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The antigenic properties of the Zn**-binding region of two Zn**-
metalloproteases, Leishmania surface protease gp63 and mam-
malian endopeptidase-24.11 (E-24.11), possessing in their active
site the characteristic amino acid sequence HEXXH, were
investigated by using oligoclonal antibodies raised against two
synthetic peptides, VVTHEMAHALG (pepgp63) and
VIGHEITHGFD!" (pepE-24.11), containing the respective
Zn**-binding sites of the cognate protein. The affinity-purified
antibodies, tested on synthetic peptides modelled from the active
sites of ten different Zn?*"-metalloproteases, showed high sel-
ectivity for their respective peptides. However, cross-reactivity
was revealed when the antibodies were tested against the gp63
and E-24.11 molecules. A panel of synthetic peptide analogues
and peptides of various size was synthesized and used for the fine
antigenic characterization of pepgp63 and pepE-24.11. The

shortest peptides capable of significant antibody binding were
the pentapeptides VIVTHE? and E’ITHG® for pepgp63 and
pepE-24.11 respectively. His* and Glu® were found to be indis-
pensable for anti-pepgp63 binding to pepgp63, whereas in the
case of pepE-24.11, Glu® and His® were found to be critical. The
conformational characteristics of the two peptides correlate well
with the observed differences in their antigenicity. 'H-NMR
studies showed that pepgp63 adopts a folded structure whereas
pepE-24.11 takes up a rather flexible conformation. Moreover,
the antigenically critical His* of pepgp63 contributes to the
structural stabilization of the peptide. Similarly, the antigenically
critical His® of pepE-24.11 is involved in partial structural
stabilization of its C-terminal region. The generated antibodies
may be useful tools for identifying and classifying proteins
possessing similar Zn**-binding motifs and/or environments.

INTRODUCTION

Leishmania surface metalloprotease, gp63, is the major antigenic
protein of most Leishmania promastigotes [1]. It is also expressed,
but at lower levels, by Leishmania amastigotes, the intracellular
form of the parasite in host macrophages [2-4]. gp63 plays a key
role in the attachment of parasites to the macrophage membrane
[5,6] and probably contributes to their survival within the
macrophage phagolysosomes through its non-specific proteinase
activity [7]. Many investigators consider gp63 to be a good
candidate for a vaccine against leishmaniosis, a major infectious
disease of considerable public-health and economic importance.
Mice either immunized with purified gp63 or orally treated with
a Salmonella mutant (Aro~) carrying the Leishmania major gp63
gene developed significant resistance against L. major challenge
infection [8]. In addition, synthetic peptides modelled from
different regions of the amino acid sequence of gp63 were found
to be highly immunogenic and induced protective immunity in
mice against challenge infection. A peptide spanning the Zn**-
binding region of gp63, containing residues 258-267 of the
propeptide or 158-167 of the protein [9], was found to confer
optimal immunogenicity [10]. gp63 has been characterized as a
Zn**-metalloprotease [7,11], the active site of which shares the
common pattern HEXXH (where X stands for any amino acid)
which constitutes the unique signature of the large superfamily of

Zn**-dependent metalloproteases [12], recently termed zincins
[13].

All three conserved residues found in the active site of gp63,
i.e. the two histidines and the glutamic acid, have also been
shown to be essential for the activity of the mammalian enzyme
endopeptidase-24.11 (EC 3.4.24.11; neprilysin; E-24.11) [14,15].
E-24.11 is a well-characterized cell-surface Zn**-metalloprotease
expressed by many different cell types in multiple tissues [16] and
is identical with the common acute lymphoblastic leukaemia
antigen CD10 [17,18]. The enzyme has its active site exposed at
the cell surface and is believed to regulate peptide-induced
responses at different tissues. For example, in the central nervous
system the function of E-24.11 has been associated with in-
activation of the enkephalins [19] and substance P [20] and
possibly many other neuropeptides [21], whereas, in the peri-
pheral nervous system, recent studies have revealed a potential,
previously unrecognized, role for the enzyme in nerve devel-
opment and regeneration after injury [22,23]. At other locations,
such as the kidney and the vascular endothelium, E-24.11 may
regulate atrial natriuretic peptide levels [24,25]. E-24.11 has also
been shown to be involved in peptide-mediated inflammatory
responses [26,27] and in T-cell activation and regulation of
interleukin-2 production [28]. On the basis of these properties,
several potent inhibitors of E-24.11 have been synthesized with
the aim of them being used as drugs for a number of pathological
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conditions (for a review see ref. [29]). However, the design of
such highly efficient and orally active inhibitors requires detailed
and precise information on the active site of E-24.11.

On the basis of the above considerations, in the present paper
we undertook a comparative detailed analysis of the antigenicity
of the Zn**-binding region of Leishmania gp63 and mammalian
E-24.11. To this end, we produced synthetic peptides and peptide
analogues spanning the Zn**-binding region of the two metallo-
proteases and generated oligoclonal antibodies against two of
these synthetic peptides, VIVTHEMAHALG! (pepgp63) and
VIGHEITHGFD!" (pepE-24.11) which correspond to the re-
spective sequences 261-271 and 580-590 of the cognate protein
molecules and contain their respective Zn**-binding sites. Of
interest is our finding that, although pepgp63 and pepE-24.11 are
antigenically and structurally different, their respective anti-
bodies, i.e. anti-pepgp63 and anti-pepE-24.11, recognize and
cross-react with the native protein molecules, thereby repre-
senting useful probes that can be used for the study of the active
sites of these and other Zn?*"-metalloproteases.

EXPERIMENTAL
Materials

Purified pig kidney E-24.11 [30] was kindly provided by Dr.
A.J. Kenny, University of Leeds, Leeds, Yorks., U.K.; it was
found to be apparently homogeneous by SDS/PAGE. Mouse
monoclonal antibody (mAb) 23B11 raised against rabbit E-24.11
was a gift from Dr. P. Crine, University of Montreal, Montreal,
Que., Canada. This antibody which was produced and charac-
terized as described by Aubry et al. [31] has been shown to
recognize an epitope located at the cytosolic side of E-24.11. Its
specificity for pig and rat E-24.11 has been established previously
[22,32]. Mouse mAb LD33 raised against purified Leishmania
infantum gp63 was characterized and used as in previous studies
[33,34].

BSA, rabbit serum albumin (RSA), SDS, ELISA substrates, 2-
mercaptoethanol and all reagents for peptide synthesis were
obtained from Sigma Chemical Company, St. Louis, MO, U.S.A.
Piperidine and Tween 20 were from Fluka, Buchs, Switzerland
and anti-rabbit immunoglobulins from Amersham International,
Amersham, Bucks., UK. Affi-Gel 10 was from Bio-Rad
Laboratories, Munich, Germany. All other reagents were of the
highest purity available and were purchased from sources
reported previously [6,22,23,32].

Peptide synthesis

Two different methodologies were used. (1) Immobilized peptides
were synthesized on the tips of small polyethylene rods on which
polymers of acrylic acid had been formed by radiation grafting
[35]. Rods with attached fluoren-9-ylmethoxycarbonyl (Fmoc)-
protected f-alanine, all Fmoc-amino acids and hydroxybenzo-
triazole were obtained from Cambridge Research Biochemicals,
Cambridge, U.K. Peptide synthesis was performed as described
by Geysen et al. [35] and in the manufacturer’s instructions in 96-
well microtitre plates. In order to exclude the possibility of cross-
contamination during synthesis, only 24 rods/plate were used.
(2) ViVTHEMAHALG! (pepgp63) and VIIGHEITHGFD!!
(pepE-24.11) were synthesized manually by a stepwise solid-
phase procedure [36] using the N*-Boc-Gly-OCH,-Pam and N*-
Boc-L-Asp(Bzl)-OCH,-Pam resins respectively [37] (Pam is
phenylacetamidomethyl). N*-Boc/Bzl side-chain protection was
carried out by standard methods. Histidine was introduced as N*-
Boc-L-His (Tos), and methionine was used without side-chain
protection. All protected amino acids were coupled using a ratio

in mmol of amino acid/1-hydroxybenzotriazole/N’N’-dicyclo-
hexylcarbodi-imide/resin of 3:3:3:1. Completion of the coup-
ling reactions was ensured by the use of the ninhydrin test [38].
After introduction of Zn**-Boc-L-Met into pepgp63, dimethyl
sulphide was added during the removal of Boc groups to avoid
oxidation of the methionine side chain. The low/high HF method
[39] was used to cleave pepgp63 from the resin support in the
presence of dimethyl sulphide, p-cresol and p-thiocresol, and for
the cleavage of pepE-24.11, anisole and phenol were used as
scavengers. Crude pepgp63 was subjected to chromatographic
purification using Sephadex G-25 equilibrated with aq. 2M
acetic acid. The endecapeptide was eluted using a homogeneous
butan-1-ol/pyridine/acetic acid/water mixture of (5:5:1:4, by
vol.). Highest purity was achieved when the eluent volume,
passed through the column before loading the peptide,
corresponded to the half-bed column volume. The eluate was
subsequently lyophilized and maximum purity was gained by
preparative HPLC on a C,, column. Isocratic elution (8 ml/min)
was performed with the following solvents: A, 84 9, water (0.1 %,
trifluoroacetic acid); B, 16 9, acetonitrile (0.1 9%, trifluoroacetic
acid). Purification of pepE-24.11 was achieved by partition
chromatography on Sephadex G-25 in butan-1-ol/pyridine/
0.19, acetic acid in water (5:3:11, by vol.).

Oligoclonal antibodies

Oligoclonal anti-pepgp63 and anti-pepE-24.11 antibodies were
prepared by immunizing New Zealand White rabbits with
synthetic peptides conjugated to RSA by means of 0.19%,
glutaraldehyde, using a 20-fold molar excess of peptide to carrier
[6]. The animals received repeated subcutaneous injections of
1 mg of peptide in Freund’s incomplete adjuvant. The animals
were boosted in the absence of adjuvant and blood was collected
from the ear 8 days after the final innoculation.

Affinity purification of the oligoclonal antibodies

Peptides were coupled to Affi-Gel 10 according to the manu-
facturer’s instructions. (NH,),SO,-precipitated oligoclonal anti-
bodies in PBS were mixed with the Affi-Gel 10 (200 xl of affinity
resin/ml of soluble fraction). The tubes containing the above
mixture were rotated end-over-end overnight at 4 °C. The beads
were subsequently centrifuged, washed with PBS and the bound
antibodies eluted from the affinity resin with 500 mM NaCl/
200 mM glycine, pH 2.3, neutralized and stored at —20 °C. The
purity of the eluted antibodies was assessed by SDS/PAGE [40].

Parasites

Promastigotes of L. major LEM513 were grown in Medium 199
containing 59, heat-inactivated fetal calf serum as previously
described [41].

Purification of gp63

gp63 was purified from stationary-phase promastigotes of L.
major LEMS513 (kindly provided by C. Bordier, Biokema SA,
Crissier-sur-Lausanne, Switzerland) [5 x 10! promastigotes in
100 ml of Tris-buffered saline (TBS) containing a cocktail of
enzyme inhibitors and chelators] as previously described [33].
After phase separation with Triton X-114, gp63 was recovered in
the detergent-enriched phase. Triton X-114 was replaced by
2.2mM N’ N’-dimethyldodecylamine N-oxide on a Fractogel
TSK DEAE-650 column, and fractions containing gp63 were
identified using non-fat powdered milk as substrate. The pro-
teolytic activity of the fractions was detected as a decrease in the
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turbidity of the milk solution [33]. Subsequently the fractions
were pooled, applied to a Mono Q column and eluted with a
linear gradient of 0-500 mM NaCl in 10 mM Tris/HCI, pH 7.5,
as described by Bouvier et al. [42].

Preparation of membrane fractions

Kidneys were removed from adult Wistar rats (bred in the
Hellenic Pasteur Institute Animal House) and a membrane
fraction was prepared as previously described [22]. Leishmania
membrane preparations obtained by the method of Dwyer [43]
were suspended in TBS containing a mixture of chelators and
enzyme inhibitors and stored at — 70 °C as previously described
[44].

ELISA

Peptides (5 ug/ml), purified gp63 and E-24.11 (500 ng/ml) or
membrane preparations (50 xg/ml) in Na,CO,/NaHCO, buffer,
pH 9.6, were plated in poly(vinyl chloride) flat-bottomed micro-
titration plates (100 ul/well). Binding of the purified anti-pepgp63
and anti-pepE-24.11 antibodies to the different antigens was
assessed using horseradish peroxidase-conjugated anti-rabbit
immunoglobulins as previously described [41].

Binding of the antibodies to peptide-carrying rods was carried
out as previously described [6]. Briefly, each peptide-carrying rod
was preincubated with 200 xl of PBS containing 0.1 9, Tween 20
and 39, BSA for 1 h at room temperature and then overnight
with the test antibody (1 xg/ml) in the same solution. After
incubation, the rods were washed (3 x 10 min) with PBS con-
taining 0.059, Tween 20, followed by incubation with
peroxidase-labelled anti-rabbit immunoglobulins (1:1000
dilution) for 1 h. The rods were then washed three times and the
bound antibody was detected by reaction for 10 min with a
substrate solution (0.059, azino-di-3-ethylbenzthiazodinsul-
phonate and 0.03 9%, H,0, in 0.1 M Na,HPO,/0.08 M citric acid
buffer, pH 4). The rods were then removed and absorbance was
measured at 405 nm. Subsequently, the bound antibodies were
released by sonicating the rods in a water bath for 20 min in
0.1 M Na,HPO, /19, SDS/0.19%, 2-mercaptoethanol, at 60 °C.
Finally the rods were washed twice with water, once with
methanol and air-dried. Peptides retained their antibody-binding
capacity for more than 20 assays.

For each specific sequence, about four to ten copies were
synthesized, i.e. two to four rods with the same residue sequence,
in each of two to three independent synthesis cycles. Standard
deviation for antibody-binding to rods with the same peptide
sequence, among different experiments, was in almost all cases
less than 109, (usually less than 59,).

Gel electrophoresis and immunoblotting

SDS/PAGE was performed on a 7-17 9, linear polyacrylamide
gradient [32]. The separated proteins were then transferred to
nitrocellulose, and Western-blot analysis was carried out es-
sentially as previously described [22,32]. After incubation with
horseradish peroxidase-conjugated secondary antibodies, filters
were developed in diaminobenzidine with nickel enhancement
[0.039, (w/v) diaminobenzidine, 0.03 %, (w/v) NiCl, in TBS].

Immunofluorescence staining

Rat kidney epithelial cells (NRK-52E, purchased from the
American Type Culture Collection) were grown on poly-L-
lysine-treated coverslips in 48-well Costar culture dishes in
Dulbecco’s modified Eagle’s medium containing 109, fetal
bovine serum. Immunofluorescence labelling was performed as

previously described [22] on paraformaldehyde-fixed cells. For
demonstration of E-24.11 immunoreactivity with mAb 23B11,
cells were treated with 0.19, Triton X-100 for 3 min before
staining by the indirect immunofluorescence method [22]. Anti-
bodies were diluted in PBS containing 0.1 M lysine and 109,
fetal bovine serum. Primary antibody was then applied overnight
at 4 °C and fluorescence-conjugated secondary antibody for 3 h
at room temperature. After immunostaining, coverslips were
mounted on glass slides in 90 9, glycerol in PBS and viewed with
a Zeiss Axiophot photomicroscope.

L. major LEMS513 promastigotes were fixed on glass micro-
scope slides [45] and immunostained following the same pro-
cedure as for kidney epithelial cells.

'H-NMR

The NMR samples were prepared by dissolving the solid
materials in water and adjusting the pH to the desired value with
NaOH or HCI. The aqueous solutions obtained were lyophilized,
and then weighed amounts of the peptides were dissolved in
[PH]DMSO at concentrations of about 6 mmol/dm?®. DMSO was
chosen as the solvent because it provides an amphiphilic en-
vironment, which mimics physiological conditions and is there-
fore appropriate for investigating biological structures such as
proteins and membranes [46—48].

NMR spectra were recorded on a Bruker AM400 spectrometer
at 305 K using standard COSY [49], two-dimensional homo-
nuclear Hartmann-Hahn spectroscopy (HOHAHA) [50] and
NOESY [51] microprograms. Spectral width in F, and F, was
5000 Hz; 256 experiments in 1K data points in the F, dimension
were performed for COSY, and 512 experiments in 2K data
points in the F, dimension were applied for HOHAHA and
NOESY. Two mixing times (180 and 300 ms) were used for
NOESY and one mixing time (100 ms) for HOHAHA.

RESULTS AND DISCUSSION

Binding of the affinity-purified anti-pepgp63 and anti-pepE-24.11
oligoclonal antibodies to synthetic peptides

Affinity-purified (on peptide—Affi-Gel 10 columns) anti-pepgp63
and anti-pepE-24.11 antibodies were tested for binding to
synthetic endecapeptides, the synthesis of which was modelled
from the active site of ten known Zn*'-metalloproteases
possessing in their active site the characteristic amino acid
sequence HEXXH (Table 1). Their antibody-binding patterns

Table 1 Amino acid sequence of the active site of the ten putative Zn?*-
dependent peptidases [12], given in standard one-letter amino acid
symbolism

The ten endecapeptides synthesized by the Pepscan system [6] were modelled according to the
sequences shown.

Peptidase Sequence

E-24.11 (human, rat, rabbit) VIGHEITHGFD
Fibroblast collagenase (human) VAAHELGHSLG
Stromelysin (human) VAAHEIGHSLG
Gelatinase (human) VAAHEFGHAMG
Aminopeptidase N (human) VIAHELAHQWF
Surface protease gp63 (Leishmania sp.) VVTHEMAHALG
Neutral protease (Bacillus subtillis) VTAHEMTHGVT
Neutral protease (Serratia sp.) TEFTHEIGHALG
Peptidase N (Escherichia coli) VIGHEYFHNWT
Thermolysin (Bacillus stearothermophilus) VVGHELTHAVT
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their active site the characteristic amino acid sequence HEXXH (Table 1)
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Binding of the affinity-purified antibodies to synthetic peptides modelled from the active site of ten known Zn?*-metalloproteases possessing in

Names just below the bars represent abbreviations of the metalloprotease from which the synthetic peptide was modelled. Rods were incubated with approx. 5 z«g/ml purified anti-pepgp63 or anti-
pepE-24.11 antibodies (first and second bars respectively) and tested by ELISA using peroxidase-labelled anti-rabbit y-globulin antibody. The 11-residue peptide (gp63 250—260) corresponds to
the gp63 adhesion site (residues 250—260 of gp63) and was used as a negative control. This set of results is representative of three independent experiments performed in triplicate. Abbreviations:
Collag., human fibroplast collagenase; Stromel., human stromelysin; Gelatin., human gelatinase; Aminopept., human aminopeptidase N; N. prot. B. sub, B. subtilis neutral protease; N. prot. Ser,
neutral protease from Serratia sp.; Peptidase, £ coli peptidase N; Thermolys., B. stearothermophilus thermolysin B.

are presented in Figure 1. Anti-gp63 and anti-E-24.11 showed by
far the most significant selectivity for the peptide against which
they were raised, i.e. pepgp63 and pepE-24.11 respectively. Both
antibodies exhibited weak binding to the endecapeptides mod-
elled from the active sites of aminopeptidase N (human),
peptidase N (E. coli) and thermolysin (B. stearothermophilus).
No binding was observed to the endecapeptide gp63 250-260
which was modelled from the gp63 adhesion site [6] and was used
in this study as a negative control.

Binding of anti-pepgp63 and anti-pepE-24.11 to the ende-
capeptides pepgp63 and pepE-24.11, synthesized by the solid-
phase method and used in conventional ELISA, also revealed
strong selectivity (see Table 4). Binding of both antibodies to the
irrelevant endecapeptide gp63 250-260, to RSA and to rat liver
membranes, used as negative controls, yielded A4,,, values of less
than 100.

Determination of the antigenic role of each of the three conserved
residues constituting the Zn?"-binding site of the active sites of
gp63 and E-24.11

The observed selectivity of the generated oligoclonal antibodies
for their respective immunogen peptides indicated that the
existence of the three common residues in the HEXXH motif
present in all ten synthetic endecapeptides tested is not sufficient
by itself and does not form the basis for antigenic cross-reactivity.
In order to elucidate the above finding further and determine the
antigenic role of each of the two histidines and the glutamic acid
residue present in pepgp63 and pepE-24.11, a series of peptide
analogues was synthesized in which each of the three conserved
residues of the HEXXH motif was replaced with alanine. The
peptide analogues of gp63 and E-24.11 were subsequently tested
for binding to their respective anti-pepgp63 and anti-E-24.11
oligoclonal antibodies (Figure 2). The antibody-binding pattern
of anti-pepgp63 to the pepgp63 analogues (Figure 2a) revealed

that replacement of His* by Ala decreased antibody binding by
56 %, indicating that this residue significantly contributes to the
antigenicity of the epitiope. An even more dramatic loss of
antibody-binding activity, amounting to 859, was observed
when Glu® was replaced by Ala. In contrast, substitution of Ala
for His® had the least effect, decreasing antibody binding by only
159,. Thus only two of the three conserved residues, namely His*
and Glu® (corresponding to His** and Glu?% of the cognate
gp63 protein molecule) were found to contribute significantly to
the antigenicity of pepgp63. On the other hand, the antibody-
binding pattern of anti-pepE-24.11 to pepE-24.11 analogues
(Figure 2b) revealed that the second histidine residue, His®, and
Glu® were indispensable for antibody binding whereas His* did
not contribute significantly to the antigenicity of the peptide. In
particular, replacement of His® or Glu® (corresponding to His**?
and Glu*® of the cognate E-24.11 protein molecule) by Ala
almost completely inactivated the binding site of pepE-24.11 as
a loss of 75-809, of the binding activity of the antibody was
observed whereas a decrease of only 159, was observed when
His* (corresponding to His**® of the cognate E-24.11 protein
molecule) was replaced by Ala.

The above results show that the glutamate residue (Glu®) in
both peptides appears to be indispensable for antibody binding.
Moreover, in the case of pepgp63 the first histidine residue in the
HEXXH motif contributes significantly to the antigenicity of the
epitope whereas in the case of pepE-24.11 it is the second
histidine residue that appears to be indispensable for antibody
binding.

Determination of the minimum antibody-binding segment within
pepgp63 and pepE-24.11

In order to localize further the anti-pepgp63 and anti-pep-E24.11
binding sites, overlapping peptides of various size were
synthesized. Binding of anti-pepgp63 and anti-pepE-24.11 anti-
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Figure 2 Binding of anti-pepgp63 and anti-E-24.11 antibodies to single-
residue analogues of gp63 and E-24.11 endecapeptides as compared with
the original peptide (taken as 100 %)

The first bar in each graph represents antibody binding to the original unsubstituted peptide.
Letters and numbers below the bars represent the substituted amino acid and its corresponding
position. (@) Analogues of the pepgp63 endecapeptide probed with anti-pepgp63 antibodies;
(b) analogues of the pepE-24.11 endecapeptide probed with the homologous antibodies. These
results are representative of three independent experiments carried out in triplicate.

bodies to these peptides is presented in Figures 3(a) and 3(b)
respectively. Anti-pepgp63 antibodies (Figure 3a) bound with
high affinity to the 1-9 and 1-7 gp63 nonapeptide and hepta-
peptide respectively (exhibiting 88 and 70 9, respectively of their
binding to the endecapeptide). Binding to the heptapeptide 5-11
and to the pentapeptide 7-11 was negligible. These results indicate
that the residues of the segment HALG offer a very moderate
contribution to antigenicity. Antibody binding to the penta-
peptide 1-5 was almost identical with that to the heptapeptide
1-7, amounting to 70 and 67 9%, respectively of the binding to the
original endecapeptide, suggesting that the sequence VIVTHE?
may be the crucial part of the epitope. Moreover, binding of the
antibodies to the 3—11 nonapeptide was 50 9, of that to the 1-5
pentapeptide indicating that residues V'V?2 contribute signifi-
cantly to the antigenicity of the epitope. Anti-pepE-24.11 anti-
bodies (Figure 3b) bound with high affinity to the 1-9 and 3-11
E-24.11 nonapeptides and to the 5-11 heptapeptide (exhibiting
80-90 9, of the binding to the original endecapeptide). Thus we
conclude that the common segment E’ITHG?® contained within
all three peptides is crucial for antibody binding. Moreover,
binding to the 7-11 pentapeptide is very weak indicating that
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Figure 3 Binding of anti-pepgp63 and anti-pepE-24.11 antibodies to
selected gp63 (a) and E-24.11 (b) synthetic peptides of various length

Experimental conditions were as described in the legend of Figure 1. Numbers below the bars
represent the position of the amino acid within pepgp63 (V'VTHEMAHALG'") and pepE-24.11
(V'IGHEITHGFD'") (a) gp63 endecapeptides, nonapeptides, heptapeptides and pentapeptides
probed with purified anti-pepgp63 antibodies; (b) E-24.11 endecapeptides, nonapeptides,
heptapeptides and pentapeptides probed with purified anti-E-24.11 antibodies. Data shown are
means of triplicate measurements. Similar results were obtained in two additional experiments.

residues E°I contribute significantly to the antigenicity of the
epitope.

Structural profiles of pepgp63 and pepE-24.11

The complete assignment of all proton resonances (NH, C*H and
side-chain aliphatic protons) was based on the combined use of
COSY, HOHAHA and NOESY experiments (Tables 2 and 3).

Intense nuclear Overhauser enhancement (NOE) connectivities
appeared between amide protons at both ends of pepgp63 (Figure
4), whereas low absolute Ad/AT values were obtained for H*NH
(+0.3x 102 p.p.m./K) and G"NH (—1.5x 10 p.p.m./K).
This latter indicates that the amide protons of His* and Gly!'! are
not entirely exposed to the solvent and they are possibly involved
in intramolecular interactions [52,53]. The simultaneous oc-
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Table 2 NMR data of *'VTHEMAHALG?" (pepgp63) (mmol/dm?) in [ZH]DMSO at 305 K referenced to tetramethylsilane (original aqueous solution at pH 5)

10° x Temperature

Residue NH C*H CPH C"H CH Others coefficient (p.p.m./K)
v 333 202 0.89
083
v 8.20 431 202 0.86 —58
T 8.09 421 401 1.02 —70
1264 7.81 445 2.94 7.54 (CH) +03
288 6.84 (C*H)
E 8.29 418 1.93 220 —62
1.76
M 8.63 433 1.96 247 2.00 -73
1.82 245
A 8.1 419 119 —53
1268 7.9 438 291 7.52 (C°H) -39
6.84 (C*H)
A 8.00 419 1.23 —34
L 8.49 430 1.51 1.61 0.86 —93
G 7.74 3.59 —15

Table 3 NMR data of V°*IGHEITHGFD* (pepE-24.11) (mmol/dm®) in [2H]DMSO at 305 K referenced to tetramethylsilane (original aqueous solution at pH 5)

10° x Temperature

Residue NH C*H C’H C"H C°H Others coefficient (p.p.m./K)

v 3.48 2.03 0.88

[ 8.45 421 1.76 1.41 0.84

1.08 0.81
G 8.43 375 —76
37
H583 7.95 450 2.87 7.52 (C?H) —39
6.77 (C*H)

E 8.36 421 1.88 218 —58
1.76

[ 8.15 421 176 1.41 0.84 —6.0

1.08 0.81

T 7.83 424 3.99 —44

Ho8 7.82 444 2.97 7.54 (C°H) —49
2.87 6.85 (C*H)

G 8.10 3.64 —45

F 8.29 452 3.08 7.23 (C?H,C°H) —58
2.81 7.17 (C°H,C*H,CoH)

D 7.86 418 2.51 —37
2.40

currence of both consecutive NH,/NH,,, NOE connectivities
and low absolute temperature coefficient values provide evidence
for a rather rigid conformation of pepgp63. Thus the presence of
the intense A°NH/L'NH and L'NH/G"NH NOE con-
nectivities in combination with the low absolute Ad/AT value of
G''NH argue in favour of a #, turn at the C-terminal tetrapeptide
(—H?-A-L-G") stabilized through the formation of a hydrogen
bond between G''NH and H®CO [54].

Strong NOE correlation between the T"NH/H*NH successive
amide protons was also detected at the N-terminal tetrapeptide
(VIVTH®—) of pepgp63, whereas V*NH/T*NH NOE connec-
tivity was not detected (Figure 4). In addition, the positive
temperature  coefficient  value  found for  H*NH
(+0.3x 1072 p.p.m./K) may derive from either the shielding
effect of the aromatic side chain of histidine or participation of
this NH group in a hydrogen-bonding interaction. Although the
preceding NMR data argue in favour of a folded structure at the

N-terminus of pepgp63, they do not allow us to define with
certainty the occurrence of a turn in the VIVTH* sequence.

Emphasis should also be placed on the different behaviour
of the histidine residues belonging to the HEMAH Zn?*-binding
site of gp63. It appears, therefore that the side chain of His® is
rather flexible compared with that of His!. This assumption
comes from the chemical-shift-difference values of His* and His®
C’H, protons (Table 2), which indicate that only the His* C’H,
protons are magnetically non-equivalent (AdHis* C/H? ~
0.06 p.p.m.) because of the rather restricted mobility of this side
chain.

From the predicting NMR data, a helical structure for pepgp63
is not validated. Although strong NH,/NH,,, NOE connectivities
are indicative of an «-helix [54-56], the lack of C*H,/NH,_, and
strong C*H,/C*NH,,, cross-peaks [54] in our spectra demonstrate
the absence of a helical structure. This conclusion is also
supported by the high absolute temperature coefficient values for



Antibody probes for gp63 and endopeptidase-24.11 Zn?*-binding sites 461

@) VIVTHEMAHALG!
(9p63)

A7 T3 A9 HB

8.5 8.0 7.5
Chemical shift (p.p.m.)

Figure 4 The NH,/NH,_, region of the 400 MHz NOESY spectra of
[2HIDMSO solution

the amide protons of Leu'®, Ala®, His?*® (His®), Ala?, Met® and
Glu®, which indicate that they are exposed to the solvent. Even
though pepgp63 incorporates residues that are not helix breakers
[57,58] (e.g. Val, Glu, His), an a-helix cannot be predicted from
our NMR study.

The absence of NH,/NH,,, connectivities (Figure 4) in
the peptide backbone of pepE-24.11 (a unique exception is the
observed H*NH/G’NH connectivity at the C-terminus) and
the temperature coefficient values (below —3.0 x 107 p.p.m./K)
determined for all the amide protons (Table 3) indicate that the
peptide does not have a hydrogen-bonded structure.

Thus the Ad values suggest that there are differences in the
side-chain rotamer populations. The same conclusion can be
drawn from the vicinal coupling constant values (*J, ) of the His®
side chain [59]. The percentage of the rotamers [x, = 60° (g%),
180(¢) and —60° or 300(g")] [60,61] (the authors in ref [61] use a
nomenclature different from the one used here) estimated on the
basis of the coupling constants (*J,,= 5.3 Hz, *J,, = 5.5 Hz)
indicates that the equilibrium is shifted towards one of them
(g =17%,t=199 and g* = 649,). The g* population results
from the sum of the coupling constants and does not depend on
the stereospecific assignment of the pro-S and pro-R proton,
whereas g~ and ¢ are rather tentatively attributed and could be
exchanged. The rotamer populations of the Asp'! side chain were
also calculated on the basis of the coupling constant values
(Asp™!: 3]&/j and 3Ja/, 5.2 and 3.5 Hz respectively, g~ = 169%,, t =
09 and g" = 84 9,). Shifting of the rotamer equilibrium of His®
and Asp! to the less energetically favourable g* (64 and 84 9,
respectively) may derive from conformational restrictions of the
His and Asp side chains. In contrast, the main conformer of
Phe'® (1 = 57%) is the one energetically favoured (Phe'®: *J,,
and 3Ja/, 4.6 and 9.4 Hz respectively, g~ = 109%, t = 579, and

g =33%).

Chemical shift (p.p.m.) \Jk

(b) VHIGHEITHGFD!*
(E-24.11)
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pepgp63, (V'VTHEMAHALG") (a) and pepE-24.11 (V'IGHEITHGFD™) (b) in

On the other hand, the absence of amide protons with low
absolute temperature coefficient values excludes an interaction
between the f-carboxylate of Asp and one NH group of the
peptide backbone as often proposed in the literature [62,63].
Taking into account the NME results so far discussed, as well as
the uniquely observed NOE connectivity between H’NH and
G°NH of the peptide backbone, we can assume that the C-
terminal tetrapeptide (—H®GFD!!) of pepE-24.11 adopts a less
flexible conformation, in which the side-chain groups of His® and
Asp'! play a key role.

In conclusion, the present NMR study indicates that pepgp63
adopts a folded structure whereas pepE-24.11 takes up a rather
flexible conformation. The most prominent feature to emerge is
the structural differentiation of the histidine moieties in the
HEXXH fingerprint of gp63 and E-24.11. It appears therefore
that His* (namely His?%*) contributes to the stabilization of
pepgp63, whereas His® (namely His*®") is involved in partial
stabilization of the C-terminal region of pepE-24.11.

The conformational results correlate well with the antibody
specificity of the Zn**-binding regions of gp63 and E-24.11.

Binding of the anti-pepgp63 and anti-pepE-24.11 antibodies to the
cognate gp63 and E-24.11 protein molecules

The binding and specificity of the generated oligoclonal anti-
bodies was further assessed on the gp63 and E-24.11 protein
molecules. To this end, anti-pepgp63 and anti-pepE-24.11 anti-
bodies were tested by ELISA for binding to Leishmania and rat
kidney membrane preparations containing the gp63 and E-24.11
proteins respectively as well as to the purified proteins (Table 4).
It was interesting to find that each antibody was capable of
recognizing its respective cognate protein molecule, even though
the particular sequence against which it was raised should
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Table 4 Specificity of the affinity-purified anti-pepgp63 and anti-
pepE-24.11 antibodies

Antibody binding was determined by ELISA and was corrected for non-specific binding.

Antibody binding (A,q,)

Antigen Anti-pepgp63 Anti-pepE-24.11
pepgp63 975 185
(0.5 zeg/well)

pepE-24.11 150 850
(0.5 zeg/well)

Purified gp63 560 420
(50 ng/well)

Purified E-24.11 450 375
(50 ng/well)

Leishmania membranes 1100 640
(5 pg/well)

Rat kidney membranes 880 1170
(5 pg/well)

have a folded pocket-like conformation on the native protein
[64]. Moreover, it was noteworthy that, although both antibodies
showed significant selectivity for their respective immunogen
peptides, cross-reactivity was revealed when they were tested on
membrane preparations or purified protein molecules, i.e. both
antibodies were found to cross-react effectively with either protein
molecule (Table 4). Binding of both antibodies to the irrelevant
endecapeptide gp63 250-260, to RSA or to rat liver membranes,
used as negative controls, yielded in all cases A4,,, values of less
than 100.

The specificity of binding of the purified anti-pepgp63 and
anti-pepE-24.11 antibodies to their homologous peptides as well
as to their homologous and heterologous proteins was also
demonstrated by preabsorbing the affinity-purified antibodies to
purified gp63 bound to CNBr-activated Sepharose beads. Binding
of the preabsorbed antibodies was measured by ELISA on
microtitration plates coated with pepgp63 and pepE-24.11 as
well as on purified gp63 and E-24.11. It was thus shown that
preabsorption of both antibodies to gp63—Sepharose beads
resulted in a significant decrease in binding to their homologous
peptides (~ 60-709%,) as well as to their homologous and
heterologous purified proteins (> 859,) (results not shown).

The observed antibody cross-reactivity was in part confirmed
by Western-blot analysis of Leishmania and rat kidney membrane
preparations (Figure 5) as well as on immunoblots of purified
proteins (results not shown). It was thus demonstrated that
both antibodies recognize SDS-denatured gp63 but not SDS-
denatured E-24.11. This finding suggests that unfolding of gp63,
evoked by the action of SDS, does not affect the antigenicity of
the active-site region of the protein. On the contrary, binding of
the antibodies to E-24.11 appears to be conformation-dependent
and is lost on treatment of the protein with SDS.

Finally, the observed cross-reactivity of the antibodies was
further supported by immunostaining of gp63 and E-24.11 on L.
major promastigotes and kidney epithelial cells (Figures 6 and 7).
Both antibodies immunostained paraformaldehyde-fixed
parasites and NRK cells (Figures 6 and 7 respectively). Their
binding pattern was comparable with that of their respective
positive controls, namely mAbs LD33 and 23B11 which recognize
gp63 and E-24.11 respectively [22,23]. It should be noted that all
immunostaining was abolished in the absence of primary anti-
bodies or in control experiments where the purified anti-pepgp63

kb 123 456 7

Figure 5 Binding of purified anti-pepgp63 and anti-pepE-24.11 to Western
blots of Leishmania or kidney membrane preparations

94-
67-

-—E-24.11
«q-—gp63

43-

30-

20-
14-

Membrane preparations were analysed by SDS/PAGE under reducing conditions on
discontinuous 10% minislab gels. Rat kidney membrane preparations were probed with mAb
23B11 recognizing rat E-24.11 (lane 1), anti-pepE-24.11 (lane 2) or anti-pepgp63 (lane 3).
Leishmania membrane preparations were probed with mAb LD33 raised against purified gp63
(lane 4), anti-pepgp63 (lane 5) or anti-pepE-24.11 (lane 6). Leishmania membrane preparations
probed with rabbit preimmune serum (1:200 dilution) was used as a negative control (lane 7).
Abbreviation: kD, kDa.

and anti-pepE-24.11 antibodies were preabsorbed with purified
gp63 bound to Sepharose beads (not shown).

Of interest is our finding that, although pepgp63 and pepE-
24.11 were found to be antigenically and structurally different,
their respective antibodies, i.e. anti-pepgp63 and anti-pepE-
24.11, cross-react with and recognize the native molecules.

The different structural profiles of the two peptides as de-
termined by NMR are in good agreement with their different
antigenic profiles and may explain the selectivity of the generated
oligoclonal antibodies for their respective peptides, indicating
that the conformational motif of each of the two peptides is
critical for antibody binding. It is also very probable that the
structural differentiation of the two histidine residues within each
peptide as well as between the two peptides contributes to the
different antigenic roles of these conserved residues. On the other
hand, the observed cross-reactivity of the antibodies with both
peptidases, in their native form, suggests a similar conformation
of their active-site regions.

X-ray-diffraction studies of thermolysin and carboxypeptidase
A have shown that the Zn** ion is co-ordinated by three amino
acid side chains and a water molecule [65]. Recently, unique
signatures within the amino acid sequences of the Zn*'-
metalloproteases were identified and a classification of these
enzymes into distinct superfamilies and subfamilies on the basis
of sequence and structural similarities was proposed. On the
basis of the first two Zn**-co-ordinating ligands, metalloproteases
were divided into two major categories, one containing the
HEXXH motif and the other containing the HXXEH motif [13].
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Figure 6 Immunofluorescence labelling of Leishmania parasites cells with anti-pepgp63 oligoclonal antibodies

Leishmania parasites were fixed on glass microscope slides and immunostained with anti-pepgp63 (a, b), anti-pepE24.11 (¢, d) or mAb LD33 recognizing gp63 (e, f). Phase-contrast (left) and
fluorescein optics (right) were used. All three antibodies immunostained the paraformaldehyde-fixed parasites. The bar corresponds to 15 zem.
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Figure 7 Immunofluorescence labelling of NRK52 cells with anti-pepE-24.11 oligoclonal antibodies

Kidney epithelial cells (NRK cell-line) were grown on glass microscope slides, fixed and immunostained with anti-pepgp63 (a, b), anti-pepE-24.11 (¢, d) or mAb 23B11 which recognizes rat
E-24.11 (e, f). Phase-contrast (left) and fluorescein optics (right) were used. All three antibodies produced a similar immunofluorescence labelling pattern on the NRK cells. The bar corresponds
to 20 zem.
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The two histidine residues within these motifs serve as Zn**
ligands, and the glutamic acid residue polarizes a water molecule
involved in nucleophilic attack at the scissile peptide bond [66].
The superfamily of HEXXH metalloproteases, termed zincins
[13], can be further divided into two groups which contain
proteases having either a histidine or a glutamic acid residue as
the third distant Zn?*co-ordinating ligand [67]. E-24.11 and gp63
as well as metalloproteases belonging to the thermolysin family
are examples of the latter group. Glu®® of E-24.11 and Glu**? of
gp63 are equivalent to Glu!®® of thermolysin [42,67,68]. It was
thus suggested that E-24.11 and thermolysin exhibit, in spite of
their low overall sequence similarity, a virtually equivalent active-
site Zn** environment and that their Zn**-binding sites probably
possess a similar conformation [68]. Our data, in particular the
cross-reactivity of the antibodies for the two protein molecules
despite selectivity for their respective peptides, suggest that the
geometrical conformation of the Zn**-binding sites of E-24.11
and gp63 are very similar.

The antibodies generated here may be useful tools for identi-
fying and classifying proteins possessing similar Zn?*-binding
environments. These antibodies, in conjunction with further
conformational studies on the Zn*"-binding region of gp63 and
E-24.11, may contribute to the design of highly specific and
orally active inhibitors for the two enzymes, the determination of
their natural substrates at their site(s) of action and the eluci-
dation of their role in pathophysiological conditions. In the case
of gp63 in particular, the acquired information may help towards
the design of chemotherapeutic agents for leishmaniosis. In-
hibition of gp63 and E-24.11 protease activity by the anti-
pepgp63 and anti-pepE-24.11 antibodies is worth investigating
and is currently being studied in our laboratory.
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