using an emission filter at 295 nm. The observed time-
resolved decay data were deconvoluted with IRF. The fluorescence
decay is expressed as a sum of discrete exponentials as follows

=I t t( ) exp( / )
i

i i

where i is the number of discrete exponentials, and αi and τi are the
amplitudes and lifetimes, respectively. The average lifetimes were
calculated by the following equation

= /
i

i i
i

im

The goodness of the fit is judged by the χ2 and weighted residuals
W(t).
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