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Abstract

Dipeptidyl peptidase Il (DPP Ill) isolated from the thermophilic bacteria Caldithrix abyssi
(Ca) is a two-domain zinc exopeptidase, a member of the M49 family. Like other DPPs I, it
cleaves dipeptides from the N-terminus of its substrates but differently from human, yeast
and Bacteroides thetaiotaomicron (mesophile) orthologs, it has the pentapeptide zinc bind-
ing motif (HEISH) in the active site instead of the hexapeptide (HEXXGH). The aim of our
study was to investigate structure, dynamics and activity of CaDPP Ill, as well as to find pos-
sible differences with already characterized DPPs Il from mesophiles, especially B. thetaio-
taomicron. The enzyme structure was determined by X-ray diffraction, while stability and
flexibility were investigated using MD simulations. Using molecular modeling approach we
determined the way of ligands binding into the enzyme active site and identified the possible
reasons for the decreased substrate specificity compared to other DPPs IIl. The obtained
results gave us possible explanation for higher stability, as well as higher temperature opti-
mum of CaDPP lll. The structural features explaining its altered substrate specificity are
also given. The possible structural and catalytic significance of the HEISH motive, unique to
CaDPP lIl, was studied computationally, comparing the results of long MD simulations of
the wild type enzyme with those obtained for the HEISGH mutant. This study presents the
first structural and biochemical characterization of DPP Il from a thermophile.

Introduction

Caldithrix abyssi is a thermophilic and anaerobic Gram-negative bacteria isolated from a Mid-
Atlantic Ridge hydrothermal vent [1]. It is the first cultivated representative of a phylum-level
bacterial lineage. The genome of Caldithrix abyssi was sequenced within the framework of
Genomic Encyclopedia of Bacteria and Archaea (GEBA) project [2, 3]. The genomic analysis
revealed the presence of more than 150 genes encoding peptidases, both extracellular and
intracellular, in agreement with the ability of C. abyssi to grow on complex proteinaceous
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substrates, such as beef extract, soy bean, peptone and yeast extract [4]. None of the C. abyssi
peptidases have been characterized functionally or biochemically.

During our investigation of the metallopeptidase family M49 diversity (MEROPS [5],
merops.sanger.ac.uk) we have found that a 558 amino acid protein from C. abyssi DSM
13497 (UniProtKB entry: HIXW48) represents an ortholog of this family, also known as the
dipeptidyl peptidase III (DPP III) family. DPP III (EC 3.4.14.4) is a cytosolic zinc-metallo-
peptidase which cleaves dipeptides from the N-termini of its substrates, consisting of three to
ten amino acids [6, 7]. It is broadly distributed in eukaryotic cells and considered to partici-
pate in normal intracellular protein catabolism. Mammalian enzyme is involved in cellular
defense against oxidative stress, as an activator of the Keap1-Nrf2 signaling pathway [8, 9].
DPP III was thought to be an exclusively eukaryotic enzyme until 2003, when first two bacte-
rial genome sequences of (Bacteroides thetaiotaomicron and Porphyromonas gingivalis) that
contain DPP3 gene appeared in the UniProt KB [10]. The deduced amino acid sequences of
two prokaryotic orthologs showed low homology with eukaryotic ones. However, they
enabled the recognition of five evolutionary conserved amino acid sequence regions in the
M49 family, including the unique hexapeptide zinc-binding motif HEXXGH. Biochemical
properties of the eukaryotic DPPs IIT have been studied extensively [7], and the crystal struc-
tures of two representatives, human and yeast have been solved [11, 12]. Differently, the only
prokaryotic DPP III characterized so far is the recombinant DPP III from Bacteroides thetaio-
taomicron [13].

The DPP III family is rapidly growing due to the newly sequenced genomes which enable
comparative studies and novel discoveries. Recently, we have determined the diversity in
M49 family with regard to the protein sequence length through bioinformatic analyses [14,
15]. We also found that the conserved hexapeptide HEXXGH signature motif is reduced to
pentapeptide HEXXH in some of the new members. Since it was assumed that hexapeptide
zinc binding motif (HEXXGH), established as a “hallmark” of the DPP III family, is required
for the hydrolytic activity, these findings pose the question of the M49 peptidases active site
“core” as well as of the enzymatic properties of the members with pentapeptide signature
motif. Among the members containing the pentapeptide signature motif, we have noted two
large subgroups. One consisting of the plant proteins, about 750-800 amino acids long,
which besides the five conserved regions of M49 family, contain the so called NUDIX motif,
a characteristic of Nudix hydrolases [16], at the N-terminal part of the sequence. The other
subgroup comprises numerous shorter bacterial homologues with the sequence length of
~ 550 amino acids, none of them being functionally characterized. Among them, we have
chosen the uncharacterized protein from C. abyssi DSM 13497 (UniProt: HIXW48) as a sub-
ject of our research for several reasons: it represents the subgroup of bacterial homologs with
pentapeptide signature motif, it is much smaller than other M49 peptidases (675 to 738
amino acids) characterized up to date, and, according to XtalPred server [17], it is classified
in optimal crystallization class proteins.

In this work we present biochemical characterization of C. abyssi DPP 111, its crystal struc-
ture and the results of the molecular modeling, docking combined with molecular dynamics
(MD) simulations, hydrogen bond analysis and the relative binding free energy calculations.
This study should help to resolve the question of the enzymatic “core”, i.e. the minimal num-
ber of the conserved residues in the enzyme active site required for catalytic activity of a M49
family member. Namely, we were interested in whether the HEXXH pentapeptide is sufficient
for the peptidase activity. Further on, the study was also aimed at investigating possible struc-
tural characteristics responsible for different temperature optimum and thermal inactivation
of the thermophilic vs mesophilic enzymes from M49 family.
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Materials and methods
Cloning

The Cabys_2252 gene encoding DPP III enzyme was amplified from the genomic DNA of Cal-
dithrix abyssi using PCR with forward 5’ ~-CCGGCTCGAGATTGCTATTTCCC-3" and reverse
5’ ~GGGCCGGCATATGATGAAACGAA-3’ primers, respectively. The PCR product was then
cloned into Ndel and Xhol restriction sites of the pET-21a(+) vector. Resulting construct con-
tained hexa-histidine tag ((LEHHHHHH) at the C terminal end of the enzyme and a sponta-
neous mutation K21R. This construct was used solely for crystallization purposes. C. abyssi
DPP3 gene was amplified from the pET-21a(+) vector, cloned in the pLATE31 vector by using
aLICator Ligation Independent Cloning and Expression System Protein kit (Thermo Scien-
tific, USA), and the spontaneous mutation K21R was corrected. Protein expressed from the
PLATE31 vector was used for the biochemical characterization of C. abyssi DPP III.

Overexpression, purification, and characterization of CaDPP III proteins

Heterologous expression of the DPP III protein was done using Escherichia coli BL21-Codon-
Plus(DE3)-RIL cells transformed with previously described constructs. Further procedure was
performed as described for the human DPP III (h.DPP) [18], with the exceptions that the
induction was done using 0.25 mg/mL of IPTG and the culture was grown at 18 °C overnight.
Bacterial cells were harvested by centrifugation at 5600 g at 4 °C for 10 min and stored at -20
°C until purification. Selenomethionine (Se-Met) labeled DPP III was produced by transform-
ing Escherichia coli B834(DE3) cells with the previously described construct. Overexpression
of Se-Met labeled DPP III was accomplished according to the procedure used for the DPP III
from Bacteroides thetaiotaomicron [19], with the exception that induction was done using 0.25
mg/mL of IPTG.

The samples for purification were prepared according to the protocol described by I. Sabljic
et al [19]. The purification was performed in two steps: affinity chromatography on Ni-NTA
resin (5 mL prepacked His-trap FF, GE Healthcare) and gel filtration on column with Super-
dex 200 (GE Healthcare) previously equilibrated with 50 mM Tris-HCI (pH 7.4) containing
100 mM NaCl. Both steps were done with AKTA FPLC (GE Healthcare). The purity of the
protein was analyzed by SDS-PAGE, on 12% gel plate, and the protein concentration was
determined by measurement of A,g, using theoretical molar extinction coefficient, 49865 m!
cm’. For the long-term storage, the enzyme was kept at -80 °C.

Enzyme activity assay and kinetic analysis

Temperature and pH optimum for the CaDPP III enzymatic activity were determined by the
standard assay at temperatures from 25 to 70 ° with Arg,-2-naphthylamide (Arg,-2NA) as the
substrate, using the colorimetric method, as previously described [20, 21].

PH optimum was determined at pH 6 to 7 in 50 mM sodium-phosphate buffer, and at pH 7
to 8.6 in 50 mM Tris HCl buffer at 37 °C and 50 °C, with the addition of 50 uM CoCl,, by the
standard assay with Arg,-2NA as the substrate [20].

In our earlier studies of the DPP III orthologs, we assumed that thermal stability of an
enzyme is closely related to its activity and have used activity tests with Arg,-2NA to determine
an enzyme thermal stability. In line with this assumption and our previous studies on DPP III
enzymes the thermal stability of CaDPP III was determined by heating the reaction mixture
without the substrate for 30 min on temperatures between 37 and 80 °C, and, after cooling on
ice for 2 min, performing the standard activity test with Arg,-2NA substrate at 37 °C, as previ-
ously described [18].
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Substrate specificity and the influence of inhibitors and effectors on enzymatic activity were
measured at 50 °C and at pH 7.0, with the addition of 50 uM CoCl,, and substrate concentra-
tion was 40 uM.

Kinetic parameters for hydrolysis of Arg,-2NA and Gly-Arg-2NA were determined at pH
7.0, in the presence of 50 pM CoCl,. For the complex with Arg,-2NA the measurements were
performed at 25 °C and 50 °C, and for the complex with Gly-Arg-2NA only at 50 °C. The ini-
tial rate measurements were carried out on Cary Eclipse Fluorescence Spectrophotometer
(Agilent) using excitation and emission wavelength of 332 nm and 420 nm, respectively. The
enzyme was preincubated for 2 min at either 25 “C or 50 °C, and the reaction started with the
addition of substrate. The initial rate was determined from the continuous measurement
(duration of 1 min) of fluorescence of the free 2-naphthylamine product. The kinetic parame-
ters were calculated using nonlinear regression analysis of three kinetic measurements in
GraphPad Prism software (GraphPad Software, Inc., USA), with Arg,-2NA concentrations
from 5 to 300 uM and Gly-Arg concentrations from 15 to 350 uM.

Crystallization and data collection

For crystallization experiments the protein sample was concentrated up to 10.2 mg/mL. Crys-
tallization screening was done by vapor diffusion method in sitting drops using Orxy8 robot
(Douglas Instruments, UK). The drops were prepared by mixing 0.5 pL of protein solution
and 0.5 pL of crystallization solution at 20 °C. Two commercial screens were used: Morpheus
from Molecular Dimensions (Newmarket, UK) and Index from Hampton Research (Califor-
nia, USA). Crystals were obtained in three conditions: Index D7 (0.1 M Bis-Tris pH 6.5, 25%
PEG 3,350), Index D9 (0.1 M Tris pH 8.5, 25% PEG 3,350) and Index D10 (0.1 M Bis-Tris pH
6.5,20% PEG 5,000). Further optimization was done by hanging drop technique in 24 well
Linbro plates. Best diffracting crystals where grown by using 900 uL of 200 mM (NH,4),SO, as
reservoir solution and by mixing 1 uL of the protein solution with 1 pL of the original Index
D7 crystallization solution.

To crystallize the Se-Met labeled DPP III protein samples were concentrated up to 12.6 mg/
mL. Crystallization was performed by sitting drop technique in 24 well Linbro plates. Best dif-
fracting crystals were obtained using 600 pL of the homemade Index D10 crystallization solu-
tion as reservoir solution while the drops were made of 1 uL of the protein solution and 1 pL of
the original Index D10 crystallization solution.

Prior to flash-cooling in liquid N,, all crystals were cryoprotected by soaking for a few sec-
onds in the original Index D7 or D10 crystallization solutions supplemented with 20% ethylene
glycol. Diffraction experiments were carried out at 100 K at Elettra Sincrotrone Trieste (Tri-
este, Italy) with a PILATUS 2M detector. Optimal energies for MAD experiment were
obtained by scanning the x-ray energy against the fluorescence emitted by the sample. For
MAD experiments two datasets were collected from a single crystal at wavelengths 0.9793 A
(peak) and 0.9796 A (inflection). The crystal diffracted up to resolution of 2.8 A. Dataset for
unlabeled protein was collected at 1.2705 A up to 2.1 A resolution. Data collection and refine-
ment statistics are summarized in Table 1.

Phasing, model building, and refinement

All collected datasets were processed using XDS [22] and data scaling was done using Aimless
[23]. For calculation of the Ry, 5% of reflections was randomly selected and excluded from all
refinements.

The initial model was obtained using the dataset collected for the Se-Met labeled protein
using MAD method from AutoSol [24] within PHENIX software suite [25]. Using this model,
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Table 1. Data collection, structure determination, and refinement statistics®.

CaDPP 111
Crystal parameters
Resolution (A) 2.1
Space group P2,2,2;

Unit cell parameters

a,b,c(A) 51.47,90.55, 133.0
a By (") 90, 90, 90
Matthews coefficient (A%/Da) 2.37
Solvent content (%) 48
Data collection
Completeness (%) 99.8 (98.4)
No. of unique reflections 36965
I/o(I) 13.4 (2.4)

Rierge 0.117 (0.819)
CCi 0.998 (0.903)
Redundancy 8.7 (8.3)
Wilson B-factor (A?) 29.4
Refinement

R/ Rfree 0.210/0.240
RMSD bonds length (&) 0.003
Average B factor 38.3
Number of molecules in a.u. 1
No. of atoms

Protein 4254

Ligand 15

Zinc ion 1

Water molecules 335
Ramachandran analysis®

Favored (%)/n 98.1

Allowed (%)/n 1.9

Outlier (%)/n 0

“ Data for the highest resolution shell are given in parentheses.

The abbreviations: RMSD stands for Root Mean Square Deviation and a.u. for asymmetric unit.

" Defined by the validation program MOLPROBITY [34].

https://doi.org/10.1371/journal.pone.0192488.t001

the partial structure of unlabeled protein was determined by molecular replacement method
(MOLREP [26]). Further improvement of the electron density maps was done using the pro-
gram Parrot [27]. The last step of automated model building was done using the BUCCANEER
[28] program. Although this procedure improved the quality of the initial model, the complete
structure was not obtained. Using programs COOT [29], REFMAC [30, 31] and PHENIX
[25], alternately, the final structure was obtained. The COOT program was used for model
building, fitting and the real space refinement against o5-weighted 2F,-F. and F,-F. electron
density maps, while REFMAC and PHENIX were used for refinement. Translation, rotation,
and screw-rotation (TLS) parameterization of anisotropic displacement was used in the last
refinement step [32]. The final model is missing 34 amino acid residues; 31 at the N- and 3 at
the C-terminus. Data collection and refinement statistics are given in Table 1. Final coordi-
nates and structure factors have been deposited in the Protein Data Bank (accession number
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6EOM). Programs Aimless, MOLREP, Parrot, BUCCANEER and REFMAC are part of the
CCP4 software suite [33].

Computational methods

System parametrization and preparation. The experimentally determined structure of
the ligand-free CaDPP III was used as the initial structure for the molecular modeling study.
The amino acids residues missing at the N-terminus of the experimentally determined struc-
ture, Metl -Lys31, were partially (Cys19 -Lys31) reconstructed using the program Modeller
9.14 [35], while the amino acid residues 1-18 were omitted since we assumed that this is a sig-
naling peptide based on the SignalP [36] server prediction (S1 Fig).

All Arg and Lys residues in our model are positively charged (+1e) while Glu and Asp resi-
dues are negatively charged (-1e), as expected at physiological conditions. The protonation of
histidines was checked according to their ability to form hydrogen bonds with neighboring
amino acid residues or to coordinate the metal ion. The HEISH to HEISGH mutation was per-
formed using Modeller 9.14 [35]. The protein parametrization was performed within the
ft14SB force field [37], while the substrate was parametrized using the generalized amber force
field (gaff2). The missing parameters were obtained through the Antechamber module [38].
For the zinc cation, Zn>*, parameters derived in previous work were used [39]. All calculations
were performed using the Amber16 suite of programs [40]. The proteins and protein-substrate
complexes were placed into the truncated octahedron box filled with TIP3P water molecules
[41] and Na" ions [42] were added in order to neutralize the systems. Additionally, a single
chlorine ion bound to the protein surface in the vicinity of Thr231 and Ile232 was kept
throughout the simulations.

MD simulations. Prior to molecular dynamics simulations, the protein geometry was
optimized in three cycles with different constraints. In the first cycle (1500 steps), the protein
and zinc atoms were restrained by the harmonic potential with a force constant of 32 kcal
mol™ A™. In the second (2500 steps) cycle, the same force was applied to the protein backbone
while the zinc atom was relaxed. In the third cycle (1500 steps), no constraints were applied.
During the first period of equilibration (30 ps of gentle heating from 0 to 300K), the NVT
ensemble was used, while the second period of equilibration (170 ps at 300 K), as well as all of
the following simulations were performed at constant temperature and pressure (300K and 1
atm, the NpT ensemble) using a time step of 1 fs. The equilibrated structure was subjected
either to 200 ns of NpT conventional MD (cMD) or 200 ns of accelerated MD (aMD) simula-
tions using the 2 fs time step. The temperature was held constant using Langevin dynamics
[43] with a collision frequency of 1 ps~'. Pressure was regulated by a Berendsen barostat [44].
Bonds involving hydrogen atoms were constrained using the SHAKE [45, 46] algorithm.

The aMD simulations were performed using double boost potential. Besides the torsional,
the total potential energy term was also boosted enhancing the diffusion of the explicit solvent
molecules around the biomolecule. The average total potential energy, E,,, and the average

torsional potential energy, E,, , for the simulated systems, were obtained from the first 50 ns of
cMD simulations (S1 Table). The values of E, and E, parameters (1 and 0.1 kcal mol ™, energy
per residue and atom, respectively) used to calculate the potential energy boost E1(r), the tor-
sional potential energy boost E(r), and the parameters controlling the boost potentials rough-
ness, orr and o, have been taken from our previous works [47].

The substrates (Arg,-2NA, Gly-Arg-2NA, Gly-Phe-2NA and Gly-Pro-2NA) were docked in
the equilibrated enzyme structure in order to mimic binding determined for the human DPP
11T complexes.** Complex structures were optimized using the same procedure as for the
ligand-free enzyme and were heated over the course of 50 ns. We performed 100 ns of cMD
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followed by 50 ns of aMD simulations (S2 Table) for the each of the CaDPP III—substrate
complexes using the same conditions as for the unligated enzyme.

HEISGH mutant was simulated for 200 ns using cMD, while the simulations of its complex
with Arg,-2NA were conducted in a same way as the wild-type complex.

MM-PBSA. The substrate binding free energies were approximated by the MM-PBSA
energies using the AMBER16 [40] implementation. For each complex the MM-PBSA energies
have been calculated on a set of 5 ns long intervals sampled throughout the trajectory. The cal-
culations were performed using a salt concentration of 0.15 M. The MM-GBSA calculations,
utilizing GB model of Onufriev et al. [48], have been performed as well. Internal and external
dielectric constants for MM-PBSA calculations were set at their default values of 1.0 and 80.0,
respectively.

Data analysis. In order to analyze and to characterize the conformational space of CaDPP
I11, as well as to determine the most prominent protein motions, several types of data analysis
were performed. All calculations were performed with CPPTRAJ module of the AmberTools
program package [49]. Based on previous work on bacterial DPP III [50], besides the radius of
gyration, we traced 2 additional geometric parameters (Fig 1) during the simulations.

Intermolecular hydrogen bond analysis was performed on the same trajectory sections as
MM-PBSA calculations in order to closely examine the ligand-protein interactions. For the
hydrogen bond definition default distance and angle cut-off values were used (3.0 A and 135°,
respectively). These relatively tight criteria ensured that only the most relevant interactions
were taken into account. The hydrogen bonds population is calculated as the ratio of the
number of trajectory frames the hydrogen bond is present in and the total number of frames
(Hppop = N(frames with Hbond)/N(frames total)). In the case of residue forming multiple
hydrogen bonds, a sum of these values is given, which allows values larger than 100%. For
example if a glutamate forms hydrogen bonds with both carboxyl oxygens at the same time,
the sum of hydrogen bonds might be above 100%. Such approach enabled better quantification
of an amino acid residue importance in substrate stabilization while keeping the table dimen-
sions within reasonable boundaries.

Results and discussion
Biochemical properties of CaDPP II1

Temperature optimum of CaDPP III was determined by measuring enzymatic activity towards
Arg,-2NA at temperatures from 25 “C to 70 °C. Enzyme showed the maximum activity at 50
°C. pH optimum was determined at 37 °C and at 50 °C in the pH range from 6 to 8.6. The
activity between pH 6 and 7 was determined in 50 mM sodium-phosphate buffer, and between
7 and 8.6 in 50 mM Tris-HCl buffer (S3 Table). The maximum activity at both temperatures
was determined at pH 7.0, however the activity of CaDPP III at pH 7.0 in phosphate buffer was
only 58% of the activity in Tris-HCI buffer at the same pH at 37 °C, and 20% of the activity in
Tris-HCl buffer at 50 °C, therefore, activities measured in phosphate buffer are not good com-
parison to the Tris-HCI buffer. However, since Tris-HCI cannot be used to prepare buffers of
pH lower than 7, we used this approximation.

Thermal stability was determined at temperatures from 37 °C to 80 °C. The reaction mix-
ture without Arg,-2NA substrate was held at the appropriate temperature for 30 min, after
which it was transferred to ice for 2 min, and the residual activity towards Arg,-2NA was
determined by the standard activity test at 37 °C. The highest residual activity determined
at 50 °C was 72.8 nmol min"' mg™". The activity dropped below 50% at 70 “C (S2 Fig). As
expected, CaDPP III exhibits higher thermal stability than h.DPP III, and BtDPP III, which
are almost completely inactivated at 55 °C and 50 °C, respectively [13, 18, 19].
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Fig 1. Interactions between Arg,-2NA and the amino acid residues in the binding site of the HEISGH CaDPP III mutant. The
figure was prepared using the PyMol program [51].

https://doi.org/10.1371/journal.pone.0192488.9001

Substrate specificity was determined at 50 °C and pH 7.0. CaDPP III showed the highest
activity towards Gly-Arg-2NA substrate (Table 2).

Unlike all other DPPs III characterized so far which show high substrate specificity towards
Arg,-2NA [13, 18], CaDPP III has similar substrate specificity towards five different dipepti-
dyl-2-NA substrates, Arg,-2NA, Gly-Arg-2NA, Pro-Arg-2NA, Phe-Arg-2NA and Ala-Ala-
2NA.

We tested the influence of several effectors on the CaDPP III activity towards Arg,-2NA
and Gly-Arg-2NA. The tests were performed at 50 °C and pH 7 (54 Table). The metal chelators
EDTA and O-phenantroline abolished the enzyme activity towards both substrates, as
expected, while other agents, known to have an effect on h.DPP III, did not have a substantial
influence on the CaDPP III activity towards Arg,-2NA. However, the sulfthydryl agents
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Table 2. Relative activity of CaDPP III towards different (di)peptidyl-2-naphthylamides.

Substrate RA/%
Arg-Arg-2NA 100
Ala-Arg-2NA 65.1
Gly-Arg-2NA 167.1
Phe-Arg-2NA 129.5
Pro-Arg-2NA 143.5
Ala-Ala-2NA 103.2
Gly-Phe-2NA 8.7
Gly-Pro-2NA 1.6
His-Phe -2NA 37.5
His-Ser-2NA 26.5
Lys-Ala-2NA 68.4
Glu-His-2NA 14.2
Arg-2NA 2.6
BANA 0.3

RA—relative activity in comparison with Arg,-2NA substrate (specific activity towards Arg,-2NA was 97 nmol min™'

mg™); BANA—N-benzoyl-d,l-arginine-B-naphthylamide

https://doi.org/10.1371/journal.pone.0192488.t1002

iodoacetamide (IAM) and 4,4’-Dithiodipyridine (DTDP) lowered the activity towards Gly-
Arg-2NA to around 27% and 43%, respectively. Interestingly GSH increased CaDPP III activ-
ity by 50%. Similar effect of GSH was noticed earlier in the case of yDPP III. The incubation of
yDPP III with 0.1 mM GSH resulted in 2.3 folds higher activity [52]. One possible explanation
is that GSH increases the activity of DPP III enzymes by reducing reactive cysteines. Since
yDPP III has 4 cysteins while CaDPP III has only one the effect GSH has on the enzyme activ-
ity is more pronounced for yDPP III than for CaDPP III. Addition of metal ions does not have
significant effect on the enzyme specific activity (S5 Table).

The kinetic parameters were determined for both Arg,-2NA, which is the preferred sub-
strate for most DPPs III characterized so far, and Gly-Arg-2NA towards which CaDPP III
showed around 60% higher specific activity than towards Arg,-2NA (Table 2). The results of
the kinetic measurements showed that, despite lower specific activity, the kinetic efficiency of
hydrolysis (k./Ky) is 11 times higher for the Arg,-2NA due to almost 10 times higher K,
value for Gly-Arg-2NA, which makes Arg,-2NA a better substrate after all. Kinetic parameters
for the hydrolysis of Arg,-2NA at 25 °C were also measured (Table 3). Kj, for the hydrolysis
was 10 times higher than in the case of human and BtDPP II1, while k., is an order of magni-
tude lower than BtDPP III, and 2 order of magnitudes lower than h.DPP III. Consequently,

Table 3. Kinetic parameters for the hydrolysis of Arg,-2NA and Gly-Arg-2NA substrates by CaDPP III.

Substrate Ky / uM Kear /57" keat/Kpg 1 10° M 57!

Arg,-2NA 352420 3.07 +0.04 0.08730
Gly-Arg-2NA 328.9 +36.5 2.53 +0.17 0.00767
Arg,-2NA at 25 °C* 30.5+3.9 0.20 + 0.04 0.00663

The kinetic parameters were determined from the initial reaction rates at 50 *C in 50 mM Tris-HCl buffer pH 7.0, as described in Materials and Methods section. Ky
and k., are the averages of three measurements + SD.

*The kinetic parameters for Arg,-2NA determined at 25 °C are the averages of three measurements + SD

https://doi.org/10.1371/journal.pone.0192488.t003
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the efficiency of hydrolysis is 3 orders of magnitude lower than for human and BtDPP III [13,
18, 53].

Crystal structure of CaDPP III

CaDPP III is much shorter (558 amino acids) than the already reported human (737 amino
acids) [54], yeast (711 amino acids) [55] and B. thetaiotaomicron DPP III (675 amino acids)
[19]. Similarly to the other available crystal structures of M49 family enzymes, the structure of
CaDPP III consists of two structural domains, called upper (containing zinc ion) and lower
domain, which are separated by the inter-domain cleft. The zinc ion, essential for the enzyme
activity, is positioned in the lower part of the upper domain where it is pentacoordinated by
two histidines from the first conserved, zinc binding, motif H*”’EISH, one glutamic acid
(E442—Dbidentately) from the second motif E**'ECKAD and a water molecule. Although
CaDPP III has shorter first conserved motif, pentapeptide vs hexapeptide, there is no signifi-
cant difference in the zinc binding site in these two orthologs (Fig 2). Although smaller than
the other DPPs III, the CaDPP III lower structural domain core is also comprised of five-
stranded B-barrel surrounded by a-helixes.

The long range conformational changes from open to closed form were determined for all
up to date characterized DPPs III [19, 54, 56], wherein the ligand binding boosts the protein
closure. The crystal structure of CaDPP I1I is very compact and more similar to the closed B.
thetaiotaomicron and human DPP III forms than to the open ones (Figs 2 and 3). The confor-
mation of CaDPP III is partially closed, probably due to the Ala-Lys dipeptide bound into the
protein active site. Since Ala-Lys was never added to the crystallization solution, we assume
that it was bound into the inter-domain cleft during protein expression. The peptide is located
deeply inside the cleft and occupies S1” and S2’ subsites (see its alignment with the structure of
the human DPP III—tynorphin complex, PDB_code 3T6B, S3 Fig). In this position it is stabi-
lized by four hydrogen bonds: two with Arg450 (2.8 and 3.1 A) from the upper domain, and
one with each Lys346 (2.7 A) and Leu318 (2.8 A), both from the lower domain (Fig 4).

Due to the significant difference in BfDPP III and CaDPP III conformations, we divided
CaDPP III into an upper and lower domain, which were subsequently treated as separate
objects. Superposition of the upper domain of CaDPP III (264-298 and 350-541) with the cor-
responding upper domain of BtDPP III gave rise to an RMSD value of 1.6 A. An analogous
alignment of the respective lower domains of CaDPP III (32-263, 299-349 and 542-555) and
BtDPP I yielded an RMSD value of 1.5 A. All secondary structure elements present in the
BtDPP III upper domain were also found in the upper domain of CaDPP III. However, the
lower CaDPP III domain is 85 amino acid residues shorter and lacks the o-helix-loop-a-helix
motif, two B-strands, and a-helix at C-terminus (S4 Fig). Unlike yeast and human, bacterial
DPPs III do not have the long loop between two conserved, zinc binding, motifs (Fig 3).

In order to examine the structural basis for the increased thermal stability of CaDPP III, we
compared the secondary structures and interactions within the DPP III enzyme from a meso-
phile B. thetaoitaomicron and thermophile C. abyssi (Table 4). The potential stabilizing interac-
tions were determined using the Arpeggio server [57], considering only the residues in the
crystal structures (647 and 524 residues for BfDPP IIT and CaDPP III, respectively). The higher
ratios of o —helices and B —sheets seen in CaDPP has previously been connected with increased
thermal stability [58, 59]. The increased abundance of proline, known to reduce the flexibility
of the main chain, has also been noticed [60]. Previous studies have shown higher residue
hydrophobicity, fewer polar residues and increased amount of charged nonpolar residues in
thermophiles [61], all of which have been observed in CaDPP III when compared with its
mesophile counterparts. Apparently, the higher relative number of non-covalent interactions
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CaDPP Il BtDPP Il

Fig 2. 3D structures of DPP III from Caldithrix abyssi and Bacteroides thetaiotaomicron (PDB ID: 5NA7) determined by X-ray
diffraction (up) and close-up views of their zinc binding sites (below). Amino acids coordinating the zinc ions (shown as grey
spheres).

https://doi.org/10.1371/journal.pone.0192488.9002

within the protein the larger is stability of the structure [61-63]. In the case of CaDPP III it is
manifested by enhanced thermal stability.

Computational study

According to our previous study on human DPP III we consider the d; and d, (Co: distances
between E142-K404 and E330-K404, respectively) distances as a measure of the protein
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Fig 3. Cartoon representation of several DPP III structures determined by X-ray diffraction (A) h.DPP III in open conformation (PDB ID:
5E33), (B) CaDPP III (PDB ID: 6EOM) and (C) BtDPP III in closed conformation (PDB ID: 5SNAS8). The long loop between two conserved, zinc
binding, motifs present in h.DPP III is encircled. The figure was prepared using the PyMol program [51].

https://doi.org/10.1371/journal.pone.0192488.9003

compactness and mutual orientation of the two domains [47]. The conformers with similar d;
and d, values are considered to belong into the same class. The existence of the inter-domain
cleft in the experimentally determined structure, WTg (with the d; distance of 22.6 A), large
enzyme promiscuity, and the presence of two of the five highly conserved regions in the lower
protein domain, suggest that CaDPP III could experience long-ranged inter-domain motion.

)

Fig 4. Dipeptide Ala-Lys bound to the CaDPP III protein. Upper structural domain is shown in blue and lower in magenta. Dipeptide Ala-Lys is
shown as yellow sticks. The figure was prepared using the PyMol program [51].

https://doi.org/10.1371/journal.pone.0192488.9004
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Table 4. Structural factors comparison between the termophile C. abyssi and mesophile B. thetaiotaomicron.

BtDPP III CaDPP 111 Relative occurence**

Abs. Rel. (%) Abs. Rel. (%) Bt (%) Ca (%)
Residues in a—helix 374 57.80 332 63.36 91.2 100
Residues in f—sheet 86 13.29 82 15.65 84.9 100
Proline residues 23 3.4 26 4.7 72.3 100
Polar residues 122 18.0 87 15.6 100 86.7
Charged residues” 130 19.3 130 23.3 82.8 100
Hydrophobic residues 288 42.7 247 43.7 97.7 100
Hydrogen bonds® 741 1.145 606 1.156 99.1 100
Weak hydrogen bonds® 502 0.776 431 0.823 94.3 100
Ionic interactions® 94 0.145 92 0.176 82.4 100
Hydrophobic contacts® 1814 2.804 1614 3.080 91.0 100
Aromatic contacts 127 0.196 113 0.216 90.7 100

aCut-off value: 3.9 A, 6 > 90°;
"Value: 3.6-3.9 A, 90° > 6 > 130
Cut-off value: 4 A

*Glu, Arg, Lys

**Scaled to the highest value

https://doi.org/10.1371/journal.pone.0192488.1004

Such motion has been previously observed in human, B. thetaiotaomicron and yeast orthologs
as well.

In order to thoroughly investigate the possible long range conformational changes of
CaDPP 11, and to find out how dipeptide-2-naphthylamides influence these changes, we per-
formed a series of MD simulations of both ligand free CaDPP III and its complexes with Arg,-
2NA, Gly-Arg-2NA, Gly-Phe-2NA and Gly-Pro-2NA. Further on, we simulated the HEISH —
HEISGH mutant and its complex with Arg,-2NA to study influence of this conserved motif on
the enzyme dynamics and the active site structure as well as on ligand binding.

MD simulations of the ligand free CaDPP III, WT and the HEISGH mutant. The MD
simulations starting from the crystallographically determined structure of CaDPP III revealed
long-range conformational changes corresponding to the inter-domain motion (Fig 5),
described as protein opening and closing. Interestingly, the significant inter-domain motion
was observed already during the equilibration. The d; distance decreased from 22.6 to 15.4 A,
and the protein transformed from WT} to a more compact, so called WT“gq, form. During
the productive MD simulations, the CaDPP III structure reopened and transformed to an
extended form first, and then again to the compact, WT yup one (Fig 5 and S5 Fig).

Geometrical values describing the most representative structures obtained during MD sim-
ulations are listed in S6 and S7 Tables. Apparently, both compactness and mutual orientation
of the experimental and the simulated structures differ (see S6 and S7 Tables), so we consid-
ered them as distinct forms of CaDPP III. The most compact structure of the ligand free pro-
tein, WT g, was obtained immediately after the equilibration phase, while the most extended
structure, WT snp, was obtained after 40 ns of aMD simulations (Fig 5). Both types of simula-
tions started from the crystallographically determined structure. It should be noted that varia-
tion of d; (a measure of the protein compactness) during MD simulations of CaDPP III is
smaller than varjations determined for human [64] and B. thetaiotaomicron orthologs [50]
(Ad~ 8 A in CaDPP1II, 17 A in h.DPP Ill and 16 A in BtDPP III).

The MM-PBSA energies calculated for the 5 ns intervals along the trajectories are shown in
S6 Fig. Since MM-PBSA energy mostly represents the enthalpy of the system it could be stated
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Fig 5. Three representative, the most distinct, forms (conformers) of CaDPP III: crystal, WTg, (left), open, WT°AMD, (middle) and closed,
WTcMD (right) obtained from accelerated and conventional MD simulations. Distance d; (E142 -K404) is shown as the black dashed line. The
figure was prepared using the PyMol program [51].

https://doi.org/10.1371/journal.pone.0192488.9g005

that the compact CaDPP III conformers have larger enthalpies than the extended one (change
of the structure compactness during MD simulations is shown in S5 Fig). Similar changes of
the system enthalpy were determined for the human DPP IIT and BtDPP III as well [50, 64].
However, the enthalpy difference between two forms is compensated by the solvent entropy
increase due to expulsion of water molecules from the confined, inter-domain cleft region
upon protein closure. Namely, the number of waters trapped in the inter-domain cleft is about
90 in the open and about 40 in the closed enzyme form. According to the energy values for a
water molecule release quoted in literature (from 1.2 to 2.3 kcal mol™ [65, 66]) the transforma-
tion from the WT yp form to WTyp results in a 60 to 115 kcal mol ™ change in energy due to
water molecule expulsion and approximately compensates the enthalpy increase.

Although the protein compactness and mutual orientation of two domains changed during
the simulations, conformation of each domain itself remained unchanged, for example RMSD
between domains in WTg and WT yp is 0.77 A and 0.94 A for the upper and lower domain,
respectively.

During the simulations Zn*" was coordinated by two histidines (His379 and His383) and
Glu412, either monodentately or bidentately (S7 and S8 Figs). These residues belong to the
conserved regions of the DPP III family, H3’EXGH>® and E*"'ECR(K)A*!° [10]. Differently
from the crystal structure, which contains one water molecule in the zinc ion coordination
sphere, in the structures obtained by MD simulations the zinc ion is coordinated with up to
three water molecules (S9 Fig). These water molecules frequently exchange with ‘bulk’ water
indicating relatively fast inter-domain motions. Such rapid long range domain motions have
not been traced neither during the simulations of human nor BfDPP III [50, 64].

The Zn** coordination, with two histidines and the second Glu from the E*'ECR(K)A*!®
region is, according to our previous quantum mechanical studies on human DPP III, required
for the enzymatic reaction [67].

MD simulations of the ligand-free mutant with the HEISGH hexapeptide (present in
human and other characterized bacterial DPPs III) instead of the pentapeptide HEISH motif
have been performed in order to elucidate possible influence of the pentapeptide with hexa-
peptide motif replacement on the protein structure and dynamics. The structure obtained
after the energy minimization and equilibration was even more compact than in the case of

PLOS ONE | https://doi.org/10.1371/journal.pone.0192488 February 8, 2018 14/25


https://doi.org/10.1371/journal.pone.0192488.g005
https://doi.org/10.1371/journal.pone.0192488

@° PLOS | ONE

The first dipeptidyl peptidase Il from a thermophile: Thermal stability and reduced activity

the wild-type enzyme (d; 11.1 A and 15.4 A, respectively). This mutation also affected the zinc
ion coordination. During the equilibration of the HEISGH mutant Glu380 entered the coordi-
nation sphere acting as a bidentate ligand for the first ~35 ns, and as a monodentate ligand for
the rest of the simulation time (S10 and S11 Figs). Such zinc ion coordination was also noticed
during the MD simulations of human [68] and B. thetaiotaomicron [50] DPP III orthologs,
both containing the HEXXGH signature motif.

Further on, during MD simulations of the wild-type enzyme, conformational changes cor-
responding to the domain closing, opening and again closing were observed, while the
HEISGH mutant after reopening did not close again (S6 Table) within the simulated time-
frame (S12 Fig).

MD simulations of the CaDPP III complexes with substrates. In order to understand
the effect of ligand binding on the degree and rate of protein closure, as well as to try to explain
the measured difference in substrate specificity, CaDPP III complexes with Arg,-2NA, Gly-
Arg-2NA, Gly-Phe-2NA and Gly-Pro-2NA were simulated for 150 ns each. Since recent simu-
lations of the human and bacterial DPP ITI—Arg,-2NA complexes had shown that Arg,-2NA
forms strong and persistent interactions with the binding site when the enzyme is in the more
compact form [50, 64], the compact enzyme structure, WTCEQ (S7 Table), obtained after the
equilibration was used for docking. The MD simulations showed that the conformational
change corresponding to the protein closure is even more pronounced in the complexes than
in the ligand-free enzyme. Namely, d; (E142 -K404 distance) is about 15 A in the most com-
pact ligand-free enzyme, while it is about 11 A in complexes with Arg,-2NA and Gly-Arg-
2NA (S8 Table) and about 12 A in complex with Gly-Phe-2NA. On the other hand no signifi-
cant change in the protein tertiary structure was observed during the simulations of the
CaDPP III—Gly-Pro-2NA complex, the weakest substrate of all dipeptidyl-2-naphthylamides
tested in this study (Table 2). It must be noticed that during MD simulation substrates
remained close to their initial binding positions, i.e. they remained bound in the form of a -
strand antiparallel to the five-stranded B-core from the lower protein domain.

The MM-GB and MM-PB energies are only a crude approximation of the enthalpic compo-
nent of binding free energies (Table 5). But, since the ligands considered in this study are
closely related in size, the changes in entropy upon complexation should not significantly
influence the relative binding affinities. So, from the relative MM-GB and MM-PB energies we
can say that Arg,-2NA is better substrate of CaDPP III than Gly-Arg-2NA, as well as that Gly-
Phe-2NA and Gly-Pro-2NA are poor CaDPP III substrates, in accord with the experimentally
determined kinetic data.

The relative enzyme activity towards different dipeptidyl-2-naphthylamides (Table 2) can
also be rationalized by the substrate orientation in the enzyme active site, and by the hydrogen
bond analysis (Table 6). Apparently, Arg,-2NA has formed more hydrogen bonds during MD

Table 5. The MM-GB and MM-PB binding energies calculated for the CaDPP III complexes with Arg,-2NA, Gly-Arg-2NA, Gly-Phe-2NA and Gly-Pro-2NA. Ener-

gies are given in kcal mol .

Ligand

Arg,-2NA

Gly-Arg-2NA
Gly-Phe-2NA
Gly- Pro-2NA

AEMM-PB
-86.0 (£9.8)

-70.6
-19.3
-21.2

(
(
(
(

+11.5)
+

6.0)
+6.4)

cMD aMD*
AEmm.ge AEyMy.pe AEym-GB
-103.4 (£7.1) -89.0 (+10.6) -106.6 (£7.6)
-89.5 (+6.9) -60.5 (£5.2) -79.2 (£6.2)
-72.8 (£6.5) -22.6 (£7.7) -75.1 (£6.4)
-72.7 (£6.4) -18.6 (£7.0) -67.5 (+6.3)

*aMD simulations were performed for 50 ns starting from the final structure of cMD simulations

https://doi.org/10.1371/journal.pone.0192488.t005
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Table 6. Hydrogen bonds population (%). The analysis was performed for the lowest-energy 5 ns long fragments of
the 150 ns long (100 ns cMD + 50 ns aMD) trajectories used to calculate the MM-PBSA energies. The hydrogen bonds
occurring <5% in all of the sampled structures are omitted.

Acceptor Arg,-2NA Gly-Arg-2NA Gly-Phe-2NA Gly-Pro-2NA
Glu240 194.8 208.4 123.9 104.0

Tyr242 - - 39.8

Glu254 90.8 87.6

Asp310 130.0 136.4

Thr311 17.6 39.2

Val315 - 13.6

Thr317 - 98.0 - 14.3

Ala319 90.0 - 12.0

Asn321 112.0 48.4 97.2 95.2

Asn324 104.4 65.6 86.9 83.3

Glu326 147.2

Glu380 = 64.4

Glu411 6.0

Glu458 163.2 - -

Donor Arg,-2NA Gly-Arg-2NA Gly-Phe-2NA Gly-Pro-2NA
Glu240 - 14.0

Val315 - 5.2

Thr317 8.8

Asn321 23.2 31.2 84.1 59.0

https://doi.org/10.1371/journal.pone.0192488.t1006

simulations than Gly-Arg-2NA (Fig 6). Further on, in the CaDPP III—Arg,-2NA complex the
naphthalene is slightly more buried in the hydrophobic pocket than in the CaDPP III—Gly-
Arg-2NA complex. The protein—ligand interactions determined from the computational
study are in agreement with the location of S1 and S2 subsites proposed on the basis of the
CaDPP III alignment with h.DPP III and BtDPP III (S9 Table) [69].

In both orthologs Arg,-2NA is stabilized with the strong electrostatic interactions between
the Arg backbone carbonyl and the zinc ion, as well as through the number of hydrogen bonds
and electrostatic interactions with the amino acid residues from the enzyme subsites S1
(Glu254, Asp310 and Glu458) and S2 (Glu240, Asn321, Asn324 and Glu326) during the MD
simulations. Further on, its N-terminus and the first carbonyl group are stabilized by Glu240
(Glu316 in h.DPP IIL; Glu307 in BtDPP III), Asn321 (Asn391 in h.DPP III; Asn385 in BtDPP
III) and Asn324 (Asn394 in h.DPP III; Asn388 in BtDPP III) while the side chains of substrate
arginines interact with Glu240 (Glu316 in h.DPP III; Glu307 in BtDPP III), Glu254 (Glu329 in
h.DPP III; Glu320 in BtDPP III) and Glu326 (Asp396 in h.DPP III; Asn390 in BtDPP III) (S13
Fig). It should be noted that, although the number of the negatively charged amino acid resi-
dues is higher in the substrate binding site of CaDPP III than of h.DPP III and BtDPP III (S11
Table), the K, value (which we could consider as a crude approximation of binding affinity) is
about one order of magnitude higher for binding of Arg,-2NA to CaDPP III than to BtDPP III
(and h.DPP III). We assume that the main reason for this is the smaller width of the inter-
domain cleft of the previous, which results with higher rigidness of the substrate binding site
in CaDPP III. So, positioning of the hydrophobic naphthylamide core within such a limited,
mostly negatively charged region (except the so called hydrophobic pocked which is deeply
buried) is energetically unfavorable.

Gly-Phe-2NA and Gly-Pro-2NA form significantly less hydrogen bonds with the enzyme
during MD simulations than Arg,-2NA and Gly-Arg-2NA in accord with the measured
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Glu380

)
L)

Glu326

Asn324

Glu240  Asn324

Asp310 Glu254

Glu254

Asn324

Fig 6. Interactions between substrates, Arg,-2NA (up, left), Gly-Arg-2NA (up, right), Gly-Phe-2NA (down, left) and Gly-Pro-2NA (down, right)
and the amino acid residues from the CaDPP III active site. The figure was prepared using the PyMol program [51].

https://doi.org/10.1371/journal.pone.0192488.9006

enzyme activity towards these substrates. While Arg,-2NA and Gly-Arg-2NA coordinate the
Zn** ion with both carbonyl oxygens, Gly-Phe-2NA and Gly-Pro-2NA coordinate it only with
the second carbonyl group. Their first carbonyl group from the N-terminus makes a hydrogen
bond with Asn321. N-termini itself makes hydrogen bonds with Glu240, Asn321 and Asn324.
The substrates’ amide groups occasionally make electrostatic interactions or hydrogen bonds
with Ala319. Side chains of the phenylalanine and proline residues are stabilized by Van der
Waals interactions with amino acids from the lower protein domain: Tyr242, Phe256, Thr311,
Thr317, Phe320 and Leu322.

MD simulations of the HEISGH CaDPP III mutant complex with Arg,-2NA. The
Arg,-2NA positioning in the HEISGH mutant differs slightly from that in the wild type
enzyme (Figs 6 and 7). In wt-CaDPP III both carbonyl atoms of the Arg,-2NA backbone enter
the Zn>* coordination sphere. In the complex with HEISGH mutant only the first carbonyl
atom coordinates Zn>*. This could be explained by different positioning of the second Arg res-
idue caused by its interactions with Glu413, whose position was shifted due to the pentapep-
tide to hexapeptide mutation. The hydrogen bonds with Glu240, Glu254, Asp310, Ala319,
Asn321 and Asn324 found in the complex with the wild-type enzyme are preserved in the
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Glu413

Glu399

Val315

Glu240 Asn324

Asp310 Glu236

Fig 7. Interactions between Arg,-2NA and the amino acid residues in the binding site of the HEISGH CaDPP III mutant. The figure was prepared
using the PyMol program [51].

https://doi.org/10.1371/journal.pone.0192488.9g007

complex with mutant, as well. Additionally, in the complex with the wild-type enzyme, three
hydrogen bonds are formed with Thr311, Glu326 and Glu458, while in the complex with the
mutant the substrate is hydrogen bonded with Tyr242, Val315, Thr317 and Glu399 (510
Table). The MM-PBSA calculations suggest that Arg,-2NA binds weaker to the HEISGH
mutant than to the wild type enzyme (-89.0+10.6 vs 81.9+11 kcal mol ™).

Investigations of the CaDPP III ligand site polarity. In order to investigate polarity of
the ligand-binding site in CaDPP III, we performed short MD simulations with tynorphin
bound into its active site in the same orientation as it is bound in the crystal structure of
human DPP III—tynorphin complex (PDB code: 3T6B). The population of charged amino
acid residues in the protein region around 6 A of tynorphin determined in human DPP III,
BtDPP III and CaDPP III revealed that the number of negatively charged amino acids is higher
in CaDPP III than in the other two, while the number of positively charged amino acid resi-
dues is smaller than in human, but larger than in BtDPP III (S11 Table). In summary, the
ligand binding site in CaDPP III is more negative than the binding sites in the other two
orthologs.
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Conclusions

This work presents results of biochemical and structural characterization of CaDPP III, the
first enzyme from the M49 family isolated from a thermophilic organism. Furthermore, this is
the first functionally and structurally characterized member of this family with hexapeptide
M49 signature motif reduced to the pentapeptide HEISH.

With the sequence length of about 550 amino acid residues CaDPP III is much smaller than
the other M49 peptidases characterized up to date (675 to 738 amino acids). Its structure, sta-
bility and flexibility were determined by X-ray diffraction and molecular dynamics simula-
tions. Its overall structure and the zinc coordination are similar to that of its mesophilic
counterparts despite difference in the overall size and the active site motif. Interestingly, the
fluctuations of CaDPP III domains are faster than those determined for the human and B. the-
taiotaomicron orthologs. However, the range of inter-domain cleft opening is smaller pointing
to the decreased plasticity of its inter-domain active site in comparison to the other up to date
characterized DPPs III. The finding that the relative number of non-covalent interactions
within CaDPP III is larger, while the share of loops (unstructured regions) is lower than in its
mesophilic counterparts suggests higher rigidity and compactness of this enzyme, and gives
possible explanation for its thermal stability.

The study of CaDPP III catalytic performances was performed on a set of dipeptide-
2-naphthylamides. Differently from the other characterized members of the DPP III family
which show high substrate specificity towards Arg,-2NA, CaDPP III has similar substrate
specificity towards several dipeptide-2-naphthylamides. According to our previous findings
regarding the zinc ion coordination and the mechanism of DPP III catalyzed peptide bond
hydrolysis, it seems that the difference in size and polarity of the active site as well as of the
conserved, zinc binding motif, does not affect catalytic role of the metal ion in CaDPP II, i.e.
it is appropriate for the enzymatic reaction. The possible explanation for the decrease in
CaDPP III activity and specificity towards dipeptide-2-naphthylamide substrates could be
found in the binding site potency to accommodate these substrates. In line with this are the
measured kinetic parameters, i. e. CaDPP III has an order of magnitude higher K, value for
the preferred substrate Arg,-2NA than BtDPP III. There are several structural characteristics
of CaDPP III that could be reason for this, like the more compact enzyme structure and less
adaptable and more negative active site, in comparison with its mesophilic counterparts,
which hinder binding of the bulky, hydrophobic naphthalene ring. Further on, the fast, low
amplitude alternation between the open and closed form of CaDPP III might also be limiting
factor for binding of the substrate in catalytically active orientation. In summary, we could
conclude that the measured decrease in activity and substrate specificity is correlated with
higher polarity and lower plasticity of the active site in CaDPP III with respect to the other
DPP III orthologs.

Supporting information

S1 Fig. SignalP scores for the first 70 residues- C-score is a raw cleavage site score, S-score
is a signal peptide score, Y-score is a combined cleavage site score (geometric average of
the C-score and slope of the S-score).

(TIF)

S2 Fig. Thermal inactivation of CaDPP III. Relative activity compared to the highest residual
activity measured after the incubation of the enzyme at 50 °C.
(TIF)
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S3 Fig. Structure of the CaDPP III active site superpositioned on the human DPP III—
Tynorphin complex (PDB_code 3T6B). Lys-Ala dipeptide is shown with green sticks; tynor-
phin is shown with cyan sticks. Zinc ion is represented by a grey sphere.

(TIF)

S4 Fig. Separately superimposed upper and lower domains of CaDPP III (magenta) on
BtDPP III (green). CaDPP III lacks a-helix-loop-o.-helix motif (left) and two B-strand and o-
helix (right). Missing motifs are marked with black ellipses.

(TIF)

S5 Fig. The selected Ca atom distance profiles obtained from cMD and aMD simulations
of the wild type enzyme.
(TIF)

S6 Fig. Relative MM-PBSA energies calculated for the wild-type enzyme during 200 ns of
MD simulations of CaDPP III. The values determined for the sets of structures sampled dur-
ing 5 ns intervals in raw are shown.

(TIF)

S7 Fig. The representative Zn>" coordination in the wild-type enzyme: (left) with Glu380
monodentate and (right) bidentate ligand of Zn>* during the MD simulations. Zinc ion is
shown as a grey sphere.

(TIF)

S8 Fig. Distance between Zn”* and the carboxyl oxygens of the coordinating glutamates,
Glu380 (left) and Glu412 (right) residues during cMD-ff14SB simulation of the wild-type
CaDPP III.

(TIF)

S9 Fig. “Resistance time” for the water molecules coordinating Zn** in CaDPP III during
200 ns of MD simulations of the ligand free enzyme. Water molecules appearing in less than
200 sampled frames are omitted.

(TIF)

$10 Fig. The representative Zn>* coordination in the HEISGH mutant: (left) with Glu412
monodentate and (right) bidentate ligand of Zn>* during the MD simulations. Zinc ion is
shown as a grey sphere.

(TIF)

S11 Fig. Distance between Zn”>" and the carboxyl oxygens of coordinating Glu380 (left)
and Glu412 (right) residues during cMD-ff14SB simulation of the CaDPP III HEIGSH
mutant.

(TIF)

$12 Fig. Radius of gyration (left) and d, distance (right) for the wild-type enzyme and the
HEISGH mutant during 200 ns of MD simulations.
(TIF)

$13 Fig. Active sites of DPP III in the complex with Arg,-2NA: CaDPP III (protein shown
in green and substrate in magenta) and h.DPP III (protein shown in cyan and substrate in
yellow). Zn** is shown as a grey sphere.

(TIF)
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S1 Table. The average energy values determined during the first 50 ns of MD simulation of
the ligand-free enzyme using ff14SB and the parameters required for aMD simulations.
All values are given in kcal mol ™.

(DOCX)

S2 Table. The average energy values determined during the 50 ns of MD simulations of
CaDPP III—RRNA complex using ff14SB and the parameters required for aMD simula-
tions. All values are given in kcal mol™. E, and E, values are 1.0 and 0.1 kcal mol ', respec-
tively.

(DOCX)

$3 Table. Relative activity of CaDPP III at pH 6-7 in 50 mM phosphate buffer, and pH
7-8.6 in 50 mM Tris HCI buffer at 37 and 50 °C.
(DOCX)

$4 Table. The influence of effectors on CaDPP III activity towards Arg,-2NA and Gly-
Arg-2NA substrates.
(DOCX)

§5 Table. Influence of metal ions on CaDPP III peptidase activity towards Arg,-2-NA sub-
strate measured at 50°C and pH 7.0.
(DOCX)

S6 Table. Values of the geometric parameters used to describe degree and type of CaDPP
III closure determined in the most distinct enzyme structures, experimental and those
obtained using conventional MD simulations. The radius of gyration (R,) was calculated for
the protein backbone atoms. The distances d, and d, were calculated for Co. atoms. RMSD cal-
culated for lower (RMSD; p) and upper domain (RMSDyp) with respect to the experimentally
determined structure is given in the last two rows.

(DOCX)

S7 Table. Values of the geometric parameters used to describe degree and type of CaDPP
III closure determined in the most distinct enzyme structures, experimental and those
obtained using accelerated MD simulations. The radius of gyration (R,) was calculated for
the protein backbone atoms. The distances d; and d, were calculated for Co atoms. RMSD cal-
culated for lower (RMSD; p) and upper domain (RMSDyp) with respect to the experimentally
determined structure is given in the last two rows.

(DOCX)

S8 Table. Geometric parameters determined for the CaDPP III complexes with Arg,-
2-NA, Gly-Ala-2-NA, Gly-Phe-2-NA and Gly-Pro-2-NA during 150 ns of MD simulations.
Values of representative, the lowest energy structures® are given.

(DOCX)

S9 Table. Amino acid residues composition of the S1 and S2 subsites in the Ca, Bt, yeast
and human DPPIII. The non-conserved amino acid residues are given in bold.
(DOCX)

$10 Table. Hydrogen bonds population (%) for the HEISGH mutant complex with Arg,-
2NA. The analysis was performed for the lowest-energy 5 ns long fragments of the 150 ns long
(100 ns cMD + 50 ns aMD) trajectories used to calculate the MM-PBSA energies. The hydro-
gen bonds occurring <5% in all of the sampled structures are omitted.

(DOCX)
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S11 Table. Number of charged amino acid residues within 6 A of tynorphin bound into the
enzyme active site.
(DOCX)

Acknowledgments

We are grateful to Peter Macheroux and Karl Gruber for the opportunity to work in the Labo-
ratories at the Institute of Biochemistry, Graz University of Technology, Austria and the Insti-
tute of Molecular Biosciences, University of Graz, Austria; Branka Salopek-Sondi for help with
protein expression; the staff at the synchrotron facility (beamline XRD1) Elettra in Trieste,
Italy, especially Nicola Demitri, for their support during diffraction data collection.

Author Contributions
Conceptualization: Marija Abrami¢, Sanja Tomi¢.

Formal analysis: Igor Sablji¢, Marko Tomin, Mihaela Matovina, Iva Su¢ec, Ana Tomasi¢ Pai¢,
Antonija Tomic.

Funding acquisition: Sanja Tomic¢.

Investigation: Igor Sablji¢, Marko Tomin, Mihaela Matovina, Iva Suec, Ana Tomasi¢ Pai¢,
Antonija Tomic.

Project administration: Sanja Tomic.

Resources: Marija Abrami¢, Sanja Tomi¢.

Software: Marko Tomin, Antonija Tomic¢.

Supervision: Mihaela Matovina, Sanja Tomic.

Validation: Igor Sablji¢, Marko Tomin, Mihaela Matovina, Antonija Tomi¢, Sanja Tomic.
Visualization: Igor Sablji¢, Marko Tomin, Antonija Tomi¢.

Writing - original draft: Igor Sablji¢, Marko Tomin, Marija Abrami¢, Sanja Tomic.

Writing - review & editing: Igor Sablji¢, Marko Tomin, Mihaela Matovina, Antonija Tomic¢,
Sanja Tomic.

References

1. Miroshnichenko ML, Kostrikina NA, Nadezhda KA, Chernyh NA, Pimenov NV, Tourova TP, et al. Caldi-
thrix abyssi gen. nov., sp. nov., a nitrate-reducing, thermophilic, anaerobic bacterium isolated from a
Mid-Atlantic Ridge hydrothermal vent, represents a novel bacterial lineage. Int J Syst Evol Microbiol.
20083; 23:323-9. https://doi.org/10.1099/ijs.0.02390-0

2.  Wu D, Hugenholtz P, Mavromatis K, Pukall R, Dalin E, lvanova NN, et al. A phylogeny-driven genomic
encyclopaedia of Bacteria and Archaea. Nature. 2009; 462(7276):1056—60. https://doi.org/10.1038/
nature08656 PMID: 20033048.

3. Klenk HP, Goker M. En route to a genome-based classification of Archaea and Bacteria? Syst Appl
Microbiol. 2010; 33(4):175-82. https://doi.org/10.1016/j.syapm.2010.03.003 PMID: 20409658.

4. Kublanov IV, Sigalova OM, Gavrilov SN, Lebedinsky AV, Rinke C, Kovaleva O, et al. Genomic Analysis
of Caldithrix abyssi, the Thermophilic Anaerobic Bacterium of the Novel Bacterial Phylum Calditri-
chaeota. Front Microbiol. 2017; 8:195. https://doi.org/10.3389/fmicb.2017.00195 PMID: 28265262.

5. Rawlings ND, Barrett AJ, Bateman A. MEROPS: the peptidase database. Nucleic Acids Res. 2010; 38
(Database issue):D227-33. https://doi.org/10.1093/nar/gkp971 PMID: 19892822.

6. Abrami¢ M, Zubanovi¢ M, Vitale L. Dipeptidyl Peptidase Il from Human Erythrocytes. Biol Chem
Hoppe-Seyler. 1988; 369:29-38. PMID: 3348886

PLOS ONE | https://doi.org/10.1371/journal.pone.0192488 February 8, 2018 22/25


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192488.s024
https://doi.org/10.1099/ijs.0.02390-0
https://doi.org/10.1038/nature08656
https://doi.org/10.1038/nature08656
http://www.ncbi.nlm.nih.gov/pubmed/20033048
https://doi.org/10.1016/j.syapm.2010.03.003
http://www.ncbi.nlm.nih.gov/pubmed/20409658
https://doi.org/10.3389/fmicb.2017.00195
http://www.ncbi.nlm.nih.gov/pubmed/28265262
https://doi.org/10.1093/nar/gkp971
http://www.ncbi.nlm.nih.gov/pubmed/19892822
http://www.ncbi.nlm.nih.gov/pubmed/3348886
https://doi.org/10.1371/journal.pone.0192488

@° PLOS | ONE

The first dipeptidyl peptidase Il from a thermophile: Thermal stability and reduced activity

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Chen M, Barrett AJ. Handbook of Proteolytic Enzymes. 2. ed. London: Elsevier; 2004.

Liu'Y, Kern JT, Walker JR, Johnson JA, Schultz PG, Luesch H. A genomic screen for activators of the
antioxidant response element. Proc Natl Acad Sci U S A. 2007; 104(12):5205-10. https://doi.org/10.
1073/pnas.0700898104 PMID: 17360324.

Hast BE, Goldfarb D, Mulvaney KM, Hast MA, Siesser PF, Yan F, et al. Proteomic analysis of ubiquitin
ligase KEAP1 reveals associated proteins that inhibit NRF2 ubiquitination. Cancer Res. 2013; 73
(7):2199-210. https://doi.org/10.1158/0008-5472.CAN-12-4400 PMID: 23382044.

Abrami¢ M, époljarié J, éimaga 8. Prokaryotic homologs help to define consensus sequences in pepti-
dase family M49. Period biol. 2004; 106(2):161-8.

Baral PK, Jaj¢anin-Jozi¢ N, Deller S, Macheroux P, Abrami¢ M, Gruber K. The first structure of dipepti-
dyl-peptidase Ill provides insight into the catalytic mechanism and mode of substrate binding. J Biol
Chem. 2008; 283(32):22316—24. https://doi.org/10.1074/jbc.M803522200 PMID: 18550518.

Bezerra GA, Dobrovetsky E, Viertimayr R, Dong A, Binter A, Abrami¢ M, et al. Entropy-driven binding of
opioid peptides induces a large domain motion in human dipeptidyl peptidase Ill. Proc Natl Acad Sci U
S A.2012; 109(17):6525-30. https://doi.org/10.1073/pnas.1118005109 PMID: 22493238.

Vukeli¢ B, Salopek-Sondi B, Spoljaric J, Sablji¢ |, Mestrovié N, Agié D, et al. Reactive cysteine in the
active-site motif of Bacteroides thetaiotaomicron dipeptidyl peptidase Il is a regulatory residue for
enzyme activity. Biol Chem. 2012; 393(1-2):37—46. https://doi.org/10.1515/BC-2011-193 PMID:
22628297.

Karaci¢ Z, Vukeli¢ B, Ho G, Jozi¢ |, Sucec |, Salopek-Sondi B, et al. A novel plant enzyme with dual
activity: an atypical Nudix hydrolase and a dipeptidyl peptidase lll. Biological chemistry. 2017; 398
(1):101-12. https://doi.org/10.1515/hsz-2016-0141 PMID: 27467751

Karagié Z, Ban Z, Macheroux P. A novel member of the dipeptidyl peptidase |1l family from Armillariella
tabescens. Current Topics in Peptide & Protein. 2017;(18):41-8.

Ogawa T, Yoshimura K, Miyake H, Ishikawa K, Ito D, Tanabe N, et al. Molecular characterization of
organelle-type Nudix hydrolases in Arabidopsis. Plant Physiol. 2008; 148(3):1412—24. https://doi.org/
10.1104/pp.108.128413 PMID: 18815383.

Slabinski L, Jaroszewski L, Rychlewski L, Wilson IA, Lesley SA, Godzik A. XtalPred: a web server for
prediction of protein crystallizability. Bioinformatics. 2007; 23(24):3403-5. https://doi.org/10.1093/
bioinformatics/btm477 PMID: 17921170.

Spoljari¢ J, Salopek-Sondi B, Makarevi¢ J, Vukelié B, Agié¢ D, Simaga S, et al. Absolutely conserved
tryptophan in M49 family of peptidases contributes to catalysis and binding of competitive inhibitors.
Bioorg Chem. 2009; 37(1-3):70-6. https://doi.org/10.1016/j.bioorg.2009.03.002 PMID: 19375145

Sablji¢ |, Mestrovi¢ N, Vukeli¢ B, Macheroux P, Gruber K, Lui¢ M, et al. Crystal structure of dipeptidy!
peptidase Ill from the human gut symbiont Bacteroides thetaiotaomicron. PLOS ONE. 2017; 12(11):
e€0187295. https://doi.org/10.1371/journal.pone.0187295 PMID: 29095893

Abrami¢ M, éimaga §, Osmak M, Cicin-Sain L, Vukeli¢ B, Vlahovigek K, et al. Highly reactive cysteine
residues are part of the substrate binding site of mammalian dipeptidyl peptidases IIl. The International
Journal of Biochemistry & Cell Biology. 2004; 36(3):434—46. https://doi.org/10.1016/s1357-2725(03)
00267-x

Abrami¢ M, Vitale L. Basic amino acids preferring broad specificity aminopeptidase from human eryth-
rocytes. Biological Chemistry Hoppe-Seyler. 1992; 373(2):375-80.

Kabsch W. Xds. Acta Crystallogr D. 2010; 66:125-32. https://doi.org/10.1107/S0907444909047337
PMID: 20124692

Evans PR, Murshudov GN. How good are my data and what is the resolution? Acta Crystallogr D. 2013;
69:1204—14. https://doi.org/10.1107/S0907444913000061 PMID: 23793146

Terwilliger TC, Adams PD, Read RJ, McCoy AJ, Moriarty NW, Grosse-Kunstleve RW, et al. Decision-
making in structure solution using Bayesian estimates of map quality: the PHENIX AutoSol wizard. Acta
Crystallogr D Biol Crystallogr. 2009; 65(Pt 6):582—601. https://doi.org/10.1107/S0907444909012098
PMID: 19465773.

Adams PD, Afonine PV, Bunkoczi G, Chen VB, Davis IW, Echols N, et al. PHENIX: a comprehensive
Python-based system for macromolecular structure solution. Acta Crystallogr D. 2010; 66:213-21.
https://doi.org/10.1107/S0907444909052925 PMID: 20124702

Vagin A, Teplyakov A. MOLREP: an automated program for molecular replacement. J Appl Crystallogr.
1997; 30:1022-5. https://doi.org/10.1107/S0021889897006766

Cowtan K. Recent developments in classical density modification. Acta Crystallogr D. 2010; 66:470-8.
https://doi.org/10.1107/S090744490903947X PMID: 20383000

PLOS ONE | https://doi.org/10.1371/journal.pone.0192488 February 8, 2018 23/25


https://doi.org/10.1073/pnas.0700898104
https://doi.org/10.1073/pnas.0700898104
http://www.ncbi.nlm.nih.gov/pubmed/17360324
https://doi.org/10.1158/0008-5472.CAN-12-4400
http://www.ncbi.nlm.nih.gov/pubmed/23382044
https://doi.org/10.1074/jbc.M803522200
http://www.ncbi.nlm.nih.gov/pubmed/18550518
https://doi.org/10.1073/pnas.1118005109
http://www.ncbi.nlm.nih.gov/pubmed/22493238
https://doi.org/10.1515/BC-2011-193
http://www.ncbi.nlm.nih.gov/pubmed/22628297
https://doi.org/10.1515/hsz-2016-0141
http://www.ncbi.nlm.nih.gov/pubmed/27467751
https://doi.org/10.1104/pp.108.128413
https://doi.org/10.1104/pp.108.128413
http://www.ncbi.nlm.nih.gov/pubmed/18815383
https://doi.org/10.1093/bioinformatics/btm477
https://doi.org/10.1093/bioinformatics/btm477
http://www.ncbi.nlm.nih.gov/pubmed/17921170
https://doi.org/10.1016/j.bioorg.2009.03.002
http://www.ncbi.nlm.nih.gov/pubmed/19375145
https://doi.org/10.1371/journal.pone.0187295
http://www.ncbi.nlm.nih.gov/pubmed/29095893
https://doi.org/10.1016/s1357-2725(03)00267-x
https://doi.org/10.1016/s1357-2725(03)00267-x
https://doi.org/10.1107/S0907444909047337
http://www.ncbi.nlm.nih.gov/pubmed/20124692
https://doi.org/10.1107/S0907444913000061
http://www.ncbi.nlm.nih.gov/pubmed/23793146
https://doi.org/10.1107/S0907444909012098
http://www.ncbi.nlm.nih.gov/pubmed/19465773
https://doi.org/10.1107/S0907444909052925
http://www.ncbi.nlm.nih.gov/pubmed/20124702
https://doi.org/10.1107/S0021889897006766
https://doi.org/10.1107/S090744490903947X
http://www.ncbi.nlm.nih.gov/pubmed/20383000
https://doi.org/10.1371/journal.pone.0192488

@° PLOS | ONE

The first dipeptidyl peptidase Il from a thermophile: Thermal stability and reduced activity

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

Cowtan K. The Buccaneer software for automated model building. 1. Tracing protein chains. Acta Crys-
tallogr D Biol Crystallogr. 2006; 62(Pt 9):1002—11. https://doi.org/10.1107/S0907444906022116 PMID:
16929101.

Emsley P, Lohkamp B, Scott WG, Cowtan K. Features and development of Coot. Acta Crystallogr D.
2010; 66:486-501. https://doi.org/10.1107/S0907444910007493 PMID: 20383002

Murshudov GN, Vagin AA, Dodson EJ. Refinement of macromolecular structures by the maximum-like-
lihood method. Acta Crystallogr D. 1997; 53:240-55. https://doi.org/10.1107/S0907444996012255
PMID: 15299926

Murshudov GN, Skubak P, Lebedev AA, Pannu NS, Steiner RA, Nicholls RA, et al. REFMACS for the
refinement of macromolecular crystal structures. Acta Crystallogr D. 2011; 67:355—-67. https://doi.org/
10.1107/S0907444911001314 PMID: 21460454

Painter J, Merritt EA. Optimal description of a protein structure in terms of multiple groups undergoing
TLS motion. Acta Crystallogr D. 2006; 62:439-50. https://doi.org/10.1107/S0907444906005270 PMID:
16552146

Winn MD, Ballard CC, Cowtan KD, Dodson EJ, Emsley P, Evans PR, et al. Overview of the CCP4 suite
and current developments. Acta Crystallogr D. 2011; 67:235—42. https://doi.org/10.1107/
S0907444910045749 PMID: 21460441

Richardson DC, Chen VB, Arendall WB, Headd JJ, Keedy DA, Immormino RM, et al. MolProbity: all-
atom structure validation for macromolecular crystallography. Acta Crystallogr D. 2010; 66:12—21.
https://doi.org/10.1107/S0907444909042073 PMID: 20057044

Sali A, Blundell T. Comparative Protein Modelling by Satisfaction of Spatial Restraints. Journal of
Molecular Biology. 1993; 234(3):779-815. https://doi.org/10.1006/jmbi.1993.1626 PMID: 8254673

Petersen TN, Brunak S, von Heijne G, Nielsen H. SignalP 4.0: discriminating signal peptides from trans-
membrane regions. Nat Methods. 2011; 8(10):785-6. https://doi.org/10.1038/nmeth.1701 PMID:
21959131

Maier J, Martinez C, Kasavajhala K, Wickstrom L, Hauser K, Simmerling C. ff14SB: Improving the accu-
racy of protein side chain and backbone parameters from ff99SB. J Chem Theory Comput. 2015; 11
(8):3696—713. https://doi.org/10.1021/acs.jctc.5000255 PMID: 26574453

Wang J, Wang W, Kollman PA, Case DA. Automatic atom type and bond type perception in molecular
mechanical calculations. J Mol Graph Model. 2006; 25(2):247—-60. https://doi.org/10.1016/j.jmgm.2005.
12.005 PMID: 16458552.

Bertosa B, Koji¢-Prodi¢ B, Wade RC, Tomi¢ S. Mechanism of auxin interaction with Auxin Binding Pro-
tein (ABP1): a molecular dynamics simulation study. Biophys J. 2008; 94(1):27-37. https://doi.org/10.
1529/biophysj.107.109025 PMID: 17766341.

Case DA, Betz RM, Cerutti DS, Cheatham TE, Darden T, Duke RE, et al., AMBER16, 2016, San
Francisco

Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML. Comparison of simple potential
functions for simulating liquid water. The Journal of Chemical Physics. 1983; 79(2):926. https://doi.org/
10.1063/1.445869

Joung IS, Cheatham TE. Determination of alkali and halide monovalent ion parameters for use in explic-
itly solvated biomolecular simulations. J Phys Chem B. 2008; 112(30):9020—41. https://doi.org/10.1021/
jp8001614 PMID: 18593145

Loncharich RJ, Brooks BR, Pastor RW. Langevin Dynamics of Peptides: The Frictional Dependence of
Isomerization Rates of N-Acetylalanyl-N’-Methylamide Biopolymers. 1992; 32:523-35. https://doi.org/
10.1002/bip.360320508 PMID: 1515543

Berendsen HJC, Postma JPM, van Gunsteren WF, DiNola A, Haak JR. Molecular dynamics with cou-
pling to an external bath. The Journal of Chemical Physics. 1984; 81(8):3684—-90. https://doi.org/10.
1063/1.448118

Ryckaert J-P, Cicciotti G, Berendsen HJC. Numerical integration of the Cartesian Equations of Motion
of a System with Constraints: Molecular Dynamics of n-Alkanes J Comput Phys. 1977; 23:327—41.

Miyamoto S, Kollman PA. SETTLE: An Analytical Version of the SHAKE and RATTLE Algorithm for
Rigid Water Models Journal of Computational Chemistry. 1992; 13:952—-62.

Tomi¢ A, Berynskyy M, Wade RC, Tomi¢ S. Molecular simulations reveal that the long range fluctua-
tions of human DPP Ill change upon ligand binding. Mol Biosyst. 2015; 11(11):3068—-80. https://doi.org/
10.1039/c5mb00465a PMID: 26334575.

Onufriev A, Bashford D, Case DA. Exploring protein native states and large-scale conformational
changes with a modified generalized born model. Proteins. 2004; 55(2):383-94. https://doi.org/10.
1002/prot.20033 PMID: 15048829.

PLOS ONE | https://doi.org/10.1371/journal.pone.0192488 February 8, 2018 24/25


https://doi.org/10.1107/S0907444906022116
http://www.ncbi.nlm.nih.gov/pubmed/16929101
https://doi.org/10.1107/S0907444910007493
http://www.ncbi.nlm.nih.gov/pubmed/20383002
https://doi.org/10.1107/S0907444996012255
http://www.ncbi.nlm.nih.gov/pubmed/15299926
https://doi.org/10.1107/S0907444911001314
https://doi.org/10.1107/S0907444911001314
http://www.ncbi.nlm.nih.gov/pubmed/21460454
https://doi.org/10.1107/S0907444906005270
http://www.ncbi.nlm.nih.gov/pubmed/16552146
https://doi.org/10.1107/S0907444910045749
https://doi.org/10.1107/S0907444910045749
http://www.ncbi.nlm.nih.gov/pubmed/21460441
https://doi.org/10.1107/S0907444909042073
http://www.ncbi.nlm.nih.gov/pubmed/20057044
https://doi.org/10.1006/jmbi.1993.1626
http://www.ncbi.nlm.nih.gov/pubmed/8254673
https://doi.org/10.1038/nmeth.1701
http://www.ncbi.nlm.nih.gov/pubmed/21959131
https://doi.org/10.1021/acs.jctc.5b00255
http://www.ncbi.nlm.nih.gov/pubmed/26574453
https://doi.org/10.1016/j.jmgm.2005.12.005
https://doi.org/10.1016/j.jmgm.2005.12.005
http://www.ncbi.nlm.nih.gov/pubmed/16458552
https://doi.org/10.1529/biophysj.107.109025
https://doi.org/10.1529/biophysj.107.109025
http://www.ncbi.nlm.nih.gov/pubmed/17766341
https://doi.org/10.1063/1.445869
https://doi.org/10.1063/1.445869
https://doi.org/10.1021/jp8001614
https://doi.org/10.1021/jp8001614
http://www.ncbi.nlm.nih.gov/pubmed/18593145
https://doi.org/10.1002/bip.360320508
https://doi.org/10.1002/bip.360320508
http://www.ncbi.nlm.nih.gov/pubmed/1515543
https://doi.org/10.1063/1.448118
https://doi.org/10.1063/1.448118
https://doi.org/10.1039/c5mb00465a
https://doi.org/10.1039/c5mb00465a
http://www.ncbi.nlm.nih.gov/pubmed/26334575
https://doi.org/10.1002/prot.20033
https://doi.org/10.1002/prot.20033
http://www.ncbi.nlm.nih.gov/pubmed/15048829
https://doi.org/10.1371/journal.pone.0192488

@° PLOS | ONE

The first dipeptidyl peptidase Il from a thermophile: Thermal stability and reduced activity

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Roe DR, Cheatham TE. PTRAJ and CPPTRAJ: Software for Processing and Analysis of Molecular
Dynamics Trajectory Data. J Chem Theory Comput. 2013; 9:3084-95. https://doi.org/10.1021/
ct400341p PMID: 26583988

Tomin M, Tomi¢ S. Dynamic properties of dipeptidyl peptidase Il from Bacteroides thetaiotaomicron
and the structural basis for its substrate specificity—a computational study. Molecular BioSystems.
2017; 13:2407-24177. https://doi.org/10.1039/c7mb00310b PMID: 28971197

The PyMOL Molecular Graphics System, Version 1.8 Schrodinger, LLC,

Jaj¢anin Jozi¢ N. Biochemical and structural characterization of dipeptidyl-peptidase Ill from yeast Sac-
charomyces cerevisiae. Zagreb: University of Zagreb; 2011.

Matovina M, Agi¢ D, Abrami¢ M, Mati¢ S, Karaci¢ Z, Tomi¢ S. New findings about human dipeptidyl pep-
tidase Il based on mutations found in cancer. RSC Advances. 2017; 7:36326-34.

Bezerra GA, Dobrovetsky E, Viertimayr R, Dong A, Binter A, Abramic M, et al. Entropy-driven binding of
opioid peptides induces a large domain motion in human dipeptidyl peptidase Ill. Proc Natl Acad Sci U
S A.2012; 109(17):6525-30. https://doi.org/10.1073/pnas.1118005109 PMID: 22493238

Baral PK, Jaj¢anin-Jozi¢ N, Deller S, Macheroux P, Abrami¢ M, Gruber K. The first structure of dipepti-
dyl-peptidase Ill provides insight into the catalytic mechanism and mode of substrate binding. J Biol
Chem. 2008; 283(32):22316—24. https://doi.org/10.1074/jbc.M803522200 PMID: 18550518

Kumar P, Reithofer V, Reisinger M, Wallner S, Pavkov-Keller T, Macheroux P, et al. Substrate com-
plexes of human dipeptidyl peptidase Ill reveal the mechanism of enzyme inhibition. Sci Rep. 2016;
6:23787. https://doi.org/10.1038/srep23787 PMID: 27025154.

Jubb HC, Higueruelo AP, Ochoa-Montafio B, Pitt WR, Ascher DB, Blundell TL. Arpeggio: A web server
for calculating and visualising interatomic interactions in protein structures. Journal of molecular biology.
2017; 429(3):365—71. https://doi.org/10.1016/j.jmb.2016.12.004 PMID: 27964945

Kumar V, Sharma N, Bhalla TC. In Silico Analysis of-Galactosidases Primary and Secondary Structure
in relation to Temperature Adaptation. Journal of amino acids. 2014; 2014.

Vieille C, Zeikus GJ. Hyperthermophilic enzymes: sources, uses, and molecular mechanisms for ther-
mostability. Microbiology and molecular biology reviews. 2001; 65(1):1-43. https://doi.org/10.1128/
MMBR.65.1.1-43.2001 PMID: 11238984

Saelensminde G, Halskau &, Jonassen |. Amino acid contacts in proteins adapted to different tempera-
tures: hydrophobic interactions and surface charges play a key role. Extremophiles. 2009; 13(1):11.
https://doi.org/10.1007/s00792-008-0192-4 PMID: 18825305

Zhou X-X, Wang Y-B, Pan Y-J, Li W-F. Differences in amino acids composition and coupling patterns
between mesophilic and thermophilic proteins. Amino acids. 2008; 34(1):25-33. https://doi.org/10.
1007/s00726-007-0589-x PMID: 17710363

Mandrich L, Merone L, Manco G. Structural and Kinetic Overview of the Carboxylesterase EST2 from
Alicyclobacillus acidocaldarius: A Comparison with the Other Members ofthe HSL Family. Protein and
peptide letters. 2009; 16(10):1189-200. PMID: 19508183

Razvi A, Scholtz MA. Lessons in stability from thermophilic proteins. Protein Science. 2006; 15:1569—
78. https://doi.org/10.1110/ps.062130306 PMID: 16815912

Tomi¢ A, Gonzalez M, Tomi¢ S. The large scale conformational change of the human DPP llI-substrate
prefers the "closed" form. J Chem Inf Model. 2012; 52(6):1583-94. https://doi.org/10.1021/ci30014 1k
PMID: 22656863.

Sheu S-Y, Yang D-Y. Determination of Protein Surface Hydration Shell Free Energy of Water Motion:
Theoretical Study and Molecular Dynamics Simulation. J Phys Chem B. 2010; 114:16558-66. https:/
doi.org/10.1021/jp105164t PMID: 21090707

Pal SK, Peon J, Bagchi B, Zewail A. Biological Water: Femtosecond Dynamics of Macromolecular
Hydration. J Phys Chem B. 2002; 106:12376-95.

Tomi¢ A, Kovacevi¢ B, Tomi¢ S. Concerted nitrogen inversion and hydrogen bonding to Glu451 are
responsible for protein-controlled suppression of the reverse reaction in human DPP lll. Phys Chem
Chem Phys. 2016; 18:27245-56. https://doi.org/10.1039/c6cp04580d PMID: 27711538

Tomi¢ A, Tomi¢ S. Hunting the human DPP Il active conformation: combined thermodynamic and QM/
MM calculations. Dalton Trans. 2014; 43(41):15503—14. https://doi.org/10.1039/c4dt02003k PMID:
25192149,

CviteSic¢ A, Sablji¢ |, Makarevi¢ J, Abrami¢ M. Novel dipeptidyl hydroxamic acids that inhibit human and
bacterial dipeptidyl peptidase Ill. J Enzyme Inhib Med Chem. 2016; 31:40-5. https://doi.org/10.1080/
14756366.2016.1186021

PLOS ONE | https://doi.org/10.1371/journal.pone.0192488 February 8, 2018 25/25


https://doi.org/10.1021/ct400341p
https://doi.org/10.1021/ct400341p
http://www.ncbi.nlm.nih.gov/pubmed/26583988
https://doi.org/10.1039/c7mb00310b
http://www.ncbi.nlm.nih.gov/pubmed/28971197
https://doi.org/10.1073/pnas.1118005109
http://www.ncbi.nlm.nih.gov/pubmed/22493238
https://doi.org/10.1074/jbc.M803522200
http://www.ncbi.nlm.nih.gov/pubmed/18550518
https://doi.org/10.1038/srep23787
http://www.ncbi.nlm.nih.gov/pubmed/27025154
https://doi.org/10.1016/j.jmb.2016.12.004
http://www.ncbi.nlm.nih.gov/pubmed/27964945
https://doi.org/10.1128/MMBR.65.1.1-43.2001
https://doi.org/10.1128/MMBR.65.1.1-43.2001
http://www.ncbi.nlm.nih.gov/pubmed/11238984
https://doi.org/10.1007/s00792-008-0192-4
http://www.ncbi.nlm.nih.gov/pubmed/18825305
https://doi.org/10.1007/s00726-007-0589-x
https://doi.org/10.1007/s00726-007-0589-x
http://www.ncbi.nlm.nih.gov/pubmed/17710363
http://www.ncbi.nlm.nih.gov/pubmed/19508183
https://doi.org/10.1110/ps.062130306
http://www.ncbi.nlm.nih.gov/pubmed/16815912
https://doi.org/10.1021/ci300141k
http://www.ncbi.nlm.nih.gov/pubmed/22656863
https://doi.org/10.1021/jp105164t
https://doi.org/10.1021/jp105164t
http://www.ncbi.nlm.nih.gov/pubmed/21090707
https://doi.org/10.1039/c6cp04580d
http://www.ncbi.nlm.nih.gov/pubmed/27711538
https://doi.org/10.1039/c4dt02003k
http://www.ncbi.nlm.nih.gov/pubmed/25192149
https://doi.org/10.1080/14756366.2016.1186021
https://doi.org/10.1080/14756366.2016.1186021
https://doi.org/10.1371/journal.pone.0192488

