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Abstract: Actinonin is a pseudotripeptide that displays a high affinity towards metalloproteases
including peptide deformylases (PDFs) and M1 family aminopeptidases. PDF and M1 family amino-
peptidases belong to thermolysin-metzincin superfamily. One of the major differences in terms of
substrate binding pockets between these families is presence (in M1 aminopeptidases) or absence
(in PDFs) of an S1 substrate pocket. The binding mode of actinonin to PDFs has been established
previously; however, it is not clear how the actinonin, without a P1 residue, would bind to the M1
aminopeptidases. Here we describe the crystal structure of Escherichia coli aminopeptidase N
(ePepN), a model protein of the M1 family aminopeptidases in complex with actinonin. For compar-
ison we have also determined the structure of ePepN in complex with a well-known tetrapeptide
inhibitor, amastatin. From the comparison of the actinonin and amastatin ePepN complexes, it is
clear that the P1 residue is not critical as long as strong metal chelating head groups, like hydroxa-
mic acid or a-hydroxy ketone, are present. Results from this study will be useful for the design of
selective and efficient hydroxamate inhibitors against M1 family aminopeptidases.
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Introduction

Actinonin is a natural antibiotic produced by the
Gram-positive actinobacterium Streptomyces roseo-
pallidus. The compound is a pseudotripeptide
hydroxamate inhibitor derived from L-prolinol, a
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known inhibitor of the peptide deformylase (PDF)
family of proteins (Fig. 1).! In bacteria, PDF pro-
teins are emerging as attractive antibacterial tar-
gets.! A derivative of actinonin, GSK1322322, has
recently completed Phase-II clinical trials as a
potential new antimicrobial agent.? In humans, acti-
nonin was also shown to target the mitochondrial
PDF, offering a potential route to new cancer thera-
peutics.>* At least 30 PDF enzymes from various
species have been crystallized in complex with acti-
nonin and reveal that the hydroxamate group acts
to chelate the metal binding group found in PDF
proteins.>® PDF proteins, unlike classical proteases,
do not possess a typical S1 substrate-binding
pocket.” Crystal structures of PDF in complex with
actinonin show that the P1’ n-pentyl side chain
binds in the S1’ pocket.®
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The PDF proteins belong to the thermolysin-
metzincin superfamily and are “clan MA and MB”
metalloproteases.®!® Both MA and MB proteases
contain a HEXXH motif in which two histidine resi-
dues coordinate the zinc and the conserved gluta-
mate is required for catalytic function.” The HEXXH
motif is common in peptidases and can be found in
the M9A neuron-specific aminopeptidases,’* M12
meprin alpha and beta subunits,'? M17 family of
leucyl aminopeptidases (EC 3.4.11.1), and the M1
class aminopeptidases.!> The M1 aminopeptidases
that are sensitive to the actinonin include CD13/
Aminopeptidase N (APN/PepN)!* and puromycin
sensitive aminopeptidase (PSA).'® Actinonin signifi-
cantly blocks CD13 activity, resulting in the migra-
tion of eosinophils across HUVEC monolayers'® and
PSA is known to have an important role in the neu-
romodulation within the central nervous system and
in reproductive biology.!?

M1 class aminopeptidases are multi-domain
enzymes with a thermolysin like catalytic domain
with the buried and a well-defined S1 pocket that
plays an important role in enzyme specificity and
inhibitor affinity.!”'® M1 aminopeptidases generally
prefer peptide substrates of four to six amino acids
in length that contain a hydrophobic or basic amino
acid at the P1 position.}”1922 Actinonin effectively
lacks a P1 residue and therefore its mechanism of
action upon the M1 aminopeptidases is difficult to
predict. Here we describe the first crystal structure
of actinonin in complex with aminopeptidase N from
Escherichia coli (ePepN) and compare its’ binding
mode with a classical and well-characterized pepti-
domimetic, amastatin. We further investigated the
inhibitory properties of both actinonin and amasta-
tin against four members of M1 family enzymes
from different species. Structure-activity relation-
ships (SAR) from these studies have established a
structural and biochemical basis for activity and
specificity of actinonin towards the M1 aminopepti-
dase family.

Results and Discussion

Actinonin, a pseudotripeptide, interacts with the
PDF-active site zinc via its hydroxamate head
group.” Inhibition of microbial PDFs can kill gram-
positive bacteria and therefore there is much inter-
est in the pharmacological properties of actinonin
and its derivatives.222° In addition to PDF enzymes,
actinonin also inhibits the M1 family aminopepti-
dases and some Matrix Metalloproteinases (MMPs)
in the nanomolar range.?® In contrast to the PDFs,
M1 aminopeptidases have well-defined S1 pocket
that is buried in the enzyme structure.?’” To date,
the lack of the crystal structure of actinonin in the
complex with any of the M1 family aminopeptidases
has limited our understanding of the molecular basis
for inhibition. The M1 family aminopeptidases are
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important enzymes that can be found in all living
cells.?®29 If actinonin and its derivatives are to be
considered as potential new antibacterial drug can-
didates, attention should be given to the possibility
of off-target effects through inhibition of other
important enzymes, specifically other metallopepti-
dases. In our current study, we have provided the
structural and biochemical basis for the inhibition of
M1 family aminopeptidases by actinonin.

ePepN in complex with actinonin

X-ray diffraction data were collected on the ePepN-
actinonin complex at 1.9 A resolution. The overall
structure was similar to that of the wild type
enzyme (0.26 A rm.s.d. over 870 Ca-atoms). There
were no gross structural changes observed when
compared with the unbound wild-type enzyme (PDB
ID: 2HPO). The position of the Ca-atoms within the
active site were also unchanged. Several side chains
of active site residues (Met260, Tyr275, Arg293,
Glu382, Arg783, and Arg825) showed rearrangement
to accommodate the inhibitor.

The actinonin binds to the enzyme through its
hydroxamate head group, interacting with the active
site zinc in a bidentate mode (Fig. 2). Strong elec-
tron density was observed for the entire actinonin
molecule, which adopts a relatively linear conforma-
tion [Fig. 2(a)]. The hydroxamate group orients per-
pendicular to the direction of the rest of the peptide
chain. In addition to binding to the zinc ion in the
active site, the hydroxamate also makes a series of
hydrogen bonds with proximal side chains. Glu298
forms strong hydrogen bonds with hydroxyl and the
amine groups [Fig. 2(b,c)]. On the other side, the
Tyr381 interacts with the carbonyl portion of the
head group. The hydroxamate group has been pro-
posed to represent the reaction intermediate during
the peptide hydrolysis by metalloenzymes.>° Glu298
and Tyr381 have also been proposed to play critical
roles in the catalytic mechanism of ePepN enzyme,
where Glu298 activates the nucleophilic water to
attack the scissile peptide bond and Tyr381 stabil-
izes the oxyanion tetrahedral transition state.2”3!

The active site of the M1 family aminopepti-
dases is described by a well-defined cylindrical S1
pocket that leads into a larger cavity, which accom-
modates the rest of the binding site responsible for
substrate recognition.?’” Actinonin lacks a P1 side
chain. The head group hydroxamate is the only
region that occupies the S1 pocket while the rest of
the molecule binds in the large cavity of active site.
The n-pentyl side chain in the P1’ position sits in a
deep and relatively hydrophobic pocket in an
extended conformation [Fig. 2(b)]. The carbonyl in
the peptide bond that links the P1’ and P2’ (Val) res-
idues forms a hydrogen bond with the amide nitro-
gen of Gly261 [Fig. 2(c)]. The prolinol ring at the P3’
position in actinonin makes hydrophobic contacts
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with Met260, Gly261 and Tyr275. Due to these
hydrophobic interactions, the prolinol is well
ordered. The Met260 side chain is usually disor-
dered in the absence of any substrate or inhibitor in
the S1 pocket.?” Here, it is noticed that the side
chain of Met260 swings out into the interface of P2’
(Val) and P3’ (prolinol) side chains of the actinonin
providing the much-needed hydrophobic surface for
the inhibitor (Fig. 2). Apart from Met260, several
other generally disordered residues (specifically
Arg783 and Arg825) attain an ordered conformation
upon binding of actinonin.

ePepN in complex with amastatin

Amastatin and bestatin are peptidomimetic inhibi-
tors that inhibit M1 aminopeptidases.?2 Since actino-
nin lacks a P1 residue, we determined the crystal
structure of the ePepN-amastatin complex at 2.3 A
resolution to compare active site interactions
between the two inhibitors (Fig. 3). The hydroxyl
group (Oz) and the carbonyl group (O3) interact with
the zinc ion increasing its coordination to five.?%27
Like in the bestatin structure (PDB ID: 2HPT), the
a-amino group positions itself into a negatively
charged depression formed by Glul21, Glu264, and
Glu320 forming hydrogen bonds with all three car-
boxylates (Fig. 3). The P1 leucine side chain is
placed in the S1 pocket with Met260 forming a
hydrophobic cushion at the top. Other residues that
contribute to the hydrophobic nature of the S1
pocket are Met263, and the CB and Cy atoms of
Glul21. Note that Met263 is part of the GZ'AMEN
substrate specificity motif common to all M1 class
aminopeptidases.?® Similar to that found in the bes-
tatin structure, the O3 of amastatin, apart from
interacting with the zinc ion, also forms a hydrogen
bond (2.7 A) with the hydroxyl group of Tyr381%7
[Fig. 3(b,c)]. Good density was observed for the P1’
(Val) and P2’ (Val) side chains occupying their
respective enzyme pockets. The peptide carbonyl
between P1 and P1’ residues makes a hydrogen
bond (2.7 A) with Gly261 amide nitrogen. The P3’
residue is an aspartic acid surrounded by Lys274,
Tyr275 and Arg825. Both the carboxylates make
decent hydrogen bonds with the enzyme pocket [Fig.
3(0)].

Comparison between actinonin and amastatin
bound ePepN structures

Both actinonin and amastatin molecules possess
metal chelating groups that enable them to bind
strongly to the M1 family aminopeptidases with
inhibition in the nanomolar range (Table I). Both
molecules adopt a linear and extended conformation
in the ePepN complex (Fig. 4). The r.m.s. deviation
of 0.25 A for 866 Ca-atoms were observed between
the two structures.3* The P1’ side chain of the acti-
nonin is linear and longer compared with the valine
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Figure 1. Schematic representation of chemical composition
of actinonin and amastatin. The side chains are labeled as
per the sub-site occupancy in the enzyme pocket.

in the amastatin. In both inhibitor complexes the
P2’ residue is a valine and their side chains are
placed about 2 A apart. Neither side chain position
makes a good interaction with protein atoms. This
suggests an ill-defined S2’ pocket. The terminal P3’
residues of each compound are different (prolinol in
the actinonin vs aspartic acid in the amastatin);
however, occupy the same sub-site making several
but non-identical contacts with the protein [Figs.
2(c) and 3(c¢)]. Overall, amastatin makes four hydro-
philic interactions in the form of hydrogen bonds
than actinonin molecule. Due to these strong inter-
actions, amastatin binds with higher affinity to
ePepN compared with actinonin and would account
for the increased potency of this compound (Table I).

Comparison of the actinonin bound E. coli PDF
and ePepN

PDFs and M1 class aminopeptidases both have the
metzincin motif that holds the zinc in the active
site. A structural alignment was performed, using
the catalytic domain of ePepN (residues 200-444)
and the entire structure of ePDF, centering on acti-
nonin and the two conserved zinc-binding histidines.
This alignment produced an r.m.s.d. of 0.4 A (Fig.
5). The helix (H1) that carries the HEXXH motif
aligns well in both proteins. The third metal-binding
residue to coordinate with the zinc is a glutamate in
ePepN and a cysteine in ePDF (ref for ePDF). In
both structures, the active site zinc ion adopts
penta-coordination with two positions contributed by
the actinonin. The position of the P1’ and P2’ resi-
dues align well in both structures; however, the P3’
residue assumes a different conformation [Fig. 5(b)].
It is generally observed that in PDFs, substrate
specificity is limited only to the S1’ pocket and there
are no defined S2’ and S3’ subsites.”

Biochemical studies of actinonin and amastatin

against other M1 aminopeptidases

To understand the behavior of actinonin and amas-
tatin against various metalloenzymes, we have
tested their activity against four different M1
enzymes (Table I). The inhibitory properties of either
amastatin or actinonin were largely nonselective
against the M1 enzymes with all enzymes showing
activity in the nanomolar range. Amastatin was a
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This figure also includes an iMolecules 3D interactive version
that can be accessed via the link at the bottom of this figure’s
caption.
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Figure 2. Crystal structure of actinonin in complex with
ePepN at 1.9 A. a) 2Fo-Fc = 1.1 ¢ electron density map rep-
resentation around the zinc bound actinonin. Molecule binds
in the extended conformation making two strong interac-
tions with a zinc ion. A cover radius of 2.0 A was used during
the map generation. b) Stereo representation of the actino-
nin bound in the enzyme pocket with surrounding residues.
Note that hydroxamate head group makes a series of hydro-
gen bonds in the active site. c). A two-dimensional sche-
matic representation of all residues surrounding the
actinonin in LigPlot diagram.*® Apart from hydrogen bonds,
several hydrophobic interactions are noticed between the
ligand and the protein. An interactive view is available in the
electronic version of the article
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This figure also includes an iMolecules 3D interactive version
that can be accessed via the link at the bottom of this figure’s
caption.
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Figure 3. Crystal structure of amastatin in complex with ePepN
at 2.3 A resolution. a). 2Fo-Fc Electron density map surrounding
the amastatin and the zinc in the active site at 1.1 ¢. Similar to
actinonin, amastatin forms two coordinate bonds with the active
site zinc ion. A cover radius of 2.0 A was used during the map
generation. b). Extended conformation of the amastatin is repre-
sented in the stereo diagram. Amastatin makes several hydrogen
bonds with residues that surround it. c). LigPlot diagram of amas-
tatin (green sticks) in the active site of ePepN. Note that the orien-
tation of the amastatin in this panel is rotated by 180° compared
with that in (b). Large network of hydrogen bonds were noticed
between the ligand and the protein. An interactive view is avail-
able in the electronic version of the article
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Table I. Enzyme Inhibition (IC5y Value in pM)

Enzyme Class Actinonin Amastatin
ePepN M1 aminopeptidase 0.19 +£0.04 0.047 = 0.008
PmAPN M1 aminopeptidase 0.29 = 0.06 0.53 +0.02
hPSA M1 aminopeptidase 0.09 £0.01 0.28 £0.01
PfAPN M1 aminopeptidase 2.46 +0.39 0.81+0.12
hMMP-7 Matrix metalloproteinase 2.10 = 0.002 >100

ePePN—E. coli aminopeptidase N, PmAPN—porcine microsomal aminopeptidase N, hPSA—human puromycin sensitive
aminopeptidase N, PFAPN—Plasmodium falciparum aminopeptidase N, hMMP-7—human matrix metalloprotease-7.
Aminopeptidase controls included Mycobacterium tuberculosis methionine aminopeptidase lc and hMetAP1b- human
methionine aminopeptidase 1b. Nonmetallo enzyme controls were performed using human dihydrofolate reductase. No
inhibitory activity was noted for any control up to 100 uM of compound.

more potent inhibitor than actinonin of both ePepN
and PfAPN; however, actinonin show higher affinity
and selectivity against hPSA than either the bacte-
rial or parasitic proteins (Table I). The activity of
ePepN and PmAPN were comparable to each other
for both inhibitors.

We also tested another metzincin superfamily
member, hMMP-7, and found that it was also inhib-
ited by the actinonin but surprisingly, not by amas-
tatin (Table I). The potency of the compounds for
hMMP-7 is not comparable to the M1 aminopepti-
dases due to the increased level of hMMP-7 required
for the assay; however, the results show that actino-
nin is a good inhibitor of this protein. For further
assay controls we also tested other aminopeptidases,
namely a human and Mycobacterium methionine
aminopeptidase, and also human dihydrofolate
reductase enzyme as a nonmetallo enzyme control.
No inhibition was noted for either compound against
any of these enzymes (IC50 > 100 pM). Previously it
was demonstrated that both actinonin and amasta-
tin inhibited the MetAP from Mycobacterium smeg-
matis.>® However, we did not observe such behavior
under our current assay conditions.

Figure 4. Superposition of actinonin (brown sticks) and
amastatin (green sticks) bound ePepN structures near the
active site are depicted (0.25 A rmsd between two struc-
tures). Except for the P2’ residue (valine in both structures),
most parts of ligand align well. The presence or absence of
P1 residue side chain does not seem to affect the mode of

binding of ligands in this case.

Ganji et al.

From these results, it does not therefore seem to
matter if the P1 residue is present or not for the
overall efficiency in the inhibition of M1 class ami-
nopeptidases. From our biochemical data it is clear
that the metal binding groups dictate affinity of the

Figure 5. Structural alignment of catalytic domain of ePepN
(200-444 residues) and ePDF in complex with actinonin. a).
Cartoon representation of ePepN (green) and ePDF (white).
The actinonin is shown in the sticks (brown in the ePepN
complex while it is white in ePDF structure). Note that the
core of the protein structure aligns well. b). Stick representa-
tion of actinonin from both the structure in the active site.
Molecular trajectory deviates from P2’ residue and becomes
maximal at P3’.
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inhibitors. Finer differences due to the sub-site spe-
cificities of different side chains on the inhibitors
appear to contribute little to potency. hMMP-7 was
inhibited by actinonin but not by amastatin. As per
the substrate specificity defined previously for the
hMMP-7, glycine is the preferred residue at the P1
position while the leucine is least preferred.®®
We hypothesize that the selective preference of
actinonin binding to hMMP-7 can be explained by
the actinonin hydroxamate binding in the S1 pocket
acting as a glycine mimic (in terms of the size)
thereby showing high affinity to hMMP-7. However,
the leucine in the P1 position of amastatin will face
resistance from the S1 pocket.

Material and Methods

Materials

Actinonin, amastatin, porcine microsomal aminopep-
tidase N, and substrates for enzyme assays includ-
ing L-leucine-p-nitroanilide (Leu-pNA), L-methionine-
p-nitroanilide (Met-pNA), dihydrofolate, NADPH, p-
aminophenylmercuric acetate (APMA), (7-methoxy-
coumarin-4-yl)acetyl-L-Pro-L-Leu-Gly-L-Leu-[N>-(2,4-
dinitrophenyl)-L—2,3-diaminopropionyl]-L-Ala-L-Arg-
NH,; [MOCAc-PLGL(Dpa)AR], His select HF Nickel
affinity resin and other chemicals used in this study
were obtained from Sigma Aldrich (St. Louis).

Table II. X-Ray Data Collection and Refinement
Statistics

ePepN- ePepN-
Cell parameters actinonin amastatin
Space group P3,21 P3,21
a, b (A) 120.45 119.39
¢ (A) 170.75 170.13
Data collection
Wavelength (A) 1.54 1.00
Resolution range (A) 16.10-1.90 49.72-2.31
(highest resolution shell) (1.97-1.90) (2.39-2.30)
Collected reflections 1,09,675 62,174
total (Unique) (10,884) (6,165)
Completeness (%) 97.17 99.73
(highest resolution shell) (97.34) (99.60)
Mean (D/(c (I)) 16.66 (3.83) 12.09 (5.32)
(highest resolution shell)
Rsym (%) 5.1 (29.3) 7.5 (22.6)
(highest resolution shell)
Refinement statistics
R (R-free) (%) 0.16 (0.19) 0.15 (0.18)
r.m.s deviations
r.m.s bond lengths (A) 0.02 0.02
r.m.s angles (°) 2.08 1.58
Ramachandran statistics
Favored (%) 99 98
Allowed (‘Za) 1 2
Average B (A?)
Wilson B-factor 20.21 24.64
Average B-factor 21.00 26.00
Macromolecules 20.20 24.90
Solvent 35.70 26.50
PDB code 4Q4E 4Q41
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Expression and purification of proteins

Protein expression and purification methods are
described below. All the enzyme reactions were per-
formed in triplicate on the microplate multimode
reader (Tecan, Austria).

Cloning, expression, and purification of human
PSA. The human PSA (hPSA) gene was cloned
into the pET-41 EK/LIC vector with the N-terminal
GST tag, as described earlier.?! Enzyme activity
assays were carried out in 10 mM Tris-HCI buffer at
pH 7.5 with 150 mM NaCl, 75 nM PSA enzyme, 100
uM substrate Leu-pNA in a 100 pL reaction at 37°C.
The absorbance was read at 405 nm.

Expression, purification, and enzyme activity of
PfAPN. Plasmodium falciparum aminopeptidase N
(PfAPN) gene was cloned from genomic DNA of P.
falciparum (kind gift from Puran Singh Sijwali,
CSIR-Center for Cellular and Molecular Biology,
Hyderabad, India) into pET-28a (Novagen, Germany)
vector using the restriction enzymes EcoRI and Hin-
dIII (New England Biolabs, Ipswich, MA). The pro-
tein was expressed in BL21 (DE3) cells (Novagen)
using ampicillin selection. The expression and purifi-
cation protocols were as described for ePepN.3%

Enzyme assays were performed in 10 mM Tris-
HCI, pH 7.5 buffer in the presence of 150 mM NaCl,
20 nM of enzyme, and 100 pM substrate (Leu-pNA)
in a 100 pL reaction at 37°C. The absorbance was
monitored at 405 nm.

Cloning, expression, purification, and enzyme
activity of hDHFR. Protein expression and purifi-
cation methods were as described previously.®”
Enzyme activity was carried out in a reaction vol-
ume of 100 pL containing 20 mM Tris-HCI buffer,
pH 7.5, 20 nM hDHFR, 11.25 uM dihydrofolate, 21.5
uM NADPH at 22°C. The conversion of NADPH to
NADP" was monitored at 340 nm.

Cloning, expression, refolding, and enzyme
activity of human matrix metalloproteinase 7
(hMMP-7). A truncated form of the hMMP-7 that
lacks the N-terminal 17 amino acids (and conse-
quently the signal peptide) was cloned from A549
cells (adenocarcinomic human alveolar basal epithe-
lial cells) ¢cDNA into the pET15b (Novagen, Darm-
stadt, Germany) vector using Ndel and BamHI
(New England Biolabs, Ipswich, MA). The 28 kDa
protein was overexpressed in BL21 (DE3) E. coli
cells at 37°C until the O.Dgog = 1.0 before addition of
1 mM IPTG. Protein induction proceeded for a fur-
ther 4 h. The harvested cell pellet was resuspended
in lysis buffer (20 mM Tris-HCl, pH 8.0, 1 mM
EDTA, 250 mM NaCl and 1% Triton X-100, 10%
glycerol, 5 mg lysozyme, 5 mg DNase I, 5 mM

M1 Family Aminopeptidases
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MgCly, and 1 mM PMSF), sonicated and centrifuged
(34,541g for 30 min). Supernatant was discarded.
The pellet was further washed with wash buffer
(2 mM Urea, 20 mM Tris-HCI, pH 8.0, 1% Triton X-
100, 15 mM EDTA), sonicated and the inclusion
bodies (IB) were separated by centrifugation. IB
(5600 mg) was solubilized in 1.5 mL of solubilization
buffer (0.5M Tris-HCl, pH 7.5, 6M guanidine-HCI)
and the solution was diluted with 150 mL of refold-
ing buffer (50 mM Tris-HCI, pH 7.5 0.1 mM ZnCl,,
0.2M NaCl, 1% Brij). The refolded protein solution
was centrifuged at 34,541g to remove precipitated
protein. The soluble protein was dialyzed into
50 mM Tris-HCI, pH 7.5, 0.2M NaCl, 10 mM CaCly
buffer at 4°C. Aliquots of the resulting pure protein
were stored at —80°C.

Enzyme activity was carried out with 5 uM
enzyme after activating with 16 pM APMA (p-ami-
nophenylmercuric acetate) and 1 pM fluorogenic
peptide substrate MOCAc-PLGL(Dpa)AR in a 100
puL buffer (50 mM Tris-HCI, pH 7.5, 0.2M NaCl,
10 mM CaCly) at 37°C and the fluorescence was
monitored at excitation and emission maxima of
328 nm, 393 nm respectively.

Porcine microsomal aminopeptidase N
(PmAPN). PmAPN was purchased from Sigma
Aldrich (Cat. No. L9776). The 100 uL reaction buffer
containing 10 mM Tris-HCI, pH 7.5, 150 mM NacCl,
and 20 nM of PmAPN and incubated at 37°C for 30
min. The reaction was initiated by adding 100 pM of
Leu-pNA, while monitoring increase in absorption at
405 nm.

Human methionine aminopeptidase 1b. Hs
MetAP1b was purified as described earlier.?® The
assay was performed in 100 pL solution composed of
25 mM Hepes, pH 8.0, 100 mM KCIl, 6 uM of enzyme,
3 molar equivalents of cobalt chloride and 200 pM
substrate (Met-pNA) at 30°C. The absorbance was
monitored at 405 nm.

Mycobacterium tuberculosis methionine amino-
peptidase 1c. Activity of MtMetAPlc was per-
formed in a reaction volume of 100 uL of 25 mM
Hepes, pH 7.5, 150 mM KCI, 4 uM enzyme, 150 uM
cobalt chloride, and 100 pM of the inhibitor (actino-
nin or amastatin). The reaction was incubated for 30
min and the reaction was monitored continuously at
405 nm, after adding 200 uM Met-pNA.

Determination of ICs, values

Concentrations ranging from 1 nM to 100 uM of acti-
nonin and amastatin were incubated with each of
the enzymes for 30 min at 37°C in a 96-well plate.
After addition of the substrate, immediate increase
(hPSA, PmAPN, ePepN, PfAPN, MtMetAPlc, hMe-
tAP1b) or decrease (hDHFR) in absorption was

Ganiji et al.

measured as described above. Enzymatic assays for
hMMP-7 were measured as reported earlier.?® All
inhibition assays were performed in triplicates and
initial velocities were measured. Percentage inhibi-
tion and log values of inhibitor concentrations were
plotted using Sigma Plot to determine ICsy values
(Table D).

Crystallization and data collection

Crystals were obtained by mixing 3 uL of the
enzyme (10 mg/mL) with 3 pL of well solution (2.0M
sodium malonate at pH 7.5) in a hanging drop and
equilibrating it against the well solution for three to
five days at 25°C. A single crystal (in 5 uL) was
soaked with 0.5 pL of 1 mM actinonin dissolved in
DMSO, incubated for 1 h at 25°C. Then the crystal
was cryopreserved under the stream of liquid nitro-
gen for data collection on Rigaku MicroMax-007THF
X-ray generator using R-axis IV'" image plate.
Powder of the amastatin was added directly to the
drop with crystals in the cryoprotectant solution
(22% glycerol, 2.0M sodium malonate, pH 7.5) to
obtain a final concentration of 2 mM and incubated
overnight at 25°C. A single crystal was cryopre-
served in liquid nitrogen and data collected using
synchrotron radiation at the 8.2.2 beam line at the
Advanced Light Source (ALS, Lawrence Berkeley
National Laboratory, Berkeley, CA) using their
Quantum 315 ADSC Area Detector.

Structure determination and refinement

X-ray data were processed and scaled using HKL-
3000.%° Both the structures were isomorphous with
the apo structure in space group P3,21 [PDB ID:
2HPO]. Fo-Fo maps for each ligand bound structure
using the apo enzyme structure factors from 2HPO
clearly demonstrated the presence of inhibitors [Sup-
porting Information Fig. 1(a,b)].*' Structure refine-
ment was performed using Refmac 5 in CCP4
program suite, and COOT was used to visualize the
model.*>*® Stereochemical restraints for both the
ligands were available within the Refmac 5 ligand
dictionary. X-ray data and refinement statistics are
summarized for each structure in the Table II.
Pymol was used for preparing final figures.**

Conclusions

The crystal structure of actinonin in complex with
ePepN provides for the first time the molecular basis
for the inhibition of M1 family aminopeptidases.
While the hydroxamate head group plays a critical
role in defining the high affinity, the P1’ residues
also seem to contribute to the selectivity of the
inhibitory compound. Since this study suggests that
the mode of binding of actinonin in the PDFs and
ePepN active sites is similar, care should be taken
in designing actinonin-based inhibitors specific for
either class of enzyme.
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