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Abstract: Staphylococcus aureus is responsible for a variety of human infections, including life-
threatening, systemic conditions. Secreted proteome, including a range of proteases, constitutes
the major virulence factor of the bacterium. However, the functions of individual enzymes, in par-
ticular SplA protease, remain poorly characterized. Here, we report development of specific inhibi-
tors of SplA protease. The design, synthesis, and activity of a series of a-aminoalkylphosphonate
diaryl esters and their peptidyl derivatives are described. Potent inhibitors of SplA are reported,
which may facilitate future investigation of physiological function of the protease. The binding
modes of the high-affinity compounds Cbz-Phe"-(0C¢H;—4-S0,CH,), and Suc-Val-Pro-PheP-
(OCgHs), are revealed by high-resolution crystal structures of complexes with the protease. Sur-
prisingly, the binding mode of both compounds deviates from previously characterized canonical
interaction of a-aminoalkylphosphonate peptidyl derivatives and family S1 serine proteases.
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Introduction

Staphylococcus aureus is a versatile human pathogen
responsible for a variety of infections, ranging from
minor superficial skin lesions to life-threatening sys-
temic conditions.! The virulence of S. aureus relies on
a number of extracellular factors, including secreted
proteases. Evidence collected since the early 1970s
supports various roles of aureolysin, staphopains, V8
protease, and epidermolytic toxins (ETs) in infection
by S. aureus? Much less is known about six family
S13 serine proteases encoded in an spl operon, yet
the location of the spl/ operon on a staphylococcal
pathogenicity island vSap among well-established vir-
ulence factors® suggests possible role in pathogenesis.
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Specific inhibitors are valuable tools in assessing
physiological functions of target enzymes. Selective
protease inhibitors are often obtained by grafting an
inhibitory function on a peptide scaffold of known
substrates. The substrate preference of SplA was
previously thoroughly characterized. Screening of
libraries of tetrapeptide fluorescent substrates dem-
onstrated exclusive preference for tyrosine and phe-
nylalanine at P1 (notation according to Ref. 5). In
turn, evaluation of a large combinatorial protein
library demonstrated extended preference for sub-
strates with a consensus sequence of (W/Y)-L-Y*(T/S)
(asterisks indicates the site of hydrolysis).® Limited
substrate specificity of SplA suggests that it should
be possible to develop specific peptidyl inhibitors by
using «-aminoalkylphosphonate diaryl ester inhibi-
tory function.

Peptidyl derivatives of a-aminoalkylphosphonate
diaryl esters are irreversible serine protease inhibi-
tors. Nucleophilic attack by the active-site serine
hydroxyl oxygen on a moderately electrophilic phos-
phorus atom leads to the formation of a phosphonate
ester. The initial enzyme—inhibitor complex is unsta-
ble. Thereafter, slow hydrolysis of the aryl ester (with
a half-life ranging from few hours to few days) leads
to the formation of a so-called aged complex (Support-
ing Information Fig. S1). Known crystal structures of
aged complexes of family S1 serine proteases with
phosphonate inhibitors demonstrate a tetrahedral
geometry of the phosphorus atom, which resembles
the transition state observed during peptide-bond
hydrolysis, while interaction of the peptidyl part is
reminiscent of a binding mode of a substrate.”®

In this work, we set out to develop specific inhib-
itors of SplA protease to provide efficient tools for
future characterization of its physiological role. We
synthesized multiple peptidyl phosphonate deriva-
tives designed, among others, based on the sequences
of efficiently recognized substrates and determined
their effects on SplA activity. Crystal structures of
two of the most efficient inhibitors were solved in
complex with SplA, which demonstrate unusual mode
of binding, unlike that observed for canonical inhibi-
tors complexed with family S1 proteases.

Results

Initial assessment of phosphonate scaffold for
SplA inhibitor development

Simple Cbz-protected phosphonic analogs of amino
acids often show considerable selectivity for particular
serine proteases according to their P1 preference.® Our
preliminary evaluation of this assumption and investi-
gation of the influence of different substituents at the
phenyl ester rings by evaluating the activity of multi-
ple available inhibitors against SplA protease indicated
that none of the alanine, valine, valine-related, methio-
nine, lysine, arginine, or arginine-related phosphonate
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derivatives inhibited the enzyme when used at a con-
centration of 200 pM (1:100 enzyme:inhibitor molar
ratio). At the same time, two (30 and 31) of the six
phenylalanine derivatives tested inhibited the activity
of the enzyme (Table I and Fig. 1). This is in agree-
ment with the previously determined substrate speci-
ficity of SplA, which will accept Phe at the P1 subsite
despite a strong preference for Tyr. What is more, one
of the six leucine derivatives tested (19) also inhibited
the enzyme. This is surprising, given that such speci-
ficity was not observed in earlier substrate preference
studies.® Nevertheless, the activity of 19 may be
explained by the hydrophobic nature of the leucine
side chain, which has a hydrophobicity roughly compa-
rable to that of the benzyl group of phenylalanine. In
addition, 19 is a strongly activated compound owing to
the electron-withdrawing substituents at para position
of the ester rings. The same is true for the active
derivatives of phenylalanine (80 and 31), where
potency is increased by the electron-withdrawing prop-
erties of ester ring substituents. Overall, this confirms
that the phosphonate scaffold is adequate for the
development of selective SplA inhibitors and that
inhibitor potency can be adjusted not only at the pep-
tidyl side but also by varying the ester substituents on
phosphorus atom.

Optimization of phosphonate inhibitors of SplA
protease

In general, extension of the peptidyl fragment of a
phosphonate derivative improves the selectivity and
potency of the inhibitor, by providing a larger surface
of interaction with the enzyme.'® This was first tested
using tripeptide derivatives of phosphonic leucine
(compounds 23-28). A significant improvement over
17-22 was observed even though the peptidyl moiety
selected was poorly compatible with the previously
identified preferred substrates of SplA. Again, inhibi-
tor potency depended on the electron-withdrawing
properties of the ester ring substituents. Unfortu-
nately, owing to this effect, the high reactivity and
susceptibility to hydrolysis of the most potent deriva-
tives of the series (25), as well as 31 of the previous
series, render them of no practical value.

The modification of phosphonic phenylalanine
analogs with peptide chains was especially interest-
ing in light of the previously determined substrate
preference of SplA.% Although the presence of tyro-
sine at the P1 and P3 positions was strongly favored
among substrates, Phe was also accepted at these
positions and was used for construction of the inhibi-
tors owing to the choice of synthetic reaction used.
We evaluated the activity of five phosphonate deriv-
atives of the FLF tripeptide with different substitu-
ents at the para positions of the ester rings (42-46).
Surprisingly, the most potent derivative of this
series (44) was less potent than the most potent
derivative of the VPLF series (25), although the
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Table I. Phosphonate Inhibitors Tested in This Study and Their Affinity for SplA Protease

# Compound structure K; (uM) Eoy/K; M7 1s™h) Reference (synthesis)
1 Cbz-(4-GuPhg)"-(OC¢H;)o*TFA >200 <3 10

2 Cbz-(4-GuPhg)"-(OCgH,—4-S-CHj;),*TFA >200 <3 11

3 Cbz-(4-GuPhg)P-(0CeH,—4-S0,-CH3),*TFA >200 <3 11

4 Cbz-(4-GuPhg)P-(OCgH,—4-Cl)o*TFA >200 <3 11

5 Chbz-(HomoArg)P-(OCgH;)o*HC1 >200 <3 8

6 Chbz-Arg"-(OCeH;)o*HCI >200 <3 8

7 Chbz-Lys"-(0CH;),*HCI >200 <3 12

8 Cbz-MetP-(0C6Hs), >200 <3 13

9 Cbz-Met?-(OCgH,—4-S-CH3), >200 <3 13

10 Chbz-Ala®-(0CgHs)s >200 <3 14

11 Cbz—Ala;’-(OCGH4—4-S-CH3)2 >200 <3 14

12 Cbz-Val®-(0CeHs)s >200 <3 14

13 Chbz-Val’-(0CgH,—4-S-CHj), >200 <3 14

14 Cbz-ValP-(0CgH4—4-S05-CHs), >200 <3 14

15 Cbz-nVal’-(OC¢Hs)s >200 <3 14

16 Cbz-nVal’-(OCgH,—4-S-CHs), >200 <3 14

17 Cbz-Leuf-(0CgHs) >200 <3 15

18 Cbz-Leu"-(OCeH,—4-S-CHj),, >200 <3 15

19 Cbz-Leu"-(OCgH,—4-SO5-CHs3)s 3.8 4%10° This study
20 Cbz-Leu"-(OCgH,—4-0-CH,), >200 <3 15

21 Cbz-LeuP-(OCgH —4-Cl), >200 <3 15

22 Chbz-Leu"-(OCgH,—4-CH(CHj)), >200 <3 15

23 Boc-Val-Pro-Leu®-(OCgHjy)s 14 21 This study
24 Boc-Val-Pro-Leu®-(OCgH,—4-S-CHs), 9.9 222 This study
25 Boc-Val-Pro-Leu’-(OCgH, —4-SO5-CHs), <0.2 >8%103 This study
26 Boc-Val-Pro-Leu"-(OCH,—4-0-CHs), 17 60 This study
27 Boc-Val-Pro-Leu®-(0CgH,—4-Cl)y 6.1 871 This study
28 Boc-Val-Pro-Leu’-(OCgH, —4-CH(CHs)g)s >200 <3 This study
29 Cbz-PheP-(0CgH;) >200 <3 15

30 Cbz-PheP-(0C¢H,—4-S-CHs)y 83 25 15

31 Cbz-PheP-(OCgH,—4-S05-CHs)s 3.5 2.3%10° 15

32 Cbz-Phef-(0CeH,—4-0-CHs), >200 <3 15

33 Cbz-PheP-(OC¢H,—4-Cl), >200 <3 15

34 Cbz-PheP-(OCgH,—4-CH(CHs)y)s >200 <3 15

35 Boc-Val-Pro-Phe’-(OCgHjy)s 2.3 2.5%10° This study
36 Boc-Val-Pro-Phe’-(OCeH, —4-S-CHj)s 2.5 74103 This study
37 Boc-Val-Pro-Phe’-(OCgH, —4-S05-CHs), <0.2 >8%10° This study
38 Boc-Val-Pro-Phe’-(OCgH, —4-0-CHs), 34 563 This study
39 Boc-Val-Pro-Phe®-(0CgH,—4-Cl)y 5.1 718 This study
40 Boc-Val-Pro-PheP-(OCgH,—4-CH(CHj)s)o 10 371 This study
41 Suc-Val-Pro-Phe’-(0CgHj),, 10 1¥10° 13

42 Boc-Phe-Leu-Phe®-(0CgHs)s 31 88 This study
43 Boc-Phe-Leu-Phef-(OCgH,—4-S-CHj),, 45 311 This study
44 Boc-Phe-Leu-PheP-(0CgH,—4-S05-CHj3), 5.1 830 This study
45 Boc-Phe-Leu-Phe’-(0CgH,—4-0-CHs)y >200 <3 This study
46 Boc-Phe-Leu-PheP-(OCgH,—4-CH(CHs)y)s >200 <3 This study

former was apparently a much better mimic of a
preferred substrate. Therefore, we also examined
known phosphonate inhibitors of chymotrypsin (35—
41). Despite the failure of the peptidyl moiety to ful-
fill the substrate preference of SplA at the P2 posi-
tion, the inhibitors of this series were among the
most potent compounds tested in the study. The
potency of the best VPFY inhibitor (87) was compa-
rable to that of the best inhibitor of VPLF series
(25); however, both were at least 10 times more
potent than the best inhibitor of the FLFY series
(44). To further address this issue, we evaluated the
kinetics of hydrolysis of substrates based on the
above-mentioned inhibitor sequences, namely Boc-
Phe-Leu-Phe-AFC and Boc-Val-Pro-Phe-AFC. The

Burchacka et al.

respective Ky values of 60 and 22 uM are roughly
consistent with the different affinities of SplA for
the two inhibitors.

In summary, we developed phosphonate peptide
analogs that inhibit SplA with high potency. To pin-
point the structural determinants of SplA inhibitor
specificity and explain the increased potency of
inhibitors with extended peptidyl moieties, we next
determined high-resolution crystal structures of
SplA complexed with 31 and 41 (Fig. 1).

Overall crystal structure of SplA in complex with
31 and 41

The structures of SplA complexed with 31 and 41
were solved at 1.7 and 1.8 A resolution, respectively
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Figure 1. Structures and binding characteristics of selected
SplA inhibitors used in the study. A full list of evaluated inhib-
itors and their affinities toward SplA is provided in Table I.

(Supporting Information Table SI). The overall topol-
ogy of all molecules contained in the asymmetric
unit of each crystal is essentially identical (Support-
ing Information Table SIII). The average RMSD
over all C, atoms equals 0.90 = 0.21 A for the 31
complex (four molecules) and 1.04 A for the 41 com-
plex (two molecules). Furthermore, the overall struc-
ture of the protease after it is complexed with an
inhibitor is essentially identical to that of the previ-
ously reported free SplA (PDB ID: 2W7S), with aver-
age RMSD calculated for all atoms and all molecules
contained in the asymmetric unit of 0.63 = 0.30 A
for 31 complex and 0.63 *= 0.27 A for 41 complex.
The arrangements of molecules in the crystal lattice
of the 31 complex and the 2W7S structure are
superimposable. This enables structural comparisons
with minimal bias associated with crystal packing.

Electron density of the inhibitor is well defined
in both reported structures. Given that no electron
density accounts for the aryl ester moiety, the struc-
tures represent “aged” complexes. Both inhibitors
bind to the active site of SplA and assume an overall
orientation similar to that observed in the structure
of cathepsin G complexed with Suc-Val-Pro-Phe®-
(OCgHy); (PDB ID: 1CGH'") and previously pre-
dicted for SplA by molecular modeling.® A covalent
bond between a phosphorus atom of the phosphonate
group of the inhibitor and OY of catalytic triad
Ser'®, together with interactions in S1 pocket,
anchor the inhibitor in the active site. However, a
detailed analysis immediately demonstrates marked
differences between the mode of binding involved in
these interactions compared to the interactions by
which canonical inhibitors and other known phos-
phonates bind at the active site.!”!®

Despite multiple attempts, we were unable to
obtain crystals of SplA in complex with 42, the clos-
est mimetic of the consensus sequence substrate
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evaluated in this study. The premade complex crys-
tallized readily after several days under many differ-
ent conditions, although none of many solved
structures had an electron density that accounted for
the inhibitor, most probably owing to hydrolysis of
the enzyme—inhibitor complex. We also attempted to
soak premade SplA crystals with 42, but were not
successful. Soaking of premade SplA crystals with 31
and 41 was also unsuccessful, most probably owing to
a relatively large molecular weight of the inhibitors.

Binding of inhibitor 31

The entire molecule of 31 is clearly defined by elec-
tron density (Supporting Information Fig. S3). The
distance between O of the catalytic triad Ser'®* and
the phosphorus atom of the phosphonate group of
the inhibitor (1.69 + 0.03 A) as well as the continu-
ous electron density clearly indicate covalent bind-
ing. The phosphorus atom adopts a tetrahedral
conformation, with both of the phosphonate oxygen
atoms pointing away from the protease surface (Fig.
2, right panel). This is unexpected for a transition-
state analog and not observed in the structures of
complexes of phosphonate inhibitors with serine pro-
teases of family S1, where one of the phosphonate
oxygen atoms occupies the oxyanion hole. Instead,
the oxyanion hole in the structure of 31 is occupied
by a water molecule that is tightly stabilized by a
nearly tetrahedral network of hydrogen bonds. Two
hydrogen bonds are contributed by Gly'®? and Ser!®*
backbone amides, and are characteristic for oxygen
bound at an oxyanion hole. The water molecule, in
turn, donates two hydrogen bonds to the carbonyl
oxygen of Gly?® and the phosphonate oxygen of the
inhibitor. Tight spatial constraint of the water mole-
cule is further supported by its low B-factor, which
roughly corresponds with the B-factors of surround-
ing residues. In all molecules contained in the asym-
metric unit, the catalytic triad histidine side chain
is rotated out of its canonical orientation. The second
phosphonate oxygen of the inhibitor forms a hydro-
gen bond with N2 of the catalytic triad histidine
(except molecule D), hydrogen bonds with adjacent
water molecules, and a weak hydrogen bond with the
backbone carbonyl oxygen of Tyr'™. The side chain of
the phenylalanine residue at the P1 position occupies
a deep, relatively hydrophobic S1 pocket of the prote-
ase in an orientation roughly comparable to that pre-
dicted by previous modeling studies and found in the
crystal structures of comparable inhibitors. However,
unlike the situation for canonical inhibitors or sub-
strates, only the (S)-diastereoisomer (corresponding
to the p-amino acids in stereochemical terms) is
observed in the complex despite the use of racemic
inhibitor preparations. The conformation of an amide
bond proceeding P1 residue and its interaction with
the enzyme are also unlike any of those found in
canonical inhibitors. The amide hydrogen, which

Inhibitors of SplA protease from §. aureus
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Figure 2. Comparison of phosphonate inhibitor binding mode to cathepsin G and SplA. In all cases the side chain of P1 resi-
due resides in the pronounced S1 specificity pocket. (Left panel) Canonical binding mode of a-aminoalkylphosphonate inhibi-
tors exemplified by the structure of Suc-Val-Pro-PheP-(OCgHs),-bound cathepsin G (PDB ID: 1CGH). The peptidyl part of the
inhibitor forms three canonical hydrogen bonds in the nonprimed sites of the protease active site. One of phosphonate oxygens
is coordinated in the oxyanion hole. (Middle panel) In case of 41, one of phosphonate oxygens is canonically coordinated in the
oxyanion hole but, the peptidyl part does not form any hydrogen bonds with the enzyme being flexible and undefined by elec-
tron density beyond P1 subsite. (Right panel) In case of 31 the oxyanion hole is occupied by a water molecule (red sphere)
instead of a phosphonate oxygen. Furthermore, the peptidyl part forms a noncanonical hydrogen bond within the enzyme non-
primed side. Unlike in the cathepsin complex, both in case of 31 and 41 SplA selects (S)-diastereoisomer (corresponding to the
p-amino acids) out of a racemic mixture. An interactive view is available in the electronic version of the article.

forms a part of an antiparallel sheet in other known
structures, points away from the protease molecule
and is not involved in hydrogen bonding. In turn, the
carbonyl oxygen of the inhibitor forms a hydrogen
bond with the main-chain amide of Gly'”%. The aro-
matic ring of the Cbz-protective group is located on
the surface of the protease. It associates with loop II
via van der Waals interactions. The entire region in
the vicinity of the Cbz group is dynamic, as exempli-
fied by high B-factors and undefined electron density
for parts of loop II. The conformation of this region is
similar in molecules B, C, and D, but a different con-
formation is found in molecule A (Supporting Infor-
mation Fig. S3). This demonstrates that besides
intrinsic flexibility, crystal packing further affects the
orientations of the benzyl moiety and loop II. Apart
from the Cbz moiety, the conformation of the remain-
ing part of the inhibitor and its interaction with the
protease remain unaffected by crystal packaging, and
is identical in all molecules contained in the asym-
metric unit.

Binding of inhibitor 41

In the structure of the complex formed by Suc-Val-
Pro-PheP-(0OCgHj)s (41) and SplA, only the phospho-
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nate moiety, P1 phenylalanine residue, and Pro—Phe
peptide bond are clearly defined by electron density
(Supporting Information Fig. S3). Formation of a
covalent bond between OY of the catalytic triad
Ser'®® and the phosphorus atom of the inhibitor is
evident. Unlike 31, but exactly as expected for a
transition-state analog and observed in the struc-
tures of other phosphonate inhibitors, one of the
phosphonate oxygens occupies the oxyanion hole
(Fig. 2, middle panel). It accepts canonical hydrogen
bonds from the backbone amides of Gly!®? and
Ser'®*. The second phosphonate oxygen of the inhibi-
tor is hydrogen bonded with N2 of the catalytic
triad histidine (in canonical orientation contrary to
31 structure) and via a water molecule with the
backbone carbonyl oxygen of Gly?>. The phenylala-
nine side chain of 41 in the S1 enzyme pocket
adopts an orientation comparable to that of the cor-
responding residue of 31, although a shift by
roughly 1 A and rather poor definition by electron
density suggest some flexibility. Similar to 31 and
unlike the known structures of canonical inhibitors,
only the (S)-diastereoisomer is found in the complex
structure, again despite the use of racemic mixtures
for complex formation. Beyond P1 residue only the
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P1-P2 peptide bond is defined by electron density.
Its orientation is again not reminiscent of canonical
inhibitors. One of the two models contained in the
asymmetric unit suggests that, unlike the situation
for canonical inhibitors, the backbone carbonyl oxy-
gen of the P2 residue of the inhibitor forms a hydro-
gen bond with a water molecule, which in turn
accepts a hydrogen bond from the amide hydrogen
of Gly'”. There is no indication of such arrange-
ment in the second molecule present in the asym-
metric unit. Beyond the P1-P2 peptide bond, the
remainder of the inhibitor (Suc-Val-Pro moiety) is
not defined by electron density. This suggests that
this part of the inhibitor is flexible and presumably
does not interact with the enzyme or interacts only
transiently. Such observation is again different from
what one would expect based on analysis of multiple
available crystal structures of serine protease inhibi-
tor complexes. Moreover, it does not allow explaining
the observed increase of affinity upon elongation of
the peptidyl moiety of the inhibitor.

The S1 specificity pocket

Although the characterized structures demonstrate
noncanonical binding mode of inhibitors, they allow
some conclusions concerning the likely mechanism
of substrate recognition by SplA at S1 subsite. The
S1 specificity pocket of SplA is delineated by parts
of loop I (Ala'*®—Ser!®)!® and loop II (Ser'™-
Glu'™), and strands Leu!®*-Gly!”? and Lys'®-
Phe'®2. The cavity is lined with nonpolar side chains
of Ala™?®, Pro'®!, and Leu'®’, the CP atoms of Asn'®®
and Ser'™®, the C* atom of Gly'"?, and the main-
chain atoms of the above-mentioned secondary struc-
tures, except for the main chain of Lys'®’-Phe!®2,
which is buried and only stabilizes the pocket. Apart
from Gly'"™ and Lys'”®, both of which are located at
the outer rim of the pocket, all atoms of the main
chain that are available for hydrogen bonding either
participate in intramolecular hydrogen bonding or
are located such that hydrogen bonds with the side
chain of the P1 residue of the inhibitor (or substrate)
are not feasible. Therefore, the surface of the S1
subsite is apolar, with the exception of the side chain
of Asn'®! located at the bottom of the cavity, where
a single lone pair on O is available for hydrogen
bonding. The S1 cavity architecture is virtually iden-
tical to that previously described for apo-SplA,° indi-
cating that no significant enzyme rearrangement
occurs upon inhibitor binding. The only small differ-
ences are seen in the arrangement of the otherwise
flexible loop II.

Binding of the benzyl moieties of both of the
inhibitors at the S1 subsite of SplA relies exclusively
on hydrophobic interactions supported by oxygen—
aromatic ring interaction. The aromatic ring fills the
space of the cavity and is situated within van der
Waals distance of multiple pocket atoms. In all mole-
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cules, the aromatic rings are almost coplanar
because they are restrained by the pocket geometry
(i.e., positioned by aromatic ring interaction with
the side-chain oxygen of Asn'®l). Nonetheless, the
orientations (rotation in the ring plane) of the phe-
nylalanine side chain differ between the structures
of 31 and 41. This is directly caused by the different
arrangements of the phosphonate oxygens. Insertion
of the phosphonate oxygen into the oxyanion hole in
the structure of 41 pulls the phosphorus atom by
more than 1 A relative to 31. The positions of the
C%, CP, and CY atoms of the P1 residue differ by less
than 1 A, but the differences are sufficient to change
the configuration of the bonds such that the shift in
the position of the entire aromatic ring means that
the positions of the C° atoms differ by ~3 A in the
two most divergent molecules contained in the
respective asymmetric units. Different orientations
of the P1 residue slightly affect the conformation of
Gly'™ and adjacent residues. The described differen-
ces in P1 side-chain orientation observed in SplA
complexes with 31 and 41 demonstrate the overall
spatial preference, rather than the exact geometric
selectivity, of the pocket. This conclusion is further
confirmed by the ability of the 19 and the 23-28
series to inhibit SplA.

Discussion

Inhibition of SplA by «-aminoalkylphosphonate
diaryl esters and their peptidyl derivatives
Phosphonate derivatives of amino acids and peptides
were first developed as serine protease inhibitors in
the late 1980s.'® Since then, the structural bases of
the interactions between a range of potent and selec-
tive inhibitors and various proteases of the S1 fam-
ily have been provided. In this study, we evaluated
the feasibility of using phosphonate scaffold to
develop staphylococcal SplA protease inhibitors. It
was previously demonstrated that even simple phos-
phonate derivatives of amino acids show significant
selectivity, which is determined by the P1 substrate
preference of the protease.® Given that SplA shows
exclusive specificity for Tyr or Phe at the P1 posi-
tion,® we anticipated that phosphonate derivatives of
single amino acids would be highly selective inhibi-
tors of SplA activity. Accordingly, our initial experi-
ments demonstrated that, of the Cbz-protected
phosphonic analogs of amino acids that we tested,
only the phenylalanine and leucine derivatives had
inhibitory activity. All of the derivatives of alanine,
valine, methionine, lysine, and arginine that we
tested were inactive. Although leucine is not one of
the preferred P1 substrate residues,® the reactivity
of LF (phosphonic leucine; 19) is explained by the
hydrophobicity of its side chain, which resembles
that of the side chain of phenylalanine. Hydrophobic
pockets generally select moieties with a particular
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overall shape and a combination of physicochemical
properties rather than relying on more specific inter-
actions. For example, chymotrypsin poorly distin-
guishes between leucine and either Phe or Tyr at
the P1 subsite (merops.sanger.ac.uk). Screening of a
large library of peptide substrates indicated that
SplA preferred Tyr or Phe over other residues.®
Nonetheless, as we demonstrate here, SplA may also
accept leucine at P1, at least in the context of phos-
phonate inhibitors.

Our investigation of the influence of structurally
diverse substitutions on the phenyl ester rings indi-
cated that inclusion of electron-withdrawing moi-
eties increases the level of inhibition of SplA, as was
previously reported for other proteases.'®?°

Studies on phosphonate and other transition-
state-analog inhibitors, such as boronic acid deriva-
tives and aldehydes, have demonstrated that inclu-
sion of the sequences of efficient substrates in the
peptidyl moieties of inhibitors generally increases
inhibitor potency and selectivity.!® Accordingly, we
report here that extension of the peptide moiety
increases potency against SplA compared with single
amino acid derivatives. However, unexpectedly, we
observed that inhibitors with a peptidyl moiety con-
taining residues efficiently recognized at particular
positions of the substrate (FLFY) are less potent
than those containing a P2 residue excluded from
efficient SplA substrates (i.e., VPFF). When eval-
uated experimentally in this study, of analogical
substrates Boc-Phe-Leu-Phe-AFC has a higher K,
than the Boc-Val-Pro-Phe-AFC, even though the P2
residue of the latter substrate was not even selected
among the best recognized substrates in a prior
study.® This counterintuitive phenomenon may be
explained by cooperation between subsites. To facili-
tate synthesis, the FLF peptide moiety contained P1
residue determined as efficiently recognized by
screening of a synthetic substrate library, whereas
the P2 and P3 residues were selected from a protein-
aceous substrate library, as described previously.®
However, neither of the previously characterized
substrates contained the exact FLF sequence, and
we only assumed that mixed substrates would be
efficiently recognized. Therefore, the assumption
that an efficient substrate may be designed based
exclusively on knowledge of the specificity at partic-
ular subsites is only partially relevant because such
an approach does not take into account the coopera-
tion between subsites. Even so, the higher affinity of
VPF-AFC compared with FLF-AFC does not explain
the higher affinity of VPFF compared with FLFF
because the mode of inhibitor binding does not
resemble that of a canonical substrate.

Binding of phosphonate inhibitors

The current understanding of substrate recognition
by S1 family proteases is primarily based on studies
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of interaction of canonical inhibitors and transition-
state-analog peptide inhibitors. Both groups of mole-
cules bind at the active site of the protease, forming
an antiparallel B-sheet with the enzyme. Three con-
served hydrogen bonds are formed. First, the amide
hydrogen of the P1 residue donates a hydrogen bond
to the carbonyl oxygen of Ser?'* (chymotrypsin num-
bering), whereas the carbonyl oxygen and amide
hydrogen of residue P3 form hydrogen bonds with
Gly?'® (Fig. 2, left panel). Moreover, one of the most
conserved features of the interaction involves inser-
tion of the side chain of the P1 residue into a pro-
nounced S1 specificity pocket. Secondary, less
conserved interactions of the P2 side chain and
sometimes further residues and loops C and III are
also observed.

The described binding mode is fully consistent
with multiple known crystal structures of protein or
peptide inhibitors of described classes (selected
examples are provided in Supporting Information
Table SII) including peptidyl derivatives of «-
aminoalkylphosphonate diaryl esters. It is therefore
interesting that neither of the inhibitors character-
ized in this study fully follows the established bind-
ing mode (Fig. 2). Although 31 inserts the P1
phenylalanine side chain into the hydrophobic S1
pocket of the protease, the enzyme selects from a
racemic mixture only the (S)-diastereoisomer, which
in stereochemical terms corresponds to the physio-
logically irrelevant pD-amino acid enantiomer. The
(R)-diastereoisomer, which is relevant to physiologi-
cal substrates, is not observed in the co-crystal
structure. Stereoselectivity of SplA toward (S)-dia-
stereoisomers is surprising with respect to prior
knowledge on phosphonate inhibitors. Although
Walker et al. demonstrated that chymotrypsin and
elastase are inhibited by (S)-diastereoisomers of
phosphonate inhibitors, the proteases consistently
preferred the (R)-diasteroisomers with at least an
order of magnitude preference in kyo/K;.2' Moreover,
all previously reported crystal structures of phospho-
nate inhibitor—protease complexes contain (R)-dia-
stereoisomers of inhibitors. Of further differences,
the amide hydrogen of P1 residue points away from
the enzyme instead of forming a canonical hydrogen
bond with the carbonyl oxygen of Tyr'™ (equivalent
of Ser’* in chymotrypsin). Instead, the carbonyl
oxygen of the P2 residue forms a hydrogen bond
with Gly'”2, whereas in the canonical case, the cor-
responding residue (Gly?'® in chymotrypsin) inter-
acts with P3 residue of the substrate. The observed
differences are not brought about by an unnatural
P2 moiety (Cbz). We know this because the crystal
structure of trypsin complexed with an inhibitor
that differs from 31 only at the P1 side chain (owing
to differences in the substrate preference of both
proteases) demonstrates canonical hydrogen bonds
(PDB ID: 1MAX?2). Moreover, although 41 may be
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treated as an analog of 31 with Cbz substituted by
an extended peptide moiety, it also fails to interact
with the protease in a canonical fashion. Again,
SplA selects the (S)-diastereoisomer of 41 from a
racemic mixture. In this case, the P1 residue is not
involved in any direct hydrogen bonds with the
enzyme. Moreover, the fact that the inhibitor is not
defined by electron density beyond P1-P2 peptide
bond suggests that this part of the inhibitor does not
form a stable interaction with SplA. Therefore, the
structure of the complex between 41 and SplA does
not account for the increased activity of some of the
inhibitors with extended peptidyl moiety tested in
this study, such as the higher activity of 36 compared
with 30. Given that 41 was previously crystallized in
complex with cathepsin G, and demonstrated canoni-
cal hydrogen bonding in this context (PDB ID:
1CGH), the binding mode of 41 is clearly dictated by
the SplA protease and is not inhibitor-specific.

Neither the structure of apo-SplA nor the struc-
tures presented in this study provide a mechanistic
explanation of the observed divergence in interaction
behavior of phosphonate inhibitors complexed with
SplA compared to phosphonate inhibitors complexed
with other family S1 proteases. The only feature of
SplA in the vicinity of the active site that is pro-
nouncedly different from the active sites of most
S1A proteases is the lack of a canonical P2-binding
site (short loop C; Supporting Information Fig. S5).
This feature is characteristic not only of SplA but
also of other S1B proteases of divergent substrate
specificities, which share significant sequence and
structural homology to SplA. These include the
staphylococcal proteases SplB, the V8 protease, and
the ETs. V8 protease lacks loop III, the loop III
regions of ETA and ETB, as well as loop C of SplB,
the V8 protease, and the ETs are all shorter than
the corresponding structures in chymotrypsin. Loops
IIT and C are too distant from the catalytic histidine
in these proteases to support formation of the classi-
cal P2-binding pocket. Shorter versions of loops III
and C and resulting lack of a classical P2 pocket
would elegantly explain the undefined, flexible con-
formation of 41 beyond the P1 subsite were it not for
the example of plasmin: although loop C of plasmin
is also short and a pronounced P2 pocket is not pres-
ent, the peptide inhibitor binds in a canonical orien-
tation (PDB ID: 1BUT*®).

The nonpeptidyl moieties of transition-state-
analog inhibitors mimic one of the reaction intermedi-
ates that arrest catalysis. In previously determined
structures of complexes of phosphonate inhibitors
and S1A subfamily proteases, the phosphorus atom
mimics the transition tetrahedral configuration of the
carbonyl carbon of the scissile peptide bond, and one
of the phosphonate oxygens mimics the oxyanion and
its binding in the oxyanion hole. This notion is
not supported by the structure of 31, where both
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phosphonate oxygens point away from the oxyanion
hole. The phenomenon is difficult to explain. It seems
unrelated to the chemical structure of the compound,
given that a comparable inhibitor binds trypsin in a
canonical fashion, with one of phosphonate oxygens
coordinated in the oxyanion hole (PDB ID: 1MAX).
Neither is it directly brought about by the SplA pro-
tease, given that the phosphonate moiety of the sec-
ond crystallized inhibitor (41) binds in a canonical
fashion. Structural analysis does not resolve this
issue. The inhibitor is not affected by packing interac-
tions, and the oxyanion hole is not blocked by any
means besides those involving a water molecule. The
water molecule present in the oxyanion hole is, how-
ever, a conserved feature of S1 family protease crys-
tals obtained in an inhibitor-free form, and is easily
displaced by inhibitors in other known structures of
protease—inhibitor complexes, including SplA struc-
ture that contains 41. It seems possible, therefore,
that an elusive combination of all the factors men-
tioned above results in the observed orientation of
phosphonate oxygens.

The S1 specificity pocket

An interesting feature of the S1 specificity pocket of
SplA is the presence of an asparagine side chain at
its base. This polar group violates the overall hydro-
phobic nature of the pocket. Given that a similarly
oriented aspartic acid residue determines the S1
specificity of trypsin, we previously speculated that
the carbonyl oxygen of Asn'®! may interact with
the hydroxyl moiety of P1 tyrosine. The issue can-
not, however, be resolved by the available struc-
tures. Although the orientation of P1 phenylalanine
observed in the structure of 41 supports such a pre-
dicted interaction, the orientation found in the struc-
ture of 31 does not.

The role of Asn'®! is clearly defined in the case
of phenylalanine binding. The asparagine side chain
stabilizes the orientation of the phenyl ring through
an interaction between oxygen and the aromatic
ring. The interatomic distances of such interactions
range from 3 to 5 A, with an optimal distance of
3.5-3.7 A. Importantly, the angle between the oxy-
gen atom and the phenyl ring plane should not
exceed 50°.2% In both structures provided in this
study, the mutual orientation of side-chain oxygen of
Asn'™! and the P1 phenyl ring fulfills the above-
mentioned requirements. Further supporting the
proposed role of Asn'®' is the fact that of all the
oxygen-containing groups found in proteins, it is
the amide carbonyl oxygen that forms the strongest
interaction with aromatic rings.2* Moreover, in a
ligand-free structure of SplA, the side chain of Asn'®!
is already preoriented by hydrogen bonds with the
backbone oxygen atoms of Ala'*” and Ser!’®, such
that 0® is exposed in S1 pocket and ready to orient
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the P1 residue phenyl ring, as observed in the struc-
tures of the complexes.

To conclude, the potent inhibitors of SplA prote-
ase reported here should facilitate future elucidation
of its physiological function. If SplA is truly of rele-
vance in staphylococcal pathogenesis, the noncanoni-
cal binding surface of phosphonate inhibitors at the
active site of SplA opens whole new perspectives of
designing inhibitors of exclusive selectivity and
potential therapeutic effect.

Materials and Methods

Protein expression and purification

The SplA protease was obtained using a recombi-
nant expression system, as described previously.® In
brief, Bacillus subtilis strain WB800 carrying the
pWB980-SplA plasmid was cultured overnight at
37°C in tryptic soy broth containing kanamycin
(10 pg/mL). Culture supernatant was collected by
centrifugation and precipitated by the addition of
ammonium sulfate (561 g/L) at 4°C. Precipitated
proteins were collected by centrifugation and resus-
pended in 50 mM sodium acetate, pH 5.5. After
overnight dialysis against the same buffer, SplA was
recovered using SP Sepharose Fast Flow ion-
exchange chromatography. The protein was purified
to homogeneity using Source S ion-exchange chro-
matography in 50 mM sodium acetate, pH 5.0. The
buffer was exchanged to a desired formulation using
Superdex 75 pg.

Inhibitor synthesis

Compounds 23-28 and 35-46 (Table I) were synthe-
sized as outlined in Supporting Information Figure
S2. Triaryl phosphites were prepared from 1 eq of
phosphorus trichloride and 3 eq of substituted phe-
nol in refluxing dry acetonitrile for 2 h. After evapo-
ration of the volatile component, the crude phosphite
was used in next step. Racemic, Cbz-protected a-ami-
noalkylphosphonate diaryl esters were prepared as a
starting material by «-amidoalkylation of triaryl
phosphite with benzyl carbamate and an aldehyde in
acetic acid. The mixture was refluxed for 2 h, and the
final product was crystallized from methanol.

The peptidyl moiety of the inhibitor was extended
by first removing the Cbz-protective group by expo-
sure to 33% HBr in acetic acid. The product was crys-
tallized from diethyl ether as a hydrobromide salt.
The a-aminoalkylphosphonate diaryl ester hydrobro-
mide salt (1.2 eq) and appropriate Boc-protected
amino acid were dissolved in dry acetonitrile in the
presence of triethylamine (2.5 eq). Next, 1.2 eq of the
coupling reagent O-(benzotriazol-1-yl)-N,N,N',N'-tetra-
methyluronium hexafluorophosphate (HBTU) was
added for overnight reaction at room temperature.
The obtained phosphonate dipeptides were purified by
column chromatography. The Boc-protective group
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was removed using 50% trifluoroacetic acid in
dichloromethane. Additional amino acids were coupled
as described above. All final compounds were purified
using column chromatography on silica gel. Other
examined phosphonate inhibitors were synthesized as
described previously: 1,° 24.* 5-6° 72 891
10-16,>° 17-18, 20-22, 29-34,'° and 41."3

The purity of intermediates and final com-
pounds was determined using thin-layer chromatog-
raphy (TLC). The identity of all compounds was
confirmed using 'H and 3'P NMR (Bruker AC-TM
DRX 300) and MS (Waters LCT Premier XE) analy-

ses (see Supporting Information).

Synthesis of SplA fluorogenic substrates
(Boc-Phe-Leu-Phe-AFC and Boc-Val-Pro-Phe-
AFC)

7-Amido-4-trifluoromethylcoumarin (AFC; 1 eq) and
Boc-Phe-OH (1.1 eq) were dissolved in dry pyridine.
The mixture was cooled to —20°C, and POCl; (1.1
eq) was added. The reaction was allowed to warm to
0°C, and the progress of the reaction was monitored
using TLC. The reaction mixture was diluted with
ethyl acetate, and washed with 5% NaHCOs, 5% cit-
ric acid, and brine to afford Boc-Phe-AFC. Applica-
tion of 50% trifluoroacetic acid in dichloromethane
was used for Boc-deprotection. Boc-Leu/Pro-OH (1.1
eq), triethylamine (2.5 eq), and HBTU (1.2 eq) were
added subsequently to the solution of the TFA salt
of H-Phe-AFC (1 eq) in acetonitrile. The reaction was
performed overnight at room temperature. The sol-
vent was evaporated and the resulting oil was dis-
solved in ethyl acetate and washed with brine, 5%
KHSO,4, and 5% NaHCOs. The Boc-Leu/Pro-Phe-AFC
dipeptide derivative generated was purified by column
chromatography on silica gel, using CHCIl;:AcOEt
(4:1, v/v) as an eluent. Further, Boc-deprotection and
coupling with Boc-Phe/Val-OH, which generated the
final compounds, was performed as described above.

Proteolytic activity and inhibition assays
Proteolytic activity of SplA was assayed using Boc-
Phe-Leu-Phe-AFC at 37°C in 0.1M Bis-Tris (pH 6.5)
containing 0.01% Triton X-100. The increase in fluo-
rescence at 505 nm was monitored following excita-
tion at 400 nm.

The kinetics of enzyme inactivation was meas-
ured using the progress curves method.2>27 Various
concentrations of inhibitor were mixed with fixed
concentration of SplA (2 uM) and the substrate (Boc-
Phe-Leu-Phe-AFC, 25 (M; K,,=60 uM). Care was
taken to keep the concentration of dimethylsulfoxide
(DMSO), which was used to prepare inhibitor and
substrate stock solutions, at concentrations that do
not influence the proteolytic activity of SplA. The K;
and ko/K; values were calculated using the following
equation: Egs = kolIoV(K; + [I,]), where K; is the dis-
sociation constant of a reversible enzyme—inhibitor
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complex, [I] is the initial concentration of inhibitor,
and k, is the velocity of irreversible enzyme modifi-
cation.?” The pseudo-first-order rate constants (%)
were obtained by nonlinear regression using the
equation F; = vol1 — exp(—kopst)Vkops + Fo, where F is
the fluorescence intensity at time ¢, F is the fluores-
cence intensity at time zero, and v, is the reaction
velocity at time zero. The K; and ko/K; values that
describe SplA inactivation by the «-aminoalkyl
phosphonate diaryl ester derivatives are summar-
ized in Table I. We established arbitrary activity cri-
teria that consider inhibitors with K;>200 uM and
ko/K; <3 to be inactive against SplA. All of the
a-aminoalkylphosphonates used for inhibition stud-
ies were racemic mixtures, where only one of the
diastereoisomers appears to be effective. Therefore,
the true potency of assayed compounds could be as
much as twice that reported here.®

Co-crystallization

Purified SplA (~1 mg/mL; ~50 uM) in 100 mM Bis—
Tris (pH 6.5) containing 50 mM NaCl was titrated
with aliquots containing 50 nmol of inhibitor (50
mM in DMSO) with vigorous stirring at room tem-
perature. Proteolytic activity was monitored after
addition of each aliquot until no residual activity
was detected. Buffer was exchanged, and excess
inhibitor was removed by gel filtration using Super-
dex 75 pg pre-equilibrated with crystallization buffer
[5 mM Tris—HCI (pH 8.0) and 50 mM NaCl]. The
complex was concentrated to 60 mg/mL and screen-
ing was performed using the sitting drop vapor-
diffusion method. Crystals appeared after several
weeks at room temperature in Factorial 13 (com-
pound 31; 0.1M HEPES, pH 7.0, 0.2M calcium chlo-
ride, and 25% PEG 4000%®) and Factorial 41
(compound 41; 0.1M HEPES, pH 7.4, 20% PEG
4000, and 10% isopropanol). The crystals were used
directly for measurements without further optimiza-
tion of conditions or cryoprotection.

Data collection and structure solution

Crystals were cryo-cooled in liquid nitrogen. The
high-resolution diffraction data were collected at SLS
beamline X10SA. Data were indexed and integrated
with MOSFLM.2® The following steps were performed
using software collected in the CCP4 package.?° Data
were scaled using Scala.?"32 The Matthews coefficient
was analyzed to estimate the number of molecules in
the asymmetric unit. Molecular replacement was per-
formed using Phaser,?® with the alanine search model
based on the structure of SplA (PDB ID: 2W7S). Ini-
tial automated model building was performed using
ARP/WARP3* The model was inspected and com-
pleted manually using Coot.>® The electron density
accounting for parts of the inhibitor was clearly visi-
ble in all structures before including the inhibitor in
phasing. At the final stage of the apoprotein model
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refinement, the inhibitors were drawn in Sketcher®
and then incorporated into the model. Appropriate
library descriptions were created using the same pro-
gram. Water molecules were added using ARP/
wARP?¢ and were inspected manually. Restrained
refinement was performed with Refmac5.5” Through-
out the refinement, 5% of reflections were used for
cross-validation analysis®® and the behavior of Rfee
was used to monitor the refinement strategy. The
data collection and refinement statistics are presented
in Supporting Information Table SI.

Accession numbers

Coordinates and structure factors have been depos-
ited in the Protein Data Bank with the following
accession numbers: 4MVN (compound 31 complex)
and 3UFA (compound 41 complex).
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