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Abstract. Treatment of advanced stages of prostate car-
cinoma with histone-deacetylase inhibitors entails ex-
pression of human procarboxypeptidase-A4 (hPCPA4).
The three-dimensional structure of hPCPA4 has been
solved and shows the features of related metallocar-
boxypeptidase zymogens, with a preformed o/B-hydro-
lase active-enzyme moiety (hCPA4) and an inhibiting
pro-domain (PD). The protease moiety recalls a sphere,
out of which a spherical cone has been cut. This results in
a funnel-like structure, at the bottom of which the active-

site cleft resides. The border of this funnel is shaped by
loops, which are responsible for the interaction with the
PD, characterised by a large interface area and relatively
few contacts. Such an inhibitory mode is evocative of the
recently reported structure of the human inhibitor latexin
in its complex with hCPA4. The main contacting struc-
ture of latexin is similar to the one employed for PD inhi-
bition. In both cases, active-site blocking relies mainly on
a loop provided by the central part of a 3 sheet.
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Cancer, with more than seven million casualties in 2002,
is the main cause of mortality before the age of 65 despite
the overall advances in the understanding of the molecu-
lar basis underlying the pathology, and the development
of new therapeutic approaches. Prostate cancer ranks
sixth in the causes of death from malignant neoplasms in
men [1]. The two lines of action are early detection to
eliminate or prevent progression of the cancer through
appropriate treatment and the search for the switches that
turn cells malignant.
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Within the prostate, androgens regulate both cell prolifer-
ation and the rate of epithelial cell death. Therefore,
testosterone ablation is currently employed during therapy
for advanced prostate carcinoma, as it may induce apop-
tosis in these tumours. However, cancer cells resistant to
androgen ablation therapy may emerge within 2 years [2].
In these cases, an alternative is provided by differentiation
or apoptosis therapy, which takes advantage of the capac-
ity of resistant tumour cells to differentiate and to activate
the apoptotic cascade upon injury caused by exogenous
agents such as butyrates [3]. These compounds are in-
hibitors of histone deacetylases that affect histones as well
as transcription factors, promoting selective transcrip-
tional activation by DNA relaxation or repression relief
[4]. Due to their growth arrest properties in cell prolifera-
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tion models, inhibitors of histone deacetylases are cur-
rently under study as drugs against several cancer types,
including prostate cancer [5]. Apoptosis therapy treatment
of androgen-independent prostate cancer cell lines re-
vealed that a new gene product, human procarboxypepti-
dase A4 (hPCPA4), the zymogen of a novel metallocar-
boxypeptidase (MCP), was up-regulated. Sodium butyrate
or trichostatin A, a potent and specific inhibitor of histone
deacetylase, was responsible for induction of hPCPA4
mRNA expression in the prostate cell lines PC-3, DU145
and BPHI. Induction further required transcriptional ac-
tivity of p21WAFVCIPL These findings suggested that
hPCPA4 gene induction was mediated by histone hyper-
acetylation as a downstream effect [3]. Northern hy-
bridization and PCR analyses revealed low or no hPCPA4
expression in normal human tissues, including pancreas,
prostate, ovary and testis. However, expression was found,
in both mice and humans, in hormone-regulated pregnant
uterus and fetal tissue. The gene was found to be located
in the chromosome 7q32 imprinting domain and was thus
suggested as a strong candidate for prostate cancer ag-
gressiveness, possibly through its modulation of the func-
tion of peptide hormones required for growth or differen-
tiation of prostate epithelial cells [3, 6].

MCPs (clan MC, family M14; see MEROPS database
[7]) are zinc-dependent exopeptidases that excise C-ter-
minal amino acids from protein or peptide substrates [8].
MCPs can be classified into two subfamilies, the A/B
(M14A according to MEROPS) and the N/E forms
(M14B), previously referred to as pancreatic and regula-
tory carboxypeptidases (CPs), respectively [9]. A third
subfamily (M14C) is characterised by y-D-glutamyl-(L)-
meso-diaminopimelate peptidase I, distinct from gluta-
mate carboxypeptidase or CPG (family M20). A/B-MCPs
are digestive enzymes synthesised in the exocrine pan-
creas of mammals and include the first metalloprotease
and the second zinc enzyme to be identified [10]. These
enzymes break down peptides in the gut in a complemen-
tary manner to the serine endopeptidases, trypsin, elas-
tase and chymotrypsin, in order to deliver single amino
acids and dipeptides that can be absorbed [11-13]. Mol-
ecular prototypes are the carboxypeptidases A from
bovine (bCPA), originally carboxy-polypeptidase [11],
and B from porcine (pCPB), alias protaminase [13]. They
show preference for C-terminal hydrophobic and basic
side chains, respectively [14]. Mammal A-type MCPs
were later split into CPA1 and CPA2, with the former pre-
ferring smaller aromatic and aliphatic residues and the
latter the bulkier tryptophan side chain [15]. In recent
years, A/B-MCPs have been found not just in mammals
but in all kingdoms of life, from archaea and bacteria,
protozoa, fungi, nematodes, insects and other inverte-
brates to plants, amphibians and birds [10]. As new
spheres of action were found, functional and local ascrip-
tion of A/B-MCPs has moved away from the mere prote-

Research Article 1997

olysis of intake proteins as a complement to the endopep-
tidases in the digestive tract [15]. A/B-MCPs have been
found in plasma, brain, heart, stomach, colon, testis, liver
and lung, as well as in the serum of patients with acute
pancreatitis [15, 16]. They intervene in hormone-regu-
lated tissue growth or differentiation (CPA4 [3]), in fibri-
nolysis inhibition and bradykinin activation in blood
serum or in regulation of peptide hormone activity (CPU,
alias thrombin-activatable fibrinolysis inhibitor (TAFI)
[17]), and intracellularly in mast cells, dealing with the
cellular response or complementing the serine endopepti-
dase chymase (mast cell CPA3 [18]).

Pancreatic A/B-MCPs are secreted as inactive zymogens
[19] encompassing a 90/95-residue N terminal indepen-
dently folding pro-domain (PD) and an already preformed
active CP moiety. The PD acts as a chaperone to assist
with the folding of the active CP domain [9] and also pre-
vents access of larger substrates to the active-site cleft of
the enzyme. PCPA bears residual activity against smaller
substrates [20—-22] but PCPB apparently does not [23, 24].
Activation occurs through limited proteolysis in a con-
necting segment at the end of the PD through, e.g. trypsin
[19, 25]. This liberates the active CP from its pro-seg-
ment, which in the case of PCPA may act as an autologous
inhibitor in trans [26]. Some heterologous MCP protein
inhibitors have been reported, including the archetypal
potato carboxypeptidase inhibitor (PCI), the orthologue
from tomato (MCPI), inhibitors from the intestinal para-
site Ascaris suum and the medical leech Hirudo medici-
nalis (LCI) [for a review, see ref. 9], and, most recently,
the inhibitor from the tick Rhipicephalus bursa [27].

To date, however, the only specific endogenous inhibitor
present in mammals is latexin, also known as tissue or
endogenous carboxypeptidase inhibitor (ECI). This 222-
residue protein (in humans) bears no sequence relation-
ship with any structurally characterised protein. It was
discovered in rodents, in which it has a widespread tissue
expression pattern, by two independent research lines.
First, it is expressed in neural tissues, such as in the lat-
eral neocortex of rats (hence latexin [28, 29]), and is con-
sidered a marker of regionality and development in ro-
dent central and peripheral nervous systems [28, 30]. It
has also been suggested that it intervenes in the modula-
tion of sensory perception and it is down-regulated in the
brain of presenilin-1 knock-out mice, thus possibly con-
tributing to Alzheimer’s disease [31]. Second, other stud-
ies identified latexin as an inhibitor of CPA, responsible
for the lack of proteolytic activity despite the presence of
mRNA encoding CPA in a series of non-pancreatic tis-
sues [16]. An animal model showed that latexin expres-
sion is also induced in rat acute pancreatitis, besides in in-
flammatory lung disease [32]. The tissue distribution of
CPA and latexin correlate well in the rat [33]. Latexin has
also been shown to play a role in inflammation, as it is ex-
pressed in rat mast cells and inhibits mast cell CP. It is
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highly expressed upon induction in macrophages, to-
gether with other MCPs and cystatins, which are cysteine
protease inhibitors [28, 29]. Latexin is also widely ex-
pressed in humans, though the tissue distribution is dif-
ferent: here, expression is high in heart, prostate, ovary,
kidney, pancreas and colon and only moderate in brain
[33-35].

Several three-dimensional (3D) structures are available
for vertebrate and insect CPs of the N/E [36] and the A/B
subfamilies, in their active or pro-enzyme form [37—43],
as well as in a complex with protein inhibitors [44, 45].
We report here for the first time the structural analysis of
hPCPA4 as well as additional experimental details and
features of the complex of hCPA4 with latexin, on which
a research report has been recently published [46]. As a
protein-degrading enzyme potentially overexpressed in
prostate cancer, the knowledge of the atomic structure of
hCPAA4, as well as the structural determinants of its inhi-
bition within the zymogen and through an endogenous
protein inhibitor, may provide another piece of the com-
plex puzzle of the pathology.

Materials and methods

Recombinant overexpression and purification

of hPCPA4

The cDNA for hPCPA4, containing the full pro-enzyme
sequence, was kindly provided by D. I. Smith and
H. Huang (Mayo Clinic, Rochester, Minn.). Heterologous
overexpression and production of recombinant protein
was performed in yeast as described previously for
other PCPs [47, 48]. Accordingly, the hPCPA4 cDNA was
cloned, expressed and secreted to the extracellular
medium using vector pPIC9 of the methylotrophic yeast
Pichia pastoris. pPIC9 provides the a-mating factor sig-
nal for secretion and the HIS4 gene for selection of the
recombinant yeast clones. P pastoris was transformed
by the spheroplast method and histidine-independent
transformants were selected and tested for production of
hPCPA4. For analytical expression tests, single colonies
were grown in 15 ml of BMGY medium (1% yeast
extract/2% peptone/90 mM potassium phosphate pH
6.0/1.3% yeast nitrogen base/0.0004% biotin/1% glyc-
erol) for 2 days at 30°C during the growth phase, col-
lected by centrifugation and gently resuspended in 3 ml of
BMMY medium (same as BMGY medium but contain-
ing 1% methanol instead of glycerol) during the induction
phase. The cultures were grown for another 2 days and the
production of protein was monitored after 6, 24 and 48 h
by SDS-PAGE. The identity and correct processing of the
recombinant protein were confirmed by N terminal se-
quencing and its function was checked with the synthetic
substrate N-(4-furylacryloyl)-Phe-Phe-OH (FAPP) after
complete activation of the pro-enzyme with bovine
trypsin at a ratio of 400:1 (w/w) for 2 h at 25°C. After
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selection of the most productive clones, preparative ex-
pression was done in 1L shake-flasks. Cultures were
grown for 2 days in BMGY (growth phase) and for a fur-
ther 2 days in BMMY (induction phase), with an inter-
mediate concentration step to 20% of the initial volume.
At the end of the induction phase, the supernatant was
separated from the cells by centrifugation and, after equi-
libration with ammonium sulphate at 30% of saturation,
loaded onto a hydrophobic interaction column (Toyopearl
butyl 650 M) and eluted with a decreasing gradient (from
30 to 0%) of ammonium sulphate. The elution of the pro-
tein was followed by absorbance measurement and the
zymogen-containing fractions were selected after SDS-
PAGE analysis. These fractions were further purified by
FPLC using an anion exchange column (TSK-DEAE
5PW) with an increasing gradient (from 0 to 0.8 M) of
ammonium acetate. The purified protein was dialysed
against 50 mM Tris-HCl pH 7.5 and concentrated to
~5 mg/ml by Amicon centrifugal filter devices.

Recombinant overexpression and purification

of human latexin

As previously published [46], the human latexin/ECI nu-
cleotide sequence was amplified from human brain first-
strand ¢cDNAs by RT-PCR using sense (5-GGAATG-
GAAATCCCGCCGACCAACTACC-3") and antisense
(5-GGCATCTAGCTTATGAGGCCAAATAATCCCA-3'")
oligonucleotide primers, designed on the basis of the ge-
nomic human latexin sequence (GenBank access code
NM 020169). The PCR reaction was carried out in a 100-
pl reaction mixture using Taq DNA polymerase. Amplifi-
cation conditions comprised 30 cycles of 1 min at 94°C,
1 min at 50°C, and 1 min at 72°C. The final reaction mix-
ture was placed on a 1.2% agarose gel, separated by elec-
trophoresis, and viewed by means of ethidium bromide
staining. A discrete 762-base pair (bp) PCR product
was excised from the gel, and the DNA fragment therein
was isolated by spin filtration. A nested PCR using the
same sense oligonucleotide and an internal antisense
primer (5'-GCCGTCTGCCAAAGGAAGTACAACTG-
GAATAA-3") was performed, with the first PCR product
as a template to ensure product specificity. Amplification
conditions were as before, except for an annealing tem-
perature of 60 instead of 50°C. In this way, a 673-bp prod-
uct encoding the complete latexin protein was amplified,
isolated and subcloned into a T/A cloning vector for fur-
ther manipulation. The cDNA sequence was verified in
both senses. The cloned human brain latexin sequence
was amplified by PCR and subcloned into the Ncol and
EcoR1 restriction sites of the prokaryotic expression vec-
tor pGAT2 (EMBL, Heidelberg, Germany). In this vector,
the target sequence is fused in frame downstream from
the gene encoding glutathione-S-transferase (GST),
which is preceded by a polyhistidine-tag (His-tag). Vec-
tors containing the construct were transformed into com-
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petent BL21(DE3) Escherichia coli cells. For protein ex-
pression, bacterial cultures were grown in 2YT medium
(16 g tryptone/10 g yeast extract/5 g NaCl per litre of wa-
ter) at 37 °C to an OD of 0.8. The temperature was subse-
quently lowered to 18 °C, and the culture induced with
0.2 mM isopropyl--D-thiogalactopyranoside (IPTG) for
24 h. Cells were harvested by centrifugation, resuspended
in PBS buffer (140 mM NaCl/2.7 mM KCI/§ mM
Na,HPO,/2 mM KH,PO,/pH 7.4), treated with Triton X-
100, DNAse and RNAse, and sonicated. The protein was
finally recovered in the supernatant fraction after cen-
trifugation at 17,000 rpm (35,000 g) and loaded onto a
Chelating Sepharose Fast Flow (Amersham Biosciences)
nickel-sepharose His-tag affinity column equilibrated
with 5 mM imidazole/0.5 M NaCl/20 mM Tris-HCl/pH
7.9. After the binding step, the column was washed with
60 mM imidazole/0.5 M NaCl/20 mM Tris-HCl/pH 7.9
and the His-GST-latexin construct was eluted with a lin-
ear gradient (from 0.1 to 1 M imidazole) in 0.5 M
NaCl/20 mM Tris-HCl/pH 7.9. The eluted protein was
dialysed against PBS buffer before thrombin cleavage of
the His-GST fusion through overnight incubation at room
temperature (1 unit thrombin per milligram of His-GST-
latexin). The resulting mixture was loaded again onto the
His-tag affinity column to separate the cleaved latexin
from the His-GST fusion construct. Latexin was finally
purified by size-exclusion chromatography in 20 mM
Tris-HCI1 pH 8.0 and its purity was assessed by SDS-
PAGE and mass spectrometry.

Preparation of the hCPA4/latexin complex

The hCPA4/latexin complex was produced as reported
using fresh preparations of both proteins: the imidazole-
free His-GST-latexin product obtained after elution from
the nickel affinity chromatography and subsequent dialy-
sis, and the hCPA4 product obtained after hydrophobic
interaction chromatography, dialysis, and subsequent
trypsin activation (at a 200:1 w/w ratio) for 90 min at
room temperature. Starting from equimolar amounts of
both proteins, the formation of the complex was moni-
tored spectrophotometrically by measuring the loss of
hCPA4 activity against the FAPP substrate. The resulting
complex was incubated overnight with thrombin (1 unit
thrombin/mg His-GST-latexin) to cleave off the His-GST
tag and subsequently purified by anion exchange chro-
matography (TSK-DEAE 5PW) using an FPLC-Akta
system with a linear salt gradient from 0 to 60% of 0.8 M
ammonium acetate in 20 mM Tris-HCI pH 8.0 [44]. After
its purity had been checked by SDS-PAGE, the complex
was desalted and concentrated to ~6—7 mg/ml by Amicon
centrifugal filter devices.

Latexin inhibitory assays
The K values for latexin against MCPs were calculated
by pre-steady-state kinetics (K; = k y/k,,), using a very
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sensitive substrate and a continuous photometric assay.
The following chromogenic substrates were used: N-(4-
methoxyphenyl-azoformyl)-L-Phe-OH for hCPA1, hCPA2,
bCPA, haCPA and hCPA4; N-(4-methoxyphenyl-azo-
formyl)-Arg-OH for hCPB and hTAFI; and N-(4-fury-
lacryloyl)-Ala-Lys-OH for the hCPN assay. The assays
were performed in 50 mM Tris-HCI/0.1 M NaCl/pH 7.5
with a substrate concentration of 100 UM and enzyme
concentrations of 2 nM. In this assay, the inhibitor, at a
concentration pre-established after different trials with
varying amounts of enzyme and inhibitor, is added to a
continuously monitored progress curve that follows the
generation of product from an enzyme/substrate mixture.
Values for k,,, k. and subsequently K; can be derived
from mathematical processing of the data. To assess the
type of inhibition and to confirm the K; values obtained
previously, steady-state inhibition tests were carried out
by measuring the CPA4 activity at various enzyme/la-
texin ratios and at different substrate concentrations
(fig. 1). The substrate used in this case was FAPP.

Crystallisation of hPCPA4, structure solution and re-
finement

Prism-shaped crystals were obtained by the vapour-diffu-
sion crystallisation method from hanging drops consist-
ing of 1 ul of hPCPA4 (5 mg/ml in 20 mM Tris-HCI pH
7.5) and 1 ul of reservoir solution (0.1 M bicine pH 9.0/
0.2 M MgCl,/14.5% PEG 4000) after 3 days at 4 °C. The
cryoprotecting protocol consisted of soaking crystals in a
mixture containing reservoir solution and increasing (5%
steps) glycerol concentrations (up to 25% v/v) at 4°C,
allowing the crystals to equilibrate for several minutes
after each step. A complete diffraction dataset was
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Figure 1. Latexin inhibits A/B-MCPs. Lineweaver-Burk plot for
hCPA4 inhibition by latexin/ECI measured at four different hCPA4:
ECI ratios. Enzyme concentration: 2nM; latexin concentrations: 0
(<), 0.94 nM (M), 2.32 nM (A), 4.70 nM (O). The experimental
points shown are the mean of three repeated measurements.
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collected at 100 K from a single N, flash-cryo-cooled
(Oxford Cryosystems) crystal on an ADSC Q210 2D de-
tector at beamline ID29 of the European Synchrotron Ra-
diation Facility (ESRF; Grenoble, France) within the
Block Allocation Group ‘BAG Barcelona’. Crystals be-
long to the monoclinic space group C2, harbour two mol-
ecules per asymmetric unit, and diffract to 2.2 A resolu-
tion. Crystals displayed such a high mosaicity (eventually
refining to 2.5°) that automated indexation procedures
employing programs HKL2000, XDS, and MOSFLM
failed, although these programs did determine crystal cell
parameters. Data could eventually be indexed manually
with the latter program using two images on which the
crystallographic two-fold axis became apparent. This en-
abled data processing, scaling, merging, and reduction
with the programs MOSFLM v. 6.2.2. [49] and SCALA
within the CCP4 suite [50] (see table 1).

The structure was solved by Patterson-search methods
with the standalone version of program AMoRe [51], em-
ploying data in the 15 to 3.5-A resolution range. Human
PCPA2 (PDB access code laye [41]) was used as a
searching model as it had the closest sequence similarity
(see fig. 2 and Huang et al. [3]). A single solution was en-
countered for the two molecules present in the asymmet-
ric unit at 91.9,63.1,107.5,0.1874,-0.0002,0.3302 and at
32.9,116.0,286.4,0.8088,0.4046,0.9146 (0.,B,7, in Euler-
ian angles; x,y,z, as fractional unit-cell coordinates), re-
spectively, after rigid-body fitting employing the routine
‘fiting’ [51]. This double solution gave a cumulative cor-
relation coefficient in structure factor amplitudes (CCy)
of 46.0% and a crystallographic R, of 42.1% (for def-
initions, see table 1 and Navaza [51]; second-highest un-
related peak, CCy 23.3%, Ry 48.5%). Subsequently,
manual model building on a Silicon-Graphics graphic
workstation using the TURBO-Frodo program alternated
with crystallographic refinement with CNS v. 1.1 [52]
and REFMACS5 within CCP4, until the final model was
obtained. This model contains protein residues ArgA4 to
GInA99 of the PD and Glul to Tyr309 of the mature pro-
tease moiety (nomenclature according to pPCPB; see
Coll et al. [38] and fig. 2) for each of the two hPCPA4
molecules (chains A and B) present in the asymmetric
unit. All residues are placed in allowed regions of the Ra-
machandran plot except for Ser199 of each polypeptide
(P=157, ¥=-12 in Ser199A; 146/—11 in Ser199B), as
seen in other carboxypeptidases of the A/B subfamily like
hPCPA2 [41]. Each polypeptide chain bears one N-gly-
cosylation attached to Asn148 N&2. In molecule A, the
(omit) electron density suggested the presence of one N-
acetylglucosamine module (Nag901A), while in mole-
cule B two such units were modelled (Nag901B—
Nag902B). Each polypeptide chain harbours one disul-
phide bond (Cys138—-Cysl61l) and three cis-peptide
bonds (Ser197-Tyr198, Pro205-Tyr206 and Arg272—
Asp273). Three hundred and seventy-four solvent mo-
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lecules (Hoh501W-Hoh874W) and four (tentatively as-
signed) glycerol molecules (Gol901W-Gol904W) are
also present in the structure.

Crystallisation of the hCPA4/latexin complex,
structure solution, and refinement.

As previously indicated, plate-like crystals were obtained
for the complex from hanging drops containing 1 pul of
protein solution (~7 mg/ml), 1 ul of reservoir solution
[40% 2-methyl-2,4-pentanediol (MPD)/0.1 M Bis-Tris
pH 6.5], and 0.2 ul 40% acetone after about 4 days at
20 °C [46]. The presence of both proteins in the crystals
was assessed by mass spectrometry. The crystals were
flash-cryogenised in liquid N, directly out of the drop.
The structure of the complex was solved by a combina-
tion of Patterson search and multiple-wavelength anom-
alous diffraction (MAD) at the zinc absorption K-edge.
Therefore, a series of complete diffraction datasets was
collected at 100 K from a single crystal on a marCCD 225
detector at ESRF beamline ID23—1. The anomalous ab-
sorption edge was precisely determined by a fluorescence
scan, with which the wavelengths corresponding to the
absorption maximum (f},,,), the inflection point (f},;,) and
a high-energy remote were chosen. A further high-reso-
lution dataset was collected from the same crystal (see
table 1), which was later subjected to mass spectrometry
analysis. The result of this assay was somewhat noisy but
clearly revealed the presence of two peaks at 25,312 and
34,649 Da, compatible with the presence of both the in-
hibitor and the mature protease within the crystal (see
figs. 2, 3). The measured crystal belongs to the mono-
clinic space group P2,, harbours two complexes per
asymmetric unit and diffracts beyond 1.6 A resolution.
Data were processed, scaled, merged, and reduced with
MOSFLM v. 6.2.2. and SCALA (see table 1).

To calculate initial phases, a Patterson search was per-
formed with AMoRe employing the coordinates corre-
sponding to the protein part of the active enzyme (ex-
cluding the catalytic zinc cation) of the hPCPA4 structure
and diffraction data in the 12-4.0 A resolution range. A
single solution was encountered for two molecules in
the asymmetric unit at 10.8,90.3,325.8,0.0302,0.0001,
0.0652 and 149.6,89.2,146.1,0.9697,0.0451,0.5563, re-
spectively. This solution gave an overall CC; of 40.6%
and a crystallographic Ry, of 45.9% (second-highest
unrelated peak, CCr25.1%, Ry,: 50.7%). The rotated and
translated model was refined against the 1.6-A resolution
dataset and the position of the two catalytic zinc cations
was determined by difference Fourier synthesis. These
positions were then used to compute experimental phases
to 2.0 A using the three datasets of the MAD experiment
and program MLPHARE within CCP4. These phases
were combined (o,-weighted) with those from the posi-
tioned and refined hCPA4 moieties (also computed up to
2.0 A resolution) and subjected to a density modification
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Figure 2. Procarboxypeptidases. Sequence alignment of zymogen members of the A/B-MCP subfamily, whose X-ray crystal structure has
been worked out. h stands for human, b for bovine and p for porcine. hPCPA4 shares 63% sequence identity with hPCPA2, 55% with

bPCPA1, 54% with pPCPA1, 41% with hPCPB, and 40% with pPCP
dicating o helices and arrows for 3 strands) are shown and labelled (
ecule and is based on the nomenclature established for porcine PCPB

B. The regular secondary structure elements of hPCPA4 (cringles in-
ol—o12 and B1-12). The numbering corresponds to the same mol-
[38]; this results in insertions (between position 30A and 31A, at the

end of the PD and at the end of the enzyme part) and deletions (at the N terminus of the PD, between 41 A and 46A of the PD and at posi-
tion 186 of the enzyme moiety). hPCPA4 has a single insertion between positions 55 and 56 of the active enzyme. The SwissProt/TrEMBL
sequence access codes for each protein are given in parentheses. After similarity shading according to MULTALIN/ESPRIPT 2.2, strictly

conserved positions are in white over dark grey, and those conserved
light grey.

step (with DM within CCP4) under two-fold averaging
and phase extension to the full resolution of the
1.6-A high-resolution dataset. This produced an electron
density map of excellent quality (see fig. 4A), which en-
abled straightforward tracing of the two complexes. Sub-
sequently, manual model building alternated with crys-
tallographic refinement until the final model, featuring
protein residues Ser3 to Leu308 of each of the two hCPA4
molecules (chains A and C) and residues Metl to Lys217
of the two latexin molecules (chains B and D), was ob-
tained. The polypeptide chains were well defined by elec-
tron density, except for loops B1532 (centred on Pro46B
and Pro46D) and loops B384 (around Gly80B and
Gly80D) of the latexin molecules, which are somewhat
flexible at these points. All main-chain angles of the

over 50% (including residues of equivalent nature) are boxed and in

polypeptide chains were placed in permitted regions of
the Ramachandran plot. Ser199 of both hCPA4 polypep-
tide chains A and C showed values close to those in the
zymogen, though within a generously allowed region
(@=156, ¥=-8 in Ser199A; 155/-6 in Ser199C). Some
residues were modelled with double occupancy of
their side chains. One N-acetylglucosamine module
(Nag901A and Nag901C) was attached to Asn148 N2 of
each hCPA4 moiety. A free-standing valine residue was
found at each of the hCPA4 active sites (Val998A and
Val998C). Disulphide bonds and cis-peptide bonds of
hCPA4 were as in the zymogen. Each latexin chain
showed an additional cis-peptide bond (Ile122-Pro123).
One thousand one hundred and fifty-three solvent
molecules (Hoh1W-Hoh1153W), 12 MPD molecules
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Figure 4. Structure of human latexin. (4) Detail of the original experimental electron density (resolution 1.6 A; contour level 10), after
phase combination with the Patterson-search solution and density modification, superimposed on the final refined model. The region
around the centre of the C-terminal [ sheet of latexin is shown, and some residues are labelled. (B) Ribbon plot of human latexin, view of
the upper barrel surface. The N terminal subdomain (white), the connecting segment featuring helix o2 (black) and the C-terminal subdo-
main (dark grey) are shown. The constituent regular secondary structure elements are labelled. (C) Lateral view of the barrel. (D) Super-
imposition of the N- and C-terminal subdomains of latexin. Same grey tone coding as in (B).

(Mpd1L-Mpd12L) and an acetone molecule (Acnl3L)
were also identified.

Miscellaneous

The structures of both hPCPA4 and the latexin/hCPA4
complex have two copies in their respective asymmetric
units. These copies are structurally equivalent, with an
rmsd of 0.29 A for the two hPCPA4 molecules (suffixes
A and B) and of 0.27 A for the two complexes (protease
moieties are A and C and the inhibitor chains are B and
D). Accordingly, discussion will consider only molecule
A of hPCPA4 (residues ArgA4A to GInA99A of the PD
and GlulA to Tyr309A of the enzyme moiety; nomen-
clature according to Coll et al. [38] and fig. 2) and
the complex consisting of molecule A of hCPA4 (Ser3A
to Leu308A) and molecule B of latexin (MetlB to
Lys217B).

Figures were prepared with the TURBO-Frodo, GRASP,
and SETOR programs; superimpositions and searches for
structural similarity were performed with SIM, TURBO-
Frodo and DALI; and multiple sequence alignments, with
MULTALIN and ESPRIPT 2.2. Of particular help was
program DBALIi2.0 [53]. Close contacts and interaction

surfaces were calculated with CNS. The final coordinates
of hPCPA4 and the hCPA4/latexin complex have been de-
posited with the Protein Data Bank (PDB access codes
2boa and 2bo9) at the European Bioinformatics Institute
(www.ebi.ac.uk/msd), Hinxton (UK).

Results and discussion

Inhibition profile of latexin

The results of inhibition studies of mature hCPA4, ob-
tained after tryptic activation, with human latexin are
shown in figure 1. The profile corresponds to non-com-
petitive inhibition, since addition of latexin affects only
V.. and not K . However, this is valid for synthetic,
small substrates like those used here and in most CP ac-
tivity determinations. The presence of a huge inhibitor
molecule on top of the active site might preclude not only
the binding of natural substrate molecules, but even their
docking. In this case, the action of latexin in a cellular
context is more difficult to define and its mechanism is
better considered a mixed inhibition. Since obtaining ki-
netic data of CPs with natural peptides has always been
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difficult, we suggest that, with the substrates and the data
presented here, the definition of the action of latexin on
CPs as tight-binding non-competitive inhibition is ade-
quate.

As previously reported, all vertebrate A/B-type MCPs
tested were inhibited. The kinetic inhibition constants
(K;), calculated by pre-steady-state analysis and con-
firmed by parallel steady-state measurements, are in the
nanomolar range [46] and similar to those obtained with
the LCI invertebrate inhibitor from leech [54]. Thus, K|
values calculated for bCPA, hCPA1, hCPA2, hCPB,
hTAFI and hCPA4 ranged from 1.1 to 3.5 nM. However,
human latexin fails to inhibit not only members of the
N/E class like hCPN or duck (d)CPD domain 2, but also
an invertebrate A/B-MCP from the cotton bollworm, He-
licoverpa armigera, haCPA, despite 30% sequence iden-
tity of its zymogen with hPCPA4 [A. Bayés, personal
communication]. The invertebrate enzyme was more effi-
ciently inhibited by PCI than by LCI, unlike other verte-
brate CPs [54]. This suggests further diversification in
specificity between vertebrate and invertebrate A/B-
MCPs. The inhibition results reported here are in accor-
dance with those described for rat latexin against various
MCPs. Those studies, however, established an IC, value
100-fold larger for bCPB and 10-fold larger for mast cell
CP than for bCPA [33]. It was also shown that rodent la-
texin does not inhibit N/E CPs like mouse (m)CPH and
hCPM, nor other metalloproteases like gluzincins (ami-
nopeptidases, neprilysin, dipeptidyl peptidase, leukotri-
ene A4 hydrolase) and serine proteases (trypsin, chy-
motrypsin, elastase, and yeast CPY) [33].

The structure of hPCPA4

hPCPA4 has high sequential similarity with other mam-
mal PCPs (37-63% identity) and somewhat lower simi-
larity (27-43% identity) with non-vertebrate forms, such
as those in E. coli, Caenorhabditis elegans, Saccha-
romyces cerevisiae and Drosophila melanogaster. The
closest relationship found was with hPCPAl and
hPCPA2, which confirms that it is a new member of the
human CPA subfamily [3]. Similar to other PCPs (see fig.
2 and Vendrell at al. [9] for a review), the hPCPA4 zymo-
gen structure consists of an N terminal 96-residue PD and
a C-terminal 308-residue mature enzyme moiety. The PD
blocks access of larger substrates to the preformed en-
zyme part, with a buried surface at the interface of 2240
A2, 1t consists of a globular portion (ArgA4A-AspAS81A)
and an adjacent connecting segment (LeuA82A-Ser4A),
comprising a long o helix that includes the activation
scissile bond (Arg2A-Ser3A) (fig. 5a). The globular por-
tion adopts a two-layer open-face sandwich topology
with a four-stranded antiparallel 3 sheet on the side fac-
ing the mature enzyme and two helices on the opposite
side. A B ribbon, consisting of the second and the third
strands and the loop in between (segment AsnA36A to
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LeuAS5A,; see figs. 2, and 5A), is the main structure re-
sponsible for latency. In total, PD establishes 47 interac-
tions below 4 A with the enzyme moiety, involving 12 hy-
drogen bonds, ten van-der-Waals interactions and one salt
bridge. Among these contacts, a double hydrogen bond of
the side chain of AsnA36A with Arg71A Nnl and
Glul63A Oel of the enzyme moiety is novel. In all other
PCPs studied (see fig. 2), the position of AsnA36A is oc-
cupied by an aspartate which establishes a salt bridge,
with arginine kept strictly at position 71 of the enzyme.
The PD does not completely shield the mature enzyme,
thus acting as a non-competitive inhibitor (fig. 1). This al-
lows the access of smaller peptide substrates to the active
site, as already noted for other CPA-like PCPs, and ac-
counts for residual CP activity [39, 41].

The mature enzyme has a compact globular shape and
recalls a sphere, out of which a spherical cone has been
cut, resulting in a funnel-like structure (fig. SA). The
active-site cleft resides at the bottom of this funnel.
The domain shows the classical o/f-hydrolase fold of
A/B-MCPs [55], with a central mixed parallel-antiparal-
lel eight-stranded B sheet flanked on both sides by sev-
eral helices (fig. 5A). The active-site residues are close
to the C terminus of the central parallel 3 strands (figs.
5A, 6, 7). The funnel border is shaped by several loops
which connect regular secondary-structure elements and
which are responsible for interactions with PD and pro-
tein inhibitors such as PCI and LCI [44, 45]. The cat-
alytic zinc ion is tetrahedrally coordinated by His69A,
Glu72A, His196A, and a catalytic solvent molecule
(Hoh501W), further polarised by the side chain of the
general base, Glu270A. Further residues traditionally
identified as responsible for substrate binding and catal-
ysis [9, 10] are Argld45SA, Tyr248A, Argl27A and
Glu270A shaping active-site subsite S;; Arg71A,
Ser197A, Ty198A and Ser199A for S, and Phe279A for
S;. The terminal carboxylate group of a substrate is fixed
by Asnl44A, Argl45A and Tyr248A, while the scissile
carbonyl group is near Glu270A, Argl27A and the cat-
alytic zinc. Typical CPA-like specificity towards hy-
drophobic side chains in substrates is accomplished by
a hydrophobic S, pocket, shaped by the side chains
of Met203A, Thr243A, Val247A, Ala250A, 1le255A,
Thr268A and Tyr248A.

The human latexin structure and comparison with
the mouse orthologue

Human latexin, as seen in its complex with hCPA4 [46],
has an elongated shape, maximum dimensions of about
65x40x40 A (fig. 4) and an o/f3 topology within a single
222-residue polypeptide chain. The latter five residues
are not visible in the electron density maps. The protein
can be split into two subdomains, an N terminal subdo-
main (NTS; from Met1B to Glu92B; see fig. 4B, D) and
a C-terminal one (CTS; Lys114B-Lys217B). The sub-
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Active site

Figure 5. hPCPA4 and comparison with the hCPA4/latexin complex. (4) (left) Ribbon plot of hPCPA4, with the PD (globular part in blue,
connecting segment in cyan) and the mature enzyme moiety (in orange). The protein residues coordinating the catalytic zinc ion (yellow
sphere) are shown in violet, as is the glycosylation site (Asn148A). The catalytic solvent molecule is shown as a white sphere. The activa-
tion site is denoted by a magenta arrow. (right) Cartoon illustrating the overall shape of the protease moiety. (B) Stereo cartoon of the Cox
plots of hPCPAA4 (yellow sticks) and the latexin/hCPA4 complex (cyan) after superimposition of the protease moieties. The termini of each
molecule are labelled. (C) Close-up of the active-site environment of the protease showing segments slightly rearranged on going from the
zymogen to the complex. The protease in the complex is shown as cyan sticks (the latexin inhibitory loop as a blue Ca trace) and in the zy-
mogen as orange sticks (inhibition loop of PD as yellow Ca trace). Some residues in the complex are labelled for orientation.
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Figure 6. The funnel rims in MCPs. Stereo superimposition of the Cor backbones of hCPA4 (white), as in its complex with latexin, and
dCPD domain 2 (black; PDB 1h81), as representatives of A/B- and N/E-type MCPs, respectively. The orientation corresponds to that in
figure 5B, rotated clockwise vertically 45° and then horizontally 90°. The regions shown are those shaping the border of the funnel
that leads to the active site of the enzymes, pinpointed by the catalytic zinc ion of hCPA4 (grey sphere in the middle). The five main in-
sertions/deletions accounting for lack of interactions (@ to @) or potential steric clashes (@ to @) with latexin, on going from hCPA4
to dCPD domain 2 are: @, Thr274A-Tyr277A; @, Serl50A-Asnl71A; @, Ser131A-Ile139A (all of hCPA4); @, GIn226-His241;

©, Ser124-Val133 (both of dCPD domain 2).

domains share an equivalent fold despite minute se-
quence similarity (14% identity), such that 87 of their Car
atoms can be superimposed with an rmsd of 2.1 A (fig.
4D). The subdomains comprise a long o helix (a1 in
NTS, 03 in CTS) and a strongly twisted four-stranded an-
tiparallel 3 sheet of simple up-and-down connectivity
(B1-p4 in NTS, B6-9 in CTS), which accommodates
the helix on its concave side (see fig. 4B). The topology
of this ensemble of regular secondary-structure elements
recalls a left hand, with the helix mimicking the thumb
and the B strands the four fingers (fig. 4D). The B sheet
of CTS contains an additional strand, 35, which runs an-
tiparallel to 86 and is sequentially N terminal to the cog-
nate o helix. The side chains of both helices, ol and o3,
are aliphatic, aromatic or uncharged, except for one
residue (Arg12B and Glul132B, respectively). This causes
these structural elements to interact with their cognate
sheets mainly through hydrophobic contacts. The subdo-
mains are bridged by a connecting segment running along
the molecule surface (Gly93B—Metl113B). It is mainly
constituted by an « helix, 02, which is predominantly
charged, with 6 out of 13 residues with formal charges
(see fig. 3). The quaternary structure of latexin results
from packing the two subdomains against each other
through the o helices. These run antiparallel to each
other, with their axes ~7.5 A away and rotated ~50° rela-
tive to each other around the point at which Ile21B of &l
and Gly145B of o3 meet. This architecture entails that

both curved f sheets are placed on the molecular surface,
together forming a flat, incomplete [ barrel with two
main surfaces, an “upper’ and a ‘lower’ one. Each surface
is shaped by the central parts of helices ¢l and @3 on op-
posite faces and the beginning and ends of the [ strands
(fig. 4B).

The structure of unbound mouse latexin has been re-
ported recently [29]. The rodent orthologue displays the
same number of residues as the human form and shares
85% sequence identity (fig. 3). The Cox backbones of the
two proteins fit well and may be superimposed with an
rmsd of 0.63 A over 213 residues out of the 217 amino
acid positions defined by electron density in the two
structures. The mouse structure reported has three addi-
tional residues preceding the N terminal methionine due
to cloning strategies. The high similarity of the unbound
and the bound forms suggests that there is no induced fit
of the inhibitor upon complex formation. This is akin to
the structure of the target protease moieties, already pre-
formed in the zymogens (see above). The inhibitory loop
of latexin and, in particular, GIn190B, is in the same con-
formation in both structures, as are all the major interac-
tion points with the protease (see below). Minor details
worth mentioning that could be attributable to complex
formation include position 125B, whose side chain ro-
tates about 260° around its j, angle in the transition from
the unbound mouse to the complexed human structure to
prevent collision with the side chains of Argl24A and
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Figure 7. The hCPA4/latexin complex. (4) Ribbon plot of the inhibitor/enzyme complex showing hCPA4 in orange and latexin in green,
with segments containing residues intervening in intermolecular contacts in magenta. The protease residues coordinating the catalytic zinc
ion (yellow sphere) are shown in violet, as is the glycosylation site (Asn148A). The catalytic solvent molecule is shown as a white sphere.
The protease moiety has similar orientation to that in figure SA. (B) Close-up in stereo of the section around the catalytic active-site cleft
and the region of main peptidase/inhibitor interactions. Latexin is in magenta and hCPA4 is coloured according to atom type. The catalytic
zinc ion (violet) and solvent molecule (cyan) are shown as little spheres. (C) Lateral view of the latexin/hCPA4 complex, as in 4, on the
right; and a view of the back surface on the left. In both cases, the structure is superimposed with its Connolly surface showing the elec-
trostatic potential [ranging from —10 k;T/e (red) over 0 kyT/e (white in hCPA4, beige in latexin) to +10 kyT/e (blue)]. (D) Interacting sur-
faces in the complex. Residues of the inhibitor (above; magenta) and the protease (below; green) engaged in complex formation are
matched on the respective Connolly surface (see also table 2). This view comes from C after 90° horizontal rotation of each of the compo-

nents.

Trp73A of the protease. Glul91B rotates 90° around y,,
which brings it in contact with the protease main chain at
Glul63A N. The remainder is very similar in the two
structures and significant deviations can only be found at
the tip of loop 8334 (2.4 A at Gly80B Cc) and at the be-
ginning of CTS (1.5 A at Lys114B Ca), possibly due to
crystal contacts.

Structural details of the latexin/hCPA4 complex

In the human complex structure, the inhibitor is placed on
top of the funnel bordering the active site and traps loop
B12012 (encompassing residues Asp273A—Pro282A) of

the protease through its lower barrel surface at the subdo-
main interface (fig. 7). This lower surface of the inhibitor
has a greater indentation than the upper, shallower sur-
face. This results in a cavity of 235 A3, once the complex
with hCPA4 is formed, which is partially occupied by an
MPD molecule. The complex buries a total surface of
2,340 A2 at the protein interface with a shape comple-
mentarity of 71%, a value which indicates a good fit be-
tween interacting surfaces [56]. The surface is rather
large if compared with typical protease-inhibitor com-
plexes, which span between 1250 and 1750 A2 [57], and
results in several solvent and MPD molecules being en-
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Table 2. Interaction scheme between hCPA4 and latexin.
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Latexin hCPA4

Arg71- Trp73- Argl124- Leul25- Glul63- Tyr198- Glu237- GIn239- Thr245- Val247- Tyr248- Thr274- Thr274- Thr276- Thr276- Phe279- Ala283-

N2 C{ Ne C& N on 0g2 Cp

o) o) op op 0 oy cp ¢ N

Thr6-Cy2 3.79
Tyr8-N

Argl2-Nnl

Glu33-0e2

GIn35-Ne2 2.81
Asnl25-O 2.94

Phel26-O

Phel26-Ce2 3.77

Trpl41-Cn2

Lys159-N¢

Vall61-Cyl 3.90

Leul83-Cél 3.68

His185-Nél 2.68
His185-Cel

GIn190-O0  2.83

GIn190-Ne2

GIn190-Oel 2.89

Glul91-Oel 291

1le192-C»2 3.95

2.94
3.17 2.79

3.92
3.04

291

The distance (in A) is shown at the intersection between interacting atoms. There are a total of 47 contacts below 4 A, with 13 hydrogen

bonds and seven hydrophobic interactions.

closed between the protein molecules. However, complex
formation entails rather few direct interactions, as only 48
intermolecular contacts below 4 A are observed, among
them 13 hydrogen bonds and 7 hydrophobic interactions
(see table 2). The number of hydrogen bonds is within the
range of the numbers of previously described protease-in-
hibitor complexes, which, however, are joined through
roughly half the surface area. The interaction involves 15
residues of both hCPA4 and latexin, which again is unlike
other protease-inhibitor complexes, in which, character-
istically, a similar number of inhibitor residues (10-15)
interact with twice as many protease residues [57]. These
peculiarities can be attributed to the rather shallow inter-
acting surface of latexin and to the protease mainly inter-
acting though the border of the funnel that gives access to
the active site (see above).

The most interesting feature of the interaction is that none
of the latexin termini is involved in protease inhibition.
This is in contrast to what has been described for other
complexes of MCPs with exogenous inhibitors like PCI
and LCI, in which a conserved seven-residue C-terminal
segment contributes to inhibition in a substrate-like bind-
ing manner. Substrate-like binding occurs in other com-
plexes through the N terminal tails of inhibitors, as ob-
served in metalloprotease/inhibitor complexes of matrix
metalloproteinases (MMPs) with tissue inhibitors of met-
alloproteinases (TIMPs) and of serralysins with their cog-
nate inhibitors [44, 45, 58, 59]. Rather, latexin inhibition
is mainly caused by an inhibitory loop provided by the
central part of the 3 sheet of the CTS, reminiscent of the
inhibition through PD in the zymogen. This loop is
shaped by the end of strand f37, the beginning of 38 and
the connecting loop 7[38, which penetrates the protease

moiety. This behaviour is also found in cystatins, in-
hibitors of cysteine proteases which also employ a [ rib-
bon structure for inhibition, as seen in the steffin/papain
complex [60] (see below). GIn190B Ng&2, at the tip of
loop 3738, most closely approaches the active site (5.8 A
away from the catalytic zinc ion). In the latter, a free va-
line (Val998A), not found in the zymogen and probably
left behind after a proteolytic event during purification, is
encountered in the specificity pocket (fig. 7B). This find-
ing was described previously for pPCPA1 [39]. Strikingly
important for complex stability is the interaction of
GIn190B with Arg71A (see table 2). The latter is a basic
residue present throughout A/B-MCPs and is required for
maintenance of the crucial salt bridge with AspA36
(AsnA36A in PCPA4) of the PDs of PCPs (see above).
This basic residue is absent in N/E forms, which are not
secreted as pro-enzymes. GInl190B, furthermore, inter-
acts with Tyr248A in ‘down’ conformation (see below).
This tyrosine is a residue involved in hydrogen bonding
of the P, amide nitrogen of substrates through its On
group. The position of GIn190B within the inhibitory loop
is maintained by an intramolecular interaction with the
Ne&2 atom of the preceding His185B (2.8 A). This histi-
dine further interacts via an edge-to-face van-der-Waals
contact with the side chains of Phe279A and Tyr198A of
the protease moiety. Among the structurally important in-
teractions of the inhibitory loop are also the one estab-
lished by Glul91B, approaching Glul63A, and by both
[1e192B and Leul83B, contacting Leul25A. The position
of the inhibitory loop is further fixed through intramole-
cular main-chain interactions with the neighbouring
strands 86 and B9, as well as with loop o36. Here,
Val161B makes a hydrophobic interaction with Leul25A,
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and Lys159B a hydrogen bond with Thr274A. Further
complex stabilisation is provided by latexin loop 8503 of
the CTS, which comes close to the funnel border of the
protease. In particular, the tip of the loop (around
Phel26B) contacts Argl24A, Trp73A and, weakly,
Ala283A (table 2). Two other regions, belonging to the
NTS of latexin, participate in contacts, the beginning of
helix a1 and the preceding residue, and the adjacent cen-
tral part of strand 1. Here we observe six interactions
(Tyr8B N-Thr245A O; Argl2B Nnl-Val247A O; Thr6B
C12-GIn239A Cpf; Glu33B 0£2-Thr274A Oyl and -
Thr276A Oy1; GIn35B Ne2-Glu237A Og2). Last but not
least, Trp141B makes an additional isolated hydrophobic
contact with the methyl group of Thr276A.

The mode of latexin inhibition described may explain
why those CPs with the characteristic PD, the A/B-MCPs,
are inhibited by latexin, whereas CPs without PD, e.g.
N/E-MCPs like hCPM and dCPD domain 2, are not in-
hibited. In general, five loops in the regions furnishing
the funnel border can be distinguished for either the A/B-
or the N/E-MCPs, and potential steric clashes and lack of
interactions may justify the selective inhibitory profile
of latexin. The absence of a long insertion in hCPA4,
Ser150A—Asnl71A, reduced to Ala142—Ser149 in hCPM
and GIn150-Pro157 in dCPD domain 2 [see fig. 6 and
refs. 36, 61], and the adjacent Ser131A-Ile139A, assist-
ing in hCPA4 to strut the previous loop and short-
circuited to a single residue in hCPM (Asnl31) and
dCPD domain 2 (Asnl39), dramatically diminish the
interaction possibilities. The same occurs in the loop re-
gion Thr274A—Tyr277A in hCPA4, absent in hCPM and
dCPD domain 2. However, the most important features
are two characteristic loop insertions of N/E-MCPs,
Lys221-Asn233 (hCPM) or GIn226-His241 (dCPD do-
main 2), as well as Vall16-Ser124 (hCPM) or Ser124—
Val133 (dCPD domain 2), which would sterically clash
with the inhibitor (figs. 6, 7). In the case of haCPA,
shown not to be inhibited by latexin despite being an A/B-
MCP (see above), the only structural difference observed
with hCPA4 is an insertion in the invertebrate protein be-
tween the positions equivalent to Leu271A and Gly278A
of the human counterpart. This results in a loop that
is four residues longer and that would collide with latexin
helix o3.

Differences of hCPA4 between hPCPA4

and the latexin complex

The overall structure of h(CPA4 in the zymogen and in the
inhibitor complex is, in general, equivalent (303 topolog-
ically equivalent Cor atoms from Phe7A to Leu308A;
rmsd 0.40 A; see fig. 5B, C). However, closer inspection
revealed some noteworthy structural differences. First,
the N terminal four-residue segment of the mature en-
zyme is rotated (mainly around Asn6A C-C¢) away from
its position in the zymogen such that the new N terminus,

Regulation of human carboxypeptidase A4 acitivity

Ser3A N, is anchored to the molecular surface by a triple
interaction, with Arg28A 061 (3.2 A) and O&2 (2.8 A)
and with Asn24A 081 (2.9 A). Other differences arise, on
the one hand, from the different interactions made with
the PD and latexin and, on the other, from the left-behind
free valine (Val998A) mentioned above. This valine, pre-
sent in the complex but not in the zymogen, causes a re-
arrangement of the side chain of Tyr248A from an ‘up’ or
‘open’ conformation (as in Coll et al. [38]) to a ‘closed’
or ‘down’ conformation, as observed in (P)CPs with an
‘occupied’ pocket [36, 39, 41]. This puts Tyr248A On in
a position to interact with both a carboxylate oxygen
group (2.5 A) and the free amino group of valine (3.0 A),
besides the mentioned interaction with Gln190B of la-
texin (see above). This rearrangement of Tyr248A entails
also a displacement of the whole polypeptide chain from
Val247A to Ser251A (maximal at Pro249A Co with 1.0
A; see fig. 5C). In a concerted movement, the adjacent
segment Glyl153A—Vall64A is also shifted (maximal at
Glyl55A Coa with 1.6 A). However, this second re-
arrangement may also be influenced by a contact with the
N terminus of a crystallographically related protease
moiety. Other minor changes include the side chain of
Arg71A, slightly reallocated from the position adopted to
exchange a hydrogen bond with AsnA36A in the zymo-
gen to interact with Gln190B of the inhibitor (see above).
Also, Argl127A replaces its hydrogen bond with the main-
chain carbonyl of Glul63A in the zymogen by a salt
bridge with the carboxylate group of the free valine. Fi-
nally, the side chain of Argl45A is also rearranged to
contact this carboxylate group (see fig. 5C).

Structural similarities of latexin

Interestingly, the overall topology of latexin resembles
the structure of serralysin inhibitors [58, 62], which tar-
get the serralysin family of bacterial metalloendopepti-
dases (MEPs), part of the metzincin clan of MEPs [63].
In these cases, the endogenous inhibitors are also 3 bar-
rels of simple antiparallel up-and-down connectivity, but
they are shaped by eight strands and closed, with a helix
inserted between the third and fourth strands. All in all,
these bacterial inhibitors are about half the size of latexin
and their inhibition mode is different. Latexin also has
some similarities with cystatins in the way it functions
and bioinformatic searches have de facto identified
chicken egg-white cystatin (PDB 1lcew [64]) and mon-
ellin (PDB 1 mol [65]) as the closest structural homo-
logues to latexin (see fig. 8). Monellin is the main agent
responsible for the sweetness of plant berries and is
among the sweetest substances that have been identified
so far. It bears close structural similarity to cystatins. The
structural similarity of latexin with the latter is, however,
limited to less than half of the complete molecule, as it
encompasses only one of the two subdomains, and entails
low sequential similarity. In particular, 87 Cor atoms of
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Figure 8. Structural similarities to latexin. Stereo-plot showing the superimposition of human latexin (NTS in cyan, connecting segment in
violet, CTS in blue) on chicken egg-white cystatin (red; PDB 1cew [64]) and sweet protein monellin from the serendipity berry (Dioscoreo-
phyllum cumminsii) (green; PDB 1 mol [65]). The termini of each chain are labelled. The approximate position of a cysteine proteinase
when inhibited by a cystatin (as inferred from the steffin/papain complex; PDB Istf, [60]) is indicated by a yellow arrow; and the location

of hCPA4 in the complex with latexin, by a blue arrow.

cystatin and latexin can be aligned with an rmsd of 2.2 A
(16% sequence identity), as can 81 Cor atoms of monellin
and latexin (rmsd 2.4 A; sequence identity 14%). Closer
inspection reveals that the structural unit consisting of the
o helix and the surrounding 3 sheet can be superimposed.
One main difference is that cystatin displays an additional
o helix between the strands equivalent to 32 and 33 of la-
texin, while monellin shows shorter strands equivalent to
B1, B2 and B3. Inhibition of cysteine proteinases through
cystatins, as observed in the steffin/papain complex [60],
occurs through the tips of the fingers following the left-
hand similitude in the fold, through the loop connecting
the strands equivalent to 152 and B34 of latexin NTS
(or 67 and B89 considering CTS), and through the N
terminus. In contrast, latexin inhibits by elements partic-
ipating in the interface between the two subdomains lo-
cated on the opposite face of the inhibitor (fig. 8). Fur-
thermore, slight conformational differences, mainly due
to deletions/insertions, of both previously mentioned
loop pairs of NTS and CTS suggest that these should not
inhibit cysteine proteinases, a finding experimentally
proved in the case of papain [our unpublished results].

Interestingly, two tandem copies of cystatin-like repeats
have been predicted for inhibitors of metzincins belong-
ing to the astacin and adamalysin/ADAM families. In
particular, the endogenous protein inhibitor of carp
nephrosin, an astacin, and two proteins isolated from
snake venoms, Trimeresurus flavoviridis Habu serum
factor and Bothrops jararaca BJ46a, inhibitors of snake
venom adamalysins/ADAMSs, have been described [66].

They are all members of the fetuin family of proteins and,
as in the case of latexins, are unable to inhibit cysteine
proteases despite structural similarity with cystatins.
However, no structural information on their mode of in-
hibition is currently available.

A novel family of potential A/B-MCP inhibitors
Bioinformatic retrieval within complete and unfinished
genome sequence projects has revealed a number of pu-
tative proteins which have significant sequence similarity
to human latexin (fig. 3). These sequences go beyond
mammals to include other vertebrates like frogs, birds
and fish. The aligned sequences were compiled from EST
libraries from diverse tissues and organs, including kid-
ney, spleen, liver, brain, lung, ovary, testis, aorta, carti-
lage, placenta, thymus, gut and small intestine. Accord-
ingly, the broad tissue distribution strongly suggests tem-
poral and spatial ubiquity in the transcription of these
genes. Inspection of the residues mainly engaged in inhi-
bition suggests that they are mostly highly conserved or
conservatively substituted. Therefore, it has recently been
proposed that these sequences be grouped in the latexin
family, which comprises biochemically characterised in-
hibitors (from human, rat and mouse, grouped into
MEROPS inhibitor family 147 [67]) as well as potential
MCEP inhibitors [46], and may also harbour structurally
related proteins with other functions.

Apart from the closer rodent orthologues, a sequence rel-
ative that has been studied at the biochemical level is
ovocalyxin-32, a chicken eggshell protein highly ex-
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pressed and secreted by surface epithelial cells of the
isthmus and the uterus during eggshell formation. Its
molecular interacting partners have not been discovered,
but it has been ascribed to the matrix [68]. Further simi-
larity can be found with a protein whose expression is
induced by retinoids in skin raft cultures, retinoic acid re-
ceptor responder protein 1 (RARRESI alias tazarotene-
induced gene 1 protein, TIG1), a putative tumour sup-
pressor gene with various splice variants [69]. Retinoids
are known to down-regulate the expression of metallo-
proteases, cytokines and other genes involved in cell pro-
liferation and inflammation through ligand-dependent
transcription factors that are retinoic acid receptors [70].
Thus, RARRES1/TIGI could be a response to hyper-pro-
liferative and inflammatory processes like skin diseases,
putatively acting against MCPs engaged in inflamma-
tion. RARRES1/TIG1 orthologues were found in cattle,
pig, rat and mouse, with sequence identities ranging from
28 to 31% of human latexin (fig. 3) in a common stretch
of ~220 residues. They show additional N terminal
residues that may encode membrane anchors [29, 70].
Interestingly, multiple sequences very similar to latexin
have been found in several organisms (see fig. 3). In the
African clawed frog there are even three potential par-
alogues, with 49, 34 and 33% sequence identity with hu-
man latexin. These sequences could encode putative la-
texin isoforms. This is reminiscent of TIMPs, for which
four different variants have been reported (TIMP-1 to
TIMP-4), with multiple presence in several organisms
[71].

Conclusions

There are some similarities in the way latexin and the PD
block the hCPA4 enzyme moiety, basically a comparably
large interface area and relatively few contacts. The main
interaction area includes the lower barrel surface of la-
texin around the CTS f sheet. This arrangement is some-
what reminiscent of the outer face of the four-stranded
sheet of the globular part employed by PD for inhibition.
In both cases, active-site blocking occurs with participa-
tion of an inhibitory loop provided by the central part of
the mentioned S sheets. However, while latexin com-
pletely blocks access to hCPA4, thus inhibiting in a non-
competitive manner, the activation segment in hPCPA4
does not shield wholly the active-site cleft, which smaller
peptide substrates can reach, as occurs in other type-A
PCPs, though not type-B ones [41].

The striking structural similarity of latexin subdomains
and cystatins suggests that the latter can be seen as evo-
lutionary ancestors. Genetic duplication of such a cys-
tatin module, including the incorporation of a 41-residue
linker in between and subsequent sequential divergence
may have given rise to the current structure of latexin.

Regulation of human carboxypeptidase A4 acitivity

The latter, however, employs different regions to perform
the common task of inhibiting proteases.

Latexins seem to be restricted to vertebrates and have
been found in organisms ranging from fish and frogs to
mammals and other higher vertebrates. No sequences
could be retrieved from invertebrates or other less com-
plex organisms. Invertebrate A/B-MCPs and N/E sub-
family MCPs are not inhibited, as happens with several
endopeptidases studied. Our molecular studies show that
structural determinants simultaneously confer vertebrate-
linked specificity to latexins and sufficient variability to
strongly inhibit all vertebrate forms tested, even across
the species barrier.

There is a parallel evolution in the studies of A/B-MCPs
and MMPs. These MEPs were found because of their
non-specific degradation of extracellular matrix compo-
nents in vertebrates, as occurs during tissue turnover and
developmental and metamorphic processes, but also dur-
ing tissue destruction in pathologies such as cancer and
arthritis. They were located in the extracellular space
where these events take place. However, decades of work
led to a re-examination of the roles of MMPs as they were
observed in a specific context to be engaged in limited
proteolysis events of single or few peptide bonds. Fur-
thermore, they were expressed in several organs and tis-
sues and also in non-vertebrates, even possibly in bacte-
ria and viruses [63]. Examples of these new selective
functions are the ectodomain shedding of non-matrix
substrates like growth factors and growth-factor-binding
proteins to liberate membrane-anchored substrates and
thus facilitate autocrine and paracrine interactions. Other
substrates include pro-proteinases and clotting factors
that must be activated, proteins regulating apoptosis, and
others engaged in cell migration and in intercellular com-
munication [71]. Likewise, the perceived importance of
A/B-MCPs has evolved from indiscriminate protein
crunchers to sophisticated regulators of hormone home-
ostasis or fibrinolyisis, as well as of other important func-
tions associated with selective limited proteolysis. MMPs
are inhibited by their endogenous tissue inhibitors, the
TIMPs, which show complementary spatial and temporal
expression patterns. The putative latexin member ovocal-
ixin-32 was identified as a matrix protein, like TIMPs and
MMPs. All these findings suggest that latexins are the en-
dogenous inhibitors of A/B-MCPs in vertebrates, as
TIMPs are of MMPs.
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