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Abstract: In order to elucidate the effect of modification of the hinge region on structural polymor-
phism associated with conformational transitions, structural studies of hinge-modified oligopeptidase
B from Serratia proteamaculans (SpOpBmod) in the crystalline state and solution were carried out. A
new crystal structure of SpOpBmod in the intermediate conformation was obtained, and a molecular
model of SpOpBmod in the open conformation was created using a combination of small-angle X-ray
scattering with MD simulations. The improved electron density of the mobile H-loop carrying the
catalytic H652 distinguished the obtained crystal structure from that which was previously reported.
Good electron density in this region was previously found only in the inhibitor-bound SpOpBmod
structure, in which one of the inhibitor molecules was covalently bound to H652. Comparison of the
above structures of free and inhibitor-bound enzymes showed that both tertiary folds are the result
of the internal conformational dynamics of SpOpBmod, which were captured by inhibitor binding.
Comparison of the SpOpBmod structures with the structures of the same enzyme with a native hinge
peptide made it possible to establish the influence of hinge modification on the rearrangement of the
interdomain interface during conformational transitions. The above analysis also used models of
native and hinge-modified enzymes in open conformations. We found that the interdomain inter-
face observed in the crystal structures of hinge-modified enzymes could be considered an extreme
version of the H-loop arrangement, in which closure of the domains does not lead to the assembly
of the catalytic triad, whereas the intermediate conformation observed in the structure of the en-
zyme with the native hinge sequence illustrates a productive transition to the catalytically active
closed conformation.

Keywords: prolyloligopeptidase; oligopeptidase B; multidomain proteins; structural polymorphism;
conformational transitions; hinge region; interdomain interface; β-propeller

1. Introduction

In the modern world, a number of the most important biotechnological and pharma-
cological tasks are solved using computational biology and huge datasets of structural
information about biological macromolecules and their complexes collected in special-
ized databases, such as the Protein Data Bank (PDB, https://www.rcsb.org/ accessed on
1 October 2023). Crystal structures serve as the most reliable basis for computer modeling
due to their exceptionally high (up to atomic) resolution [1]. The range of tasks solved in
silico on the basis of structural data extends from the creation of enzymes with required
activities and/or operational stabilities to the modeling of small molecule inhibitors specific
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to certain proteins, usually enzymes, whose altered expression and/or mutations cause
severe diseases, including cancer and diabetes [2]. Targeted therapy was developed based
on such inhibitors. Today, the most common are competitive inhibitors that interact with
the substrate-binding site of the enzyme and prevent the substrate from accessing it, while
allosteric inhibitors are less common but not less promising [3,4]. Allosteric inhibitors bind
to target proteins outside the substrate-binding pockets and affect the molecular confor-
mational dynamics, causing—for example—stabilization of the enzymes in a catalytically
inactive conformation [5,6].

To date, conformational transitions between catalytically active and catalytically inac-
tive conformations have been described for many enzymes. In particular, conformational
variability is characteristic of multi-domain proteins, which often contain flexible interdo-
main linkers, also called hinge regions [7]. One example of such enzymes is the two-domain
prolyloligopeptidases (POPs), which constitute the S9 family of serine proteases from the
SC clan [8–10]. This family includes several subfamilies containing enzymes with different
substrate specificities but similar two-domain architecture (Figure 1).

Figure 1. Semitransparent cartoon images of the catalytic (left) and β-propeller (right) domains of
POP family enzymes. View from inside the interdomain cavity. The two hinge peptides connecting
the domains and secondary structure elements are labeled. The color coding is in the rainbow
style: N-terminus (N) is blue, C-terminus (C) is red. The catalytic domain includes an N-terminal
loop (colored blue) and an α/β hydrolase fold (colored from yellow to red) with the catalytic triad
residues (S, D, and H) shown in sticks. The β-propeller domain (colored from blue to yellow) has
an open-Velcro topology. The crystal structure of SpOpBmod (PDB ID 7YWZ) was used to prepare
this figure.

All POPs consist of an α/β-hydrolase catalytic domain containing all the residues
of the catalytic triad (S, D, and H) and a regulatory β-propeller domain, which serves to
limit the size of potential substrates and connects to the catalytic domain through a hinge
region consisting of two peptides with a size of about seven amino acid residues [8,10,11].
It has been shown that in most enzymes of the POP family, domains can converge and
move away from each other. In addition to these domain movements, local (intradomain)
rearrangements occur, causing the assembly and disassembly of the catalytic triad, which
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depends primarily on the movements of the long and flexible loop carrying the catalytic
residue H (H-loop) [12–14].

Structural variability due to different arrangements of both domains and residues of
the catalytic triad was first discovered by analyzing crystal structures. An open conforma-
tion, in which the interdomain cavity is enlarged and the catalytic triad is disrupted, was
found in crystals of ligand-free POPs of bacterial origin and OpB from Trypanosoma bru-
cei [12–14]. Small-angle X-ray scattering (SAXS) studies confirmed the predominance of the
open conformation in solution of bacterial OpB from Serratia proteamaculans (SpOpB) [15].

A closed conformation, in which the catalytic triad is assembled and the domains
are closed, has been found in crystals of inhibitor-bound POPs from bacteria and OpBs
from protozoa [12–14,16,17]. Mammalian POPs (both free and inhibitor-bound) always
crystallize in the closed conformation [11,18], although a number of studies have suggested
that mammalian POPs also exhibit conformational transitions similar to those observed in
bacterial POPs [19–21].

An intermediate conformation, in which domain closure was not accompanied by
assembly of the catalytic triad, was first discovered in the crystal structure of the archaeal
POP from Pyrococcus furiosus with a prolyl-proline moiety in the interdomain cavity [22].
Later, using X-ray diffraction and SAXS analysis, we showed that SpOpB adopts the
intermediate conformation in the presence of spermine [15].

In [15] and subsequent structural studies [23,24], we used mutant derivatives of
SpOpB in most of which the amino acid sequence of the first hinge peptide (IPQQEH) was
replaced by a TEV protease site (ENLYFQ). The significantly decreased catalytic efficiency
of SpOpBmod compared to SpOpB (a wild-type enzyme with a native hinge peptide) was
shown in [15]. These results supported the previously postulated idea that targeting the
structural dynamics of domain closing and opening using the hinge region could be a
successful strategy for manipulating the catalytic activity of OpB and other POPs [14].

To elucidate the mechanism of the hinge-dependent loss of SpOpB activity, we com-
pared the available structures of the enzyme with the native and modified hinge region [24].
We found that the modification was associated with the formation of an interdomain salt
bridge (SB) between the side chains of the catalytic residue D617 and R151 from the β-
propeller domain. This SB caused the stabilization of D617 itself and its entire loop (D-loop)
in a position that prevented the movement of the H-loop from the periphery to the center
of the interdomain cavity [24].

In this work, we addressed the question of why modification of the first hinge peptide
sequence results in the formation of the above-mentioned interdomain SB between D617
and R151. We assumed that the appearance of this SB is the result of a rearrangement of the
network of interdomain contacts. To describe this rearrangement in detail, we used new
results obtained from structural studies of SpOpBmod in the crystalline state and solution.
A crystal structure of SpOpBmod in the intermediate conformation with improved electron
density in the H-loop region and a SAXS-validated molecular model of SpOpBmod in the
open conformation were obtained and compared to similar structures of the enzyme with
an unmodified hinge.

2. Materials and Methods
2.1. Production of the Recombinant Protein

SpOpBmod-expressing plasmid was obtained as described in [15]. Rosetta(DE3)pLysS
E. coli cells (Novagen, Darmstadt, Germany) transformed with the plasmid were grown in
LB medium supplemented with 100 µg/mL ampicillin and 34 µg/mL chloramphenicol at
37 ◦C until the OD600 value reached 0.8. Then, the expression was induced with 0.2 mM
IPTG and the cells were incubated at 25 ◦C for 16 h. After harvesting via centrifugation
(5000× g, 10 ◦C, 20 min), the cells were solubilized in 50 mM Tris-HCl buffer supplemented
with 500 mM NaCl, 20 mM imidazole 0.02% (v/v) Triton X-100, and 1 mM PMSF (pH 8.0)
and further disrupted by sonication. The crude cell lysate was centrifuged (20,000× g,
10 ◦C, and 30 min). The supernatant was loaded onto a 5 mL Ni-NTA Superflow Cartridge
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(Qiagen, Venlo, The Netherlands) equilibrated with 50 mM Tris-HCl buffer supplemented
with 500 mM NaCl, and 20 mM imidazole (pH 8.0). After washing with 50 mM Tris-HCl
buffer supplemented with 500 mM NaCl and 40 mM imidazole (pH 8.0), recombinant
SpOpBmod was eluted with 20 mM Tris-HCl buffer supplemented with 200 mM NaCl and
300 mM imidazole (pH 8.0). All purification steps were carried out at 15 ◦C and controlled
via sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE). SpOpBmod-
containing protein fractions were combined; protein concentration was determined by
Bradford method. The 30 kDa cutoff centrifugal filter devices (Millipore, Burlington, MA,
USA) were used for buffer exchange and protein concentration.

2.2. Crystallography, X-ray, and Structural Analysis

Crystallization of SpOpBmod (21 mg/mL in 20 mM Tris-HCl buffer supplemented
with 100 mM NaCl (pH 8.0)) was carried out in the presence of 5 mM spermine [25]. Crystals
were grown at 4 ◦C in 0.2 M (NH4)2SO4, 0.1 M MES pH 6.5, and 30% PEG-5000. Paraton
was used as a cryoprotectant. Diffraction data were collected at the SPring-8 synchrotron
facility (Harima Science Garden City, Kamigori, Japan). Diffraction data were obtained
from one crystal using the rotation method. Rocking and rotation angles are 0.1◦ and 360◦,
respectively. A DECTRIS EIGER X 16 M detector (Dectris, Baden, Switzerland). Twas used
to record reflections. The set of experimental reflection intensities was processed using the
iMosflm program [26]. The structure was solved by the molecular replacement method
using the BALBES program [27]. Refinement, visual evaluation of the electron density
map, and manual rebuilding of the model were performed with the REFMAC5 program of
the CCP4 suite [28] and the COOT interactive graphics program [29], respectively. Visual
inspection of the structure and analysis of the interdomain interface were performed
using either the COOT program [29], PyMOL Molecular Graphics System, Version 1.9.0.0
(Schrödinger, New York, NY, USA) or PDBePISA [30]. Superpositions of the structures were
carried out using the LSQKAB program [31]. Statistics of the data collection and refinement
are collected in Table 1.

Table 1. Data collection, processing, and refinement.

PDB ID
Protein

7YWZ
SpOpBmod

Data Collection

Diffraction source SPring-8
Wavelength (Å) 0.8
Temperature (K) 100
Detector DECTRIS EIGER X 16 M
Space group P212121
a, b, c (Å) 72.89, 100.44, 108.55
α, β, γ (◦) 90.0
Unique reflections 76,338

Resolution range (Å)
29.51–1.75
(1.80–1.75)

Completeness (%) 99.50 (99.93)
Average redundancy 4.96 (4.87)
〈I/σ(I)〉 7.4706 (2.53)
Rmrgd-F * (%) 6.6 (29)
Willson B 18.3

Refinement

Rfact (%) 17.3
Rfree (%) 20.2
Rfree set size (%) 5
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Table 1. Cont.

PDB ID
Protein

7YWZ
SpOpBmod

Refinement

RMSD of bonds (Å) 0.011
RMSD of angles (◦) 1.73
Ramachandran plot
Most favored (%) 99.6
Allowed (%) 0.4
No. atoms
Protein 5545
Water 562
Ligands 62
B-factor (Å2)
Average 22.0

Values in parenthesis are for the highest-resolution shell. * Rmrgd− F = 2 ∑hkl |〈I1(hkl)〉 − 〈I2(hkl)〉|/ ∑hkl〈I1(hkl)〉
−〈I2(hkl)〉 [32].

2.3. SAXS Experiment

SAXS experimental data were collected at the BioMUR beamline of the specialized syn-
chrotron radiation source Kurchatov of the National Research Center “Kurchatov Institute”,
Moscow, Russia. The focusing optical scheme with DECTRIS Pilatus3 1M area detector
(Dectris, Baden, Switzerland) was used at the beamline. The energy of the synchrotron
radiation beam at the beamline was fixed Ebeam = 8 keV. The sample-to-detector distance
was 0.98 m. A sample of silver behenate powder was used as the calibration standard for
all SAXS experiments.

Protein was dissolved in the buffer (20 mM Tris-HCl, 100 mM NaCl, pH 8.0) and
concentrated to 4 mg/mL with the 30 kDa cutoff centrifugal filter devices (Millipore,
Burlington, MA, USA). The flowthrough from the concentrator was used as a buffer control.
Samples were placed in quartz capillaries with 2 mm diameters. Measurements were
performed at room temperature with an exposure time of 600 s. SAXS experimental data
were reduced and primarily processed using FIT2D and ATSAS software [33,34].

2.4. MD Simulation and Analysis of MD Trajectories

Starting structures for MD simulation of all three conformations of SpOpBmod were
obtained as described below.

As a starting model for the intermediate conformation of SpOpBmod, we used the
crystal structure of SpOpBmod in complex with Na-p-Tosyl-Lysyl Chloromethylketone
(TCK) (PDB ID 7NE7, [23]) without TCK and spermine molecules.

As a starting model for the closed conformation of SpOpBmod, we used the crystal
structure of SpOpB in a complex with TCK (PDB ID 7YWP, [17]), without TCK, and with the
replacement of the first hinge peptide sequence with the sequence of the TEV protease site.

As a starting model for the open conformation of SpOpBmod, we used the model of
the SpOpB open conformation obtained through combination of classical MD dynamics
and essential sampling in [24], in which the first hinge peptide sequence was replaced by
that of the TEV-protease site.

MD simulations were carried out using the GROMACS 2020.3 software package [35]
and the AMBER99SB-ILDN force field [36]. All three starting structures were solvated with
water of the SPC/E type in a periodic rectangular box with a 1.0 nm distance between
the solute and the box. The charge of the system was neutralized by complementing the
solvent with Na+ и Cl− ions. The standard protocol of simulation was used for the system
equilibration. To relax the structure and avoid steric collisions during further modeling,
the potential energy was minimized with an increment of 1 fs to a maximum force of
1000.0 kJ/mol/nm. The pressure and temperature were stabilized at 1 atm and 300 K using
NVT (100 ps) and NPT (100 ps) simulations, respectively. The pressure and temperature in
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the system were maintained independently at the same level using a modified Berendsen
thermostat [37] and a Parinello–Rahman barostat [38], respectively. Long range electrostatic
interactions were calculated using the Particle Mesh–Ewald summation scheme [39]. The
LINCS algorithm was used to limit bonds involving hydrogen atoms [40]. Finally, three
productive 100 ns MD simulations were performed with the data collection at every 10 ps.

The changes in the protein folding along the MD trajectories were evaluated by
calculating the root mean square deviations (RMSD) for the backbone atoms. Clustering of
the structures obtained during simulation was performed using GROMACS subprograms.

2.5. Comparison of the SAXS Experimental Data with Calculated SAXS Curves

First, all three starting models, energy-minimized starting models (t = 0 ns), and
models representing the main structural clusters for each MD trajectory were processed
to generate model SAXS curves, which were fitted to the experimental SAXS curve using
CRYSOL3.0 software [41]. Radius of gyration (Rg) was calculated using Equation (1) [42].

Rg =
√

∑
i

mir2
i / ∑

i
mi , (1)

where mi is the mass of the atom with index i, ri = Ri − Rcm, Ri is the radius vector of the
atom with index i, and Rcm is the radius vector of the center of mass of the macromolecule
or domain, which is calculated using Equation (2).

Rcm = ∑
i

miRi/ ∑
i

mi . (2)

The experimentally calculated Rg values within the calculation errors coincided with
those calculated using the CRYSOL3.0 software.

After confirming the open conformation of SpOpBmod in solution, the corresponding
MD trajectory was used to search for the best model among the structural invariants
distributed along the MD trajectory.

OpBs consist of two domains connected by hinge peptides. For this reason, in addition
to the standard fitting criteria reduced chi-square (χ2), Rg and Dmax (maximum distances
between two atoms of a molecule, calculated from atomic coordinates), additional param-
eters were used to evaluate the structural invariants generated along the MD trajectory,
namely, the interdomain distances (Did) and Rg of the separated domains (R1g) and (R2g).

2.6. Data Bank Accession Numbers

The structure of SpOpBmod has been deposited into the Protein Data Bank (PDB)
under accession code 7YWZ.

3. Results and Discussion
3.1. Crystal Structure of SpOpBmod in the Intermediate Conformation with an Improved Electrone
Density in the H-Loop Region

A new crystal structure of SpOpBmod (PDB ID 7YWZ) was determined at 1.75 Å reso-
lution (Table 1, Figure 2A). In the structure, an asymmetric unit contains one independent
copy of the protein. The polypeptide chain was folded similarly to previously determined
structures of oligopeptidases in intermediate conformations, including the structures of free
SpOpBmod (PDB ID 7OB1) [15], free SpOpB-S532A (PDB ID 7ZJZ) [24], and TCK-bound
SpOpBmod (PDB ID 7NE7) [23]. Comparison of the above structures gave RMSD values
for Cα-atoms ranging from 0.3 to 0.8 Å, whereas comparison of the new structure with
that of TCK-bound SpOpB in a closed conformation (PDB ID 7YWP) [17] gave an RMSD of
1.8 Å.
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Figure 2. The crystal structure of SpOpBmod (PDB ID 7YWZ) is characterized by a typical polypeptide
fold and improved electron density in the H-loop region. (A) Cartoon presentation of the crystal
structure colored according to the secondary structure elements. Residues of the catalytic triad
and R151 are shown in green sticks. Spermine molecules are shown in light blue sticks. The
spermine, which participates in the formation of the crystal lattice, is designated Sp. The first hinge
peptide and D- and H-loops (carrying the catalytic D and H residues) are colored in dark and light
green, respectively. (B–D) Electron densities of the H-loops and their surroundings in the indicated
the structures: SpOpBmod (B), SpOpBmod-TCK (C), and SpOpB-S532A (D). Residues are colored
according to B-factor; the omitted Fo-Fc map is contoured at 1.5 Å RMSD.

Five spermine molecules were detected in the interdomain cavity of SpOpBmod,
whereas one spermine molecule was located outside the interdomain cavity and partici-
pated in the crystal lattice formation (Figure 2A).

Similarly to the previously reported structures of the hinge-modified enzymes SpOpB-
mod [15,24] and SpOpBmod-TCK [23], in the new structure the catalytic D617 was stabilized
between the other two residues of the catalytic triad by forming an interdomain salt bridge
D617-R151 (Figure 2A). The distance between the guanidino and carboxyl groups of the
corresponding residues was 2.77 Å. This salt bridge was absent in structures of enzymes
with intact hinge regions crystallized in either intermediate or closed conformation (PDB
ID 7ZJZ and 7YWP) [17,24]. This salt bridge appears to be one of the reasons for the loss of
activity observed for the enzyme with a modified hinge region (see Section 3.3 for a detailed
explanation). It is interesting to note that the model of SpOpB in the closed conformation ob-
tained by homology modeling using the structures of antipain-bound protozoan OpBs (PDB
ID 4BP9 and 2XE4, [14,16]) as starting structures, as well as their invariants obtained by
MD simulations, contained this bridge [43,44], whereas this bridge was absent in the model
of SpOpB built by the AlphaFold2 [45] (https://www.uniprot.org/uniprotkb/B3VI58/
accessed on 1 October 2023).

The new structure had obvious electron density for the mobile H-loop residues
(Figure 2B). In previously determined SpOpBmod structures (e.g., PDB ID 7OB1), the
electron density of the H-loop residues was poor or absent. The only exception was the
structure of the SpOpBmod-TCK complex (PDB ID 7NE7), in which one of the two TCK
molecules was covalently bound to the catalytic H652 and thereby fixed the position of
H652 and neighboring residues, forming the H-loop. Figure 2 shows a comparison of
the electron densities of the H-loop residues in the reported structure (Figure 2B) and in
the previously obtained structures mentioned above (Figure 2C,D). It can be seen that in
the new structure the electron density of the H-loop is of even better quality than in the
SpOpBmod-TCK structure. Although the electron density of the imidazole ring of catalytic
H652 is still missing.

https://www.uniprot.org/uniprotkb/B3VI58/
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Thus, the new structure of SpOpBmod and the structure of the SpOp-Bmod-TCK com-
plex were selected for comparative analysis of interdomain interactions in the intermediate
conformation of SpOpBmod together with the reference structure of SpOpB-S532A, in
which the first hinge peptide was native.

3.2. Generation of the Model of the Open Conformation of SpOpBmod Using MD Simulations
Combined with the SAXS Experiment

Previously, SAXS experiments showed that the open conformation predominates in
solutions of both enzymes (SpOpB and SpOpBmod) [15]. However, the crystal structures
of these enzymes in the open conformation could not be obtained, which was due to the
fact that both variants of the enzyme could be crystallized only in the presence of spermine,
which in turn caused the enzymes transition to an intermediate conformation [15].

It is well known that the combination of computational predictions (modeling, docking
and MD) with the results of experimental methods of structural biology (SAXS, NMR and
neutron scattering) can significantly improve the quality of predicted structures for various
biological macromolecules and macromolecular systems [46–48]. Due to the lack of an
experimentally obtained structure, we decided to construct a reliable model of SpOpBmod
in the open conformation using a hybrid algorithm combining molecular dynamics (MD)
simulations with SAXS experiment.

This hybrid algorithm consisted of several steps. We first used MD simulations to
generate a set of different structural invariants for all three conformations of SpOpBmod.
These structural invariants were then used to calculate SAXS curves. Finally, comparison
of the calculated SAXS curves with the experimental SAXS curve made it possible to select
the most probable structural invariant. The algorithm used can be applied to study the
dynamics of a wide range of proteins.

When comparing experimental and model SAXS curves, in addition to χ2 and Rg
values, we analyzed a number of other parameters, including the inter-domain distance
(Did), Dmax, and Rg of separated domains (R1g and R2g) (Table 2 and Figure 3).

As expected, based on the χ2 and Rg values, the SAXS curves calculated for both the
starting model of the open conformation and for the structural invariants generated along
the MD trajectory demonstrated the best fit to the experimental SAXS curve (Table 2).

Figure 3A shows a plot of the χ2 values calculated by fitting SAXS curves of structural
invariants generated during the simulation of the starting model of the SpOpBmod open
conformation with the experimental SAXS curve. Analysis of the structural invariants
along the MD trajectory shows that the best-fitted models accumulate at the beginning of
the trajectory. In this regard, a time interval around 20 ns was analyzed in detail (inset
in Figure 3A). The minimum value of χ2 (2.85) corresponds to the structural invariant
(SpOpBmodOpen) generated at 19.9 ns of the MD trajectory.

The best structural invariant (SpOpBmodOpen) was selected for comparative analysis
of interdomain interactions in the open conformation of SpOpBmod, while a model of the
open conformation of SpOpB with an intact hinge region (SpOpBopen), obtained using
a combination of classical MD dynamics and essential sampling in a previous study [24],
was used as the reference structure.

Figure 3B shows the time development of structural characteristics of SpOpBmod in
the open conformation during MD simulation, such as Rg, Did, R1g, and R2g. According
to the R1g and R2g values, the sizes of individual domains did not change within the limits
of calculation errors. This indicates that the decrease in Rg values is associated exclusively
with the decrease in Did values observed as the domains approach each other. This fact
can be considered as an illustration of the postulate that the conformational transitions of
OpBs (as well as other POPs) are the result of the convergence and divergence of domains,
while the domains themselves can be considered as solid globular structures with local
conformational changes that are beyond the sensitivity of SAXS.
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Table 2. Comparison of the experimental SAXS curve obtained for SpOpBmod with model SAXS
curves calculated for the three major conformations of SpOpBmod.

Sample Description χ2
Rg, nm
(∆Rg =
±0.03 nm)

Dmax, nm
(∆Dmax =
±0.1 nm)

Did, nm
(∆Did =
±0.01 nm)

R1g and R2g, nm
(∆Rg = ±0.03 nm)

R1g R2g

Data from experimental SAXS curve

Solution 2.76 8.7

Data from model SAXS curves calculated for starting structures

Open conformation 3.36 2.78 8.7 3.69 2.04 2.14

Intermediate conformation 18.12 2.64 7.9 3.23 2.01 2.12

Closed conformation 31.62 2.57 7.9 3.05 2.00 2.11

Data from model SAXS curves calculated for structures derived from MD experiments

Open

t = 0 ns 3.49 2.79 8.7 3.69 2.05 2.14

Main cluster * 17.20 2.68 8.2 3.32 2.03 2.16

t = 10 ns 3.37 2.75 8.2 3.58 2.04 2.14

t = 20 ns 2.97 2.76 8.3 3.61 2.03 2.15

t = 30 ns 7.82 2.71 8.4 3.42 2.03 2.17

t = 40 ns 4.87 2.72 8.2 3.46 2.03 2.16

t = 50 ns 10.42 2.70 8.4 3.38 2.02 2.17

t = 60 ns 15.38 2.67 8.5 3.32 2.03 2.14

t = 70 ns 17.56 2.66 8.1 3.30 2.04 2.15

t = 80 ns 17.88 2.67 8.3 3.33 2.04 2.15

t = 90 ns 17.60 2.67 8.1 3.32 2.03 2.15

t = 100 ns 16.22 2.66 8.4 3.29 2.02 2.15

Best structure (SpOpBmodOpen)

t = 19.9 ns 2.85 2.75 8.4 3.57 2.03 2.16

Intermediate
t = 0 ns 18.12 2.64 7.9 3.23 2.01 2.12

Main cluster * 19.23 2.67 8.3 3.28 2.04 2.14

Closed
t = 0 ns 31.62 2.57 7.9 3.05 2.00 2.11

Main cluster * 28.96 2.61 8.0 3.15 2.03 2.14

* The main clusters cover 35–45% of the MD trajectories and have RMSD between structures of 1–1.2 Å.

3.3. Comparison of Interdomain Interactions in Intermediate and Open Conformations of SpOpB
with Intact and Modified Hinge Regions

We have previously shown that modification of the first hinge peptide leads to strong
inactivation of the enzyme [15]. Moreover, we have shown that this modification is asso-
ciated with the formation of an interdomain salt bridge D617-R151. This SB involves the
catalytic residue D617 causing its stabilization in a position that prevents the movement of
the H-loop and the catalytic H652 itself towards the catalytic S532, which is necessary for
the assembly of the catalytic triad and for catalytic activation of the enzyme [24]. Since there
are no direct contacts between the hinge region and the catalytic residues, this effect must
be associated with a series of local rearrangements, more precisely, with rearrangements of
the local network of interdomain contacts.
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Figure 3. Evaluation of structural invariants generated during MD simulation of SpOpBmod in the
open conformation. (A) Time-dependent development of reduced chi-square (χ2) values calculated
by comparing model SAXS curves with the experimental one. The inset shows a time fragment when
the best model (with χ2 = 2.85) was generated at 19.9 ns of the MD trajectory. (B) Time-dependent
development of structural characteristics of the open conformation invariants generated during the
simulation: the inter domain distance (Did), radius of gyration (Rg) of the entire molecule, and Rg of
individual domains (R1g and R2g). The marking line corresponds to the structural characteristics of
the best model.

To compare interdomain contacts in enzymes with intact and modified hinge regions,
we used the crystal structures of SpOpB-S532A (PDB ID 7ZJZ), SpOpBmod (PDB ID
7YWZ), and SpOpBmod-TCK (PDB ID 7NE7) in intermediate conformations (Table 3).
In addition, the comparison included a model of SpOpBmod in an open conformation
(SpOpBmodOpen), obtained as described in Section 3.2, and a model of wild-type SpOpB
in the open conformation (SpOpBopen), obtained using the combination of classical MD
dynamics and essential sampling in [24] (Table 4).

The tables contain the information about both the polar contacts between two domains
and the locations of interacting residues in the catalytic and β-propeller domains (e.g.,
secondary structure elements and propeller blades). Hinge peptides were assigned to
the propeller domain; thus, multiple contacts between two adjacent hinge peptides were
excluded from the analysis. Interdomain interactions were analyzed in the same order as
they are presented in the tables: from the first hinge peptide, through β-propeller blades 1
to 7, and to the second hinge peptide. To clarify the following discussion, views of each
domain from the interdomain cavity with secondary structure elements labeled are shown
in Figure 1.

We first compared the interdomain interfaces in the crystal structures of free and TCK-
bound SpOpBmod in the intermediate conformation. As noted in Section 3.1, the electron
density made it possible to visualize and compare H-loops in both structures (Figure 2B,C).
According to Table 3, the polar contacts between the two domains in both structures were
almost identical, with the exception of differences associated with the presence of the TCK
molecule covalently bound to H652 in the SpOpB-TCK structure. The H652-bound TCK
did not allow the K655 side chain to occupy the same position as in the structure of free
SpOpBmod. This difference led to the absence of several interdomain hydrogen bonds
(H-bonds), including those between the K655 side chain and the main chains of residues
E92, P93, and N95 of the β5-strand and the loop between the β5- and β6-strands of the first
β-propeller blade. At the same time, the H-bonds of the main chain of K655 and the main
and side chains of neighboring S656 with the main and side chains of E96 (also located in
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the β5/β6-loop of the β-propeller) remained unchanged in both structures, leveling out
the absence of the above-mentioned H-bonds in the SpOpB-TCK structure. As a result, the
interdomain interfaces in the region adjacent to the first hinge peptide in the SpOpBmod
and SpOpBmod-TCK structures turned out to be almost identical, indicating that both
tertiary folds observed in the crystalline states are the result of the internal conformational
dynamics of SpOpBmod, which was subsequently captured via inhibitor binding in the
SpOpBmod-TCK structure.

Table 3. Hydrogen bonds and salt bridges connecting two domains in crystal structures of SpOpBmod
(PDB ID 7YWZ), SpOpBmod-TCK (PDB ID 7NE7) and SpOpB-S532A (PDB ID 7ZJZ) in intermediate
conformations.

Crystal Structures
Domains SpOpBmod (7YWZ) SpOpB-S532A (7ZJZ) SpOpBmod-TCK (7NE7)

Propeller Catalytic Atom 1
prop.

Atom 2
cat.

Atom 1
prop.

Atom 2
cat.

Atom 1
prop.

Atom 2
cat.

Hinge1 α2 E71N V68O I71N V68O E71N V68O

β5/β6,
Blade 1

H-loop
(α12)

E92O (K655NZ)
P93O (K655NZ)
N95O (K655NZ)

E96OE2 H652ND1 E96OE2 H652NE2
E96OE2 (K655N) E96OE2 (K655N)

E96O (K655N) E96O (K655N)
E96OE2 (S656N) E96OE2 (S656N)
E96OE2 (S656OG) E96O S656OG E96OE1 (S656OG)

E96O (R658NH2)
Y97OH S656N

Blade 1/
Blade 2

A121O K655NZ
R124O K655NZ

β9/β10,
Blade 2

S149OG S650O S149OG S650O
S149OG G651O

D-loop R151NH1 D617OD2 R151NH2 D617OD1

β17/β18,
Blade 4 α8/α9 T244OG1 D578OD2 T244OG1 D578OD2

Blade 4/
Blade 5

K269NZ D578OD1/2 K269NZ D578OD1/2

β21/β22,
Blade 5

α5

K291NZ E494OE1/2 K291NZ E494OE1/2 K291NZ E494OE1
N292OD1 Q490N N292OD1 Q490N N292OD1 Q490N

β24,
Blade 6 M317SD Q490N M317SD Q490N M317SD Q490N

β25/β26,
Blade 6

β34/α4 R333NH1/2 D460OD1/2 R333NH1/2 D460OD1/2 R333NH1/2 D460OD1/2

β32 G336O R418NH1 G336O R418NH1 G336O R418NH1

Blade 6/
Blade 7 β34/α4

T361N/OG1 P461O T361N/OG1 P461O T361N/OG1 P461O

β29/β30,
Blade7

S380OG F463N S380OG F463N S380OG F463N

β33 M382SD L433N M382SD L433N M382SD L433N

Hinge2
α2 K407N R70O K407N R70O K407NE R70O

η6 T410O N413N T410O N413N T410O N413N
T410OG1 N413ND2

Salt bridges are shown in italics.
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Table 4. Hydrogen bonds and salt bridges connecting two domains in the open conformation models
of SpOpB and SpOpBmod.

Models
Domains SpOpBmodOpen SpOpBopen

Propeller Catalytic Atom 1
prop.

Atom 2
cat.

Atom 1
prop.

Atom 2
cat.

β21/β22,
Blade 5

α5
(β35/α5)

K291NZ
N292ND2

E494OE2
(L488O)

K291NZ
K291O

E494OE1
Q490NE2

N292OD1 Q490N N292OD1 Q490N
N292OD1 L491N N292OD1 L491N

β25,
Blade 6

β34/α4
(β35/α5)

R333NH1/2

R333NH1

D460OD1/2

(E487O)

R333NH1/2

R333NH2
R333NH1

D460OD1/2

S458OG
(E487O)

β32 E335O R418NH1/2

Blade 6/ T359OG1 S416OG D357OD1 S416OG

Blade 7

β34/α4

T361N/OG1 P461O T361N/OG1 P461O

β29/β30,
Blade7

S380O/OG
M382SD
M382SD

F463N
A462N

R467NH1
S380OG F463N

Hinge2
α2

N-loop

K407N
K407O

N408O/OD1

R70O
R70NE

R70NH1

K407N
K407O
N408O

R70O
R70NE

R70NH1

η6 T410O N413N
N-loop T410OG1 N412N T410OG1 N412N

Salt bridges are shown in italics.

Further comparison of the hinge-modified SpOpBmod structures with the SpOpB-
S532A structure with a native hinge peptide revealed noticeably differences of interdomain
contacts both in regions adjacent to the first hinge peptide and in regions more distant from
it (Table 3). The immediate surroundings of the first hinge peptide included the preceding
and subsequent polypeptide chains as well as the second hinge peptide (Figure 1). The β5-
strand and β5/β6-loop from the first blade of the β-propeller—as well as the N-terminus
of the C-terminal α12-helix, which is preceded by the C-terminus of the H-loop—can also
be included there (Figure 4).

According to Table 3, in the SpOpB-S532A structure, the side chain of K655 from the
H-loop formed H-bonds with the main chains of residues A121 and R124 from the α3-helix
and the following α3/β8-loop, which connected the first and second blades of the β-propeller.
The side chains of S656 from the H-loop and R658 from the α12-helix formed H-bonds with
the main chain of E96 from the β5/β6-loop of the β-propeller, whereas the main chain of S656
formed an H-bond with the side chain of Y97 from the same loop. All these contacts differed
from those observed in the structures of the hinge-modified enzymes (see Table 3).

The described above differences in the immediate spatial surroundings of the first
hinge peptide led to the rearrangement of the interdomain interface in more distant regions.
According to Table 3, in the SpOpB-S532A structure, there were no polar contacts between
the second propeller blade and the catalytic domain, whereas in both SpOpBmod structures,
the main chain of S650 from the H-loop formed an H-bond with the side chain of S149
from the β9/β10-loop of the second β-propeller blade. This contact contributed to the
convergence of the β9/β10-loop with the D-loop, which in turn was adjacent to the H-loop.
Figure 1 shows that the D- and H-loops are topologically related to each other, as they
follow two adjacent parallel β-strands (β38 and β39) from a curved β-sheet that serves
as the core of the α/β-hydrolase fold of the catalytic domain. In turn, the proximity of
the β9/β10-loop to the D-loop allows residues R151 and D617 to approach each other to
form SB. Thus, in the both SpOpBmod and SpOpBmod-TCK structures, catalytic D617
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is stabilized in its positions by the interdomain SB D617-R151, which complicates the
rearrangement of the catalytic triad required for catalytic activation but facilitates the
crystallization of hinge-modified enzyme [15,24].

Figure 4. Cartoon mesh presentation of secondary structure elements from the β-propeller and
catalytic domains that surround the first hinge peptide (hinge) in different conformations of SpOpB.
The α-helices, β-strands, and loops are colored in red, yellow, and green, respectively. Molecular
models of SpOpBopen and SpOpBmodOpen were used to prepare images of the open conformation;
crystal structures of SpOpBmod, SpOpB-S532A, and SpOpB-TCK—for preparing images of the
intermediate and closed conformations, respectively.

Despite the differences in interdomain interfaces found in the structures of the inter-
mediate conformations of enzymes with intact and modified hinges, comparison of the
structures of open conformations of the same enzymes modeled using a combination of MD
simulations with experimental SAXS data revealed similar interdomain interfaces (Table 4).
In both cases (SpOpB and SpOpBmod in open conformations), the interdomain interfaces
were formed only by the propeller blades 5–7 and the secondary structure elements (mainly
loops) of the catalytic domain located opposite. At the same time, the number of polar
contacts between the contacting regions even increased (Table 4).

Figure 4 allows us to compare the relative positions of the secondary structure elements
of the β-propeller and catalytic domains surrounding the first hinge peptide in different
conformations. The same crystal structures and structural models that were used for the
comparative analysis of the interdomain interface were taken, but the hinge-modified
enzyme in the intermediate conformation was presented only by the SpOpBmod structure.
The crystal structure of the closed conformation obtained for SpOpB in complex with TCK
(PDB ID 7YWP) [17] was added to the comparison.

According to Figure 4, in open conformations, there are no interdomain contacts in
the immediate surroundings of the first hinge peptide and the hinge modification does not
cause significant differences. At the same time, as the domains approach each other, the
modification promotes accelerated structuring of the first hinge peptide. This structuring
results in the formation of a short β-strand from residues 75–76, which in turn causes
elongation of the adjacent β5-strand of the first β-propeller blade. In the hinge-modified
enzyme, the β5/β6 loop of the first blade approaches the catalytic domain earlier (at a
lower degree of domain convergence) than in a protein with an intact hinge. This leads
to the formation of numerous interdomain contacts between the β5/β6 loop of the first
β-propeller blade and residues of the catalytic domain. As a result, an abnormal elongation
of the α12 helix and shortening of the H-loop occurs (Figure 4).

The boundary between the H-loop and the α12-helix passed through residues 661/662
in the open conformation models (the shortest α12-helix), residues 656/657 in the SpOpB-
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S532A structure (the α12-helix extended by 5 residues), and residues 652/653 in structures
of the hinge-modified enzyme (the α12-helix extended by nine residues). The beginning of
the H-loop in all cases corresponds to residue 648.

This elongation of the α12-helix leads to the loss of contacts of the shortened H-loop
with α3-helix and α3/β8-loop (transition between the first and second β-propeller blades),
instead of which the remaining part of the H-loop and the adjacent D-loop interact with
residues of the β8/β9-loop of the second β-propeller blade (Table 3).

In an enzyme with a native hinge, structuring of the first hinge peptide occurs only at
the maximum degree of domain closure (in a closed conformation), and elongation of the
α12-helix leading to shortening of the H-loop occur to a much lesser extent (Figure 4). Based
on this, we can conclude that the interdomain interface observed in the structures of hinge-
modified enzymes can be considered an extreme version of the H-loop rearrangement, in
which the approach of the domains does not lead to the assembly of the catalytic triad.
However, the intermediate conformation observed in the structure of the enzyme with an
intact hinge peptide (SpOpB-S532A) illustrates the productive transition between open and
closed conformations.

4. Conclusions

Here we report a new crystal structure of hinge-modified oligopeptidase B from Ser-
ratia proteamaculans in an intermediate conformation with improved electron density in
the mobile H-loop region. Comparison of this structure with the structure of SpOpBmod
in complex with TCK carried out in this work shows that both tertiary folds observed in
crystalline states result from the internal conformational dynamics of SpOpBmod, which
were captured via inhibitor binding into the structure of the SpOpB-TCK complex. In
addition, the SAXS study of SpOpBmod in solution made it possible to determine the
structural parameters of the open conformation of SpOpBmod and create a corresponding
model. This model was subjected to comparative analysis together with the crystal struc-
tures discussed above and previously reported structures of SpOpB with native hinges in
different conformations.

As a result, it was found that the interdomain interface observed in the SpOpBmod
structures can be considered as a certain extreme version of the H-loop arrangement, in
which the convergence of domains does not lead to the assembly of the catalytic triad.
However, the intermediate conformation observed in the structure of the enzyme with a
native hinge illustrates the productive transition between the open and closed conforma-
tion. The obtained results illustrate the role of the hinge region in SpOpB conformational
transitions and provide a structural explanation for why hinge-modified SpOpB lost its
enzymatic activity.
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