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ABSTRACT. We report a systematic and detailed analysis of recombinant neurolysin (EC 3.4.24.16)
specificity in parallel with thimet oligopeptidase (TOP, EC 3.4.24.15) using Bk sequence and its C- and
N-terminal extensions as in human kininogen as motif for synthesis of internally quenched fluorescent
substrates. The influence of the substrate size was investigated, and the longest peptide susceptible to
TOP and neurolysin contains 17 amino acids. The specificities of both oligopeptidases to substrate sites
P, to P5' were also characterized in great detail using seven series of peptides based on Abz-GFSPFRQ-
EDDnp taken as reference substrate. Most of the peptides were hydrolyzed at the bond corresponding to
P*—F® in the reference substrate and some of them were hydrolyzed at this bond%tSitidond. No
restricted specificity was found for;Pas found in thermolysin as well for, Bubstrate position, however

the modifications at this position {Pshowed to have large influence on the catalytic constant and the
best substrates for TOP contained at Phe, Ala, or Arg and for neurolysin Asn or Arg. Some amino

acid residues have large influence on Kaeconstants independently of its position. On the basis of these
results, we are hypothesizing that some amino acids of the substrates can bind to different sub-sites of the
enzyme fitting P-F or F—S bond, which requires rapid interchange for the different forms of interaction
and convenient conformations of the substrate in order to expose and fit the cleavage bonds in correct
position for an efficient hydrolysis. Finally, this plasticity of interaction with the substrates can be an
essential property for a class of cytosolic oligopeptidases that are candidates to participate in the selection
of the peptides to be presented by the MHC class I.

Thimet oligopeptidase (EC 3.4.24.15, TORNd neuro- the same GR¥?residue were reported to impair TOP activity;
lysin (EC 3.4.24.16) are two zinc-dependent peptidases,therefore, the structure of the zinc-binding site is not
which contain the consensus motif HEXXH in the primary unequivocal 7). TOP is able to hydrolyze oligopeptides but
sequence 1—3). Among the metallopeptidases TOP and not proteins 8, 9), although most of the substrates for
neurolysin belong to the M3 family so far not included in neurolysin are oligopeptides it was reported to process
any clan 4, 5). On the other hand, the third zinc-binding proproteins such as the vitamin K-dependent protelid. (
residue in TOP was identified by site-directed mutagenesis The mechanism that guaranties the oligopeptidase activity
as a glutamic acid residue (G%, numbering related to rat  of these enzymes prevents incident cleavage of other proteins,
testes enzyme), as observed in the thermolysin-like peptidaseparticularly because TOP and neurolysin do not have a
from clan MA of the metallopeptidases)( However, the  precursor inactive form and the higher amount of these
mutations at other Asp, Glu, and His residues and also atsp|uble enzymes are found in the cytosol. Membrane
associated form of TOPL() and neurolysin12, 13) have

T This work was supported by the Fundaae Amparo éPesquisa ; ifi i ;
do Estado de ®aPaulo (FAPESP), Conselho Nacional de Desenvolvi- heen identified by microscopy approaches. The secretion of

mento Cierifico e Tecnolgico (CNPg), and Financiadora de Estudos 1OP ha? been repor_ted in AtT204 15) and MDCK cells
e Projetos (FINEP) through the PADCT-Biotecnologia Ill program.  (16) while neurolysin was showed to be secreted by
*To whom correspondence should be addressed. Phone: 55-11-astrocytes 17). Camargo and cols introduced the concept

553%33;&;?,?05 g}g;@ig—?od’o' E-mail: juliano.biof@epm.br. ¢ oligopeptidase in 197918); however, a mechanism for

$ Department of Histology. _ _ an oligopeptidase activity was only recently described for
"Laboratory of Biochemistry and Biophysics. prolyl oligopeptidase, in which the access to the catalytic

1 Abbreviations: Bk, bradykinin; DTT, dithiotreitol; Abz-amino- : - : - :
benzoic acid; EDDnp\-(2,4-dinitrophenyl)ethylenediamine; MALDI- center is restricted by a gating filter mechanisb921)

TOF, matrix-assisted laser desorption ionisation time-of-flight; HPLC, but the mechanism by which TOP and neurolysin select only

high-performance liquid chromatography; NMR, nuclear magnetic oligopeptides to hydrolyze remains unknown.
resonance. Two numbers identify the peptides: one in roman to identify . .
them in table and the other in arabic to indicate the table where itis 1 OP and neurolysin have approximately 78 kDa and an

presented. identity of about 65% between their primary sequences. They
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hydrolyze several bioactive or synthetic peptides at the same The enzyme concentration was determined by amino acid

peptide bond Z2—27) and both are strongly inhibited by
phosphonamide2@) or phosphinic 29) peptides, suggesting
that they have closely related active sites.

The initial studies of TOP specificity indicate that it

analysis corrected for the 15% enzyme activity decrease. We
also performed an active site titration, with a tightly biding
inhibitor [Z-PheV (PO,CH,)-Ala-Lys-lle], with aK; ~ 2 nM

(27) that was a kind gift from Dr. Vincent Dive (Department

preferentially cleaved peptide bonds on the carboxy! side of d'Ingénierie et d’Etudes des proteins, DSV, CE-Saclay 91191
hydrophobic residues0, 31). Specific tightly bound phos- Gif Yvette Cedex, France). For this titration, aliquots of rTOP
phinic inhibitors for TOP and neurolysin were obtained using Were preincubated at different inhibitor concentrations, during
combinatorial chemistry procedure82( 33) and it was 24 hat4°C, in afinal volume of 10QiL in the TBS buffer,
reported a preference for Arg at'®y TOP and for Pro at ~ containing glycerol 30% and albuminig/mL, after this,

P, and B' by neurolysin. It was also reported that TOP did the reminiscent activity was measured withu# of the

not hydr0|yze peptides with lle at,Pand On|y cleaves substrate AbZ-GFSPFRQ'EDan, at a final volume of 1 mL
peptides 3 to 6 residues from the C-terminal e84, 65) (dllutlon of 10 timeS) in TBS buffer at 37C. DTT was added
indicating that negative charged carboxylate group;abP 5 min before the preincubation and 5 min before the
Py has favorable effect as Suggested by TOP |nh|b|t3$ ( reminiscent aCtiVity determination; however, DTT concentra-
36) F|uorogenic-quenched peptides derived from bio- tion was kept constant (05 mM) regardless of the dilution
active peptide sequences were also used for TOP speci€mployed. The enzyme concentration and the Ki were
ficity studies @7, 38), and the more outstanding observed calculated accordingly the method described by Knight et
feature of TOP was its variability in terms of cleavage sites al. (43). All the obtained data were fitted to nonlinear least-
even in substrates with very similar sequences, such assquares equations USing Grafit v 3.0 from Erithacus Software

Abz-GGFURRV-EDDnp and Abz-GGFRIRVQ-EDDnp
or Abz-RPPGKFSPFR-EDDnp and Abz-RPPGF$IRQ-
EDDnp for example. Much less information is available for
neurolysin specificity although it is an important enzyme,
which was found to have 90% homology with a zinc-

[Leatherbarrow, R. J. (1992) Grafit Version 3.0, Erithacus
Software Ltd., Staines, U.K.].

Neurolysin. The recombinant cDNA of porcine kidney
Neurolysin (citosolyc form) was a kind gift from Drs.
Shigehisa Hirose and Akira Kato (Department of Biological

dependent enzyme from rabbit liver that process vitamin Sciences, Tokyo Institute of Technology, 4259 Nagatsuta-

K-dependent proproteind @, 39) and it has been shown that

cho, Midoriku, Yokohama 226, Japan). Details concerning

neurolysin is the major neurotensin-degrading-enzyme in the expression system including plasmid contructions and

Vivo (40, 41).

To make a systematic and detailed analysis of neurolysin ; .
k neurolysin were performed as previously reported for the

specificity in parallel with that of TOP, we chose the B

sequence and its C- and N-terminal extensions as in humarl
kininogen and we used that as motif for synthesis of
internally quenched fluorescent substrates. The influence o
the substrate size was investigated using Bk analogues o

homologues containing-&1 amino acids. The peptide Abz-

GFSPFRQ-EDDnp was taken as reference substrate an
seven series were synthesized with substitutions at eact”
position. All these series of peptides were assayed with

vectors used were described elsewhde®.(The procedures
for expression and purification of recombinant porcine kidney

ecombinant rat testes TORZ). Purified recombinant
enzyme (0.1 mg/mL) was aliquotted and the enzyme activity

fremained constant for at least 6 months-&0 °C. Protein
I;:oncentration was determined using the method described

by Bradford @5) using bovine serum albumin as standard.

dThe enzyme concentration was calculated using neurolysin

olecular weight (MW= 78 106 g mot! calculated from
amino acid sequence) and the protein concentration. Homo-

recombinant TOP and neurolysin in order to characterize in 9€N€ity of the recombinant enzyme preparation was analyzed

great detail the determinants of their specificity fromt®
Ps'.

MATERIAL AND METHODS

Thimet Oligopeptidase (TOPThe purified recombinant

by polyacrilamide gel electrophoresi#gj after silver stain-
ing.

Peptide Synthesi§he intramolecularly quenched fluoro-
genic peptides containing-[2,4-dinitrophenyl]-ethylenedi-
amine (EDDnp) attached to glutamine were synthesized by
solid-phase strategy and the details of which are provided

rat testes TOP (rTOP) was obtained as previously describedelsewhere47). An automated benchtop simultaneous mul-

(42). The amino acid composition of the purified enzyme
[Asp, 57; Glu, 97; Ser, 32; Gly, 46; His, 16; Arg, 38; Thr,
35; Ala, 58; Pro, 34; Tyr, 18, Val, 43; Met, 18; lle, 18; Leu,

tiple solid-phase peptide synthesizer (PSSM 8 system from
Shimadzu) was used for the solid-phase synthesis of all the
peptides by the Fmoc-procedure. The final deprotected

71; Phe, 27; Trp (not determined); Lys, 41] reproduced the peptides were purified by semipreparative HPLC using an

theoretical composition values of the rat testes TQPThe

Econosil C-18 column (1@m, 22.5x 250 mm) and a two-

homogeneity of the enzyme preparation was confirmed by solvent system: (A) trifluoroacetic acid (TFA){8 (1:1000)

MALDI-TOF mass spectrometry (TofSpec-E, Micromass,
Manchester, U.K.). Calculated MW, MH= 78 315.51,
Obtained MW, MH = 79 748.33. A difference of ap-

and (B) TFA/acetonitrile (ACN)/BD (1:900:100). The
column was eluted at a flow rate of 5 mL/min with a 10 (or
30) to 50 (or 60)% gradient of solvent B over 30 or 45 min.

proximately 2% is a reasonable error for the low accuracy Analytical HPLC was performed using a binary HPLC

condition for the external calibration employed. The purified
enzyme was aliquotted in vials containing aboutd of
enzyme in 2% serum albumin and 30% glycerol. After an
initial reduction in 15%, the enzyme activity remained
constant for at least 2 months a0 °C.

system from Shimadzu with a SPD-10AV Shimadzu UV-
vis detector and a Shimadzu RF-535 fluorescence detector,
coupled to an Ultrasphere C-18 columngyB, 4.6 x 150
mm) which was eluted with solvent systems A and B at a
flow rate of 1 mL/min and a 10 to 80% gradient of B over
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Scheme 1 The hydrolysis of the peptides cleaved at% or P-F
. kp* bond could be represented as showed in Schemes 1 and 2.
KS//ESa — > P'+E The equations for velocity related to the Schemes 1 and 2
E+S /IL are the egs 1 and 2, respectivelyis the sum of the product
F ESP K’ PP +E (P2and P) formation velocitiesVmad is kp? x [E] andVimad
is kp? x [E] and [E] is the total enzyme concentration in the
Scheme 2 assay.
kp® > p+E a b
E+S &= ES . [S](k—pa+k—pb)
koS poeE V= KS @
s L)
20 min. The HPLC column eluates were monitored by their Ks® Ks
absorbance at 220 nm and by fluorescence emission at 420 a
nm following excitation at 320 nm. The molecular weight — [SI(Vmax + Vmaxb) )

and purity of synthesized peptides were checked by MALDI- t K.+ [S]
TOF mass spectrometry (TofSpec-E, Micromass) and/or

peptide sequencing using a protein sequencer PPSQ-23 Al the obtained data with the peptides cleaved at two
(Shimadzu Tokyo, Japan). bonds fitted to nonlinear least-squares plot of eq 2, and no-
The series of peptides derived from Abz-GFSPRX-EDDnp substrate inhibition was observed tilF30 times theK,

were synthesized in solution, using the following strategy: value. This kind of inhibition would be expected, if two
Ne-Boc-X-(CO*-EDDnp), where X stands for Ala, lle, Leu, enzyme-substrate complexes were formed with large dif-
Phe, Ser(OBzl), Asn, GIn, Glu(OBzl), Arg (Tos), and Pro, ference in its equilibrium constant formation. The overall
were obtained by coupling the correspondiifgBoc-amino Vmax Was obtained from eq 2, whereas the separate values
acid with EDDnpHCI by mixed anhydride procedure, using for Viad and Vina® were calculated using the ratio of the

isobutyl chlorocarbonate as previously describ4g).(All areas taken from the integrated HPLC chromatogram analy-
the amino acid derivatives were purified in silica gel sis.
chromatography using as solvent chlorofermethanol Ki Determination for TOP and Neurolysin of Peptides

mixtures and characterized by thin-layer chromatography andResistant to HydrolysisThe resistant peptides obtained
mass spectrometry. The amino acids Boc-Arg(Tos)-OH, Boc- throughout the systematic modifications study were assayed
Pro-OH, Boc-Ser(OBzl)-OH, Boc-Phe-OH, Boc-Gly-OH, as competitive inhibitors over the hydrolysis of Abz-
and Boc-Abz-OH were successively coupled by mixed GFSPFRA-EDDnp K, = 4.8 uM for TOP andK, = 1.1
anhydride procedure intercalated by TFA deprotection. The uM for neurolysin) by the enzymes. Thi; values for
final peptides were deprotected by treatment with anhydrous competitive inhibition assays of the peptides were determined
HF, purified and characterized as described above for theaccording to $2).
peptides obtained by solid-phase procedure. Determination of Cleaed BondsThe cleaved bonds were
Kinetic AssaysHydrolysis of the fluorogenic peptidyl ~identified by isolation of the fragments by HPLC and the
substrates at 37C in 50 mM Tris-HCI buffer, pH 7.4  re€téntion times of the products fragments were compared
containing 100 mM NaCl, was followed by measuring the with authentic synthetic sequences and/or by molecular
fluorescence atom= 420 nm andie, = 320 nm in a Hitachi ~ Weight, which was determined by MALDI-TOF mass_
F-2000 spectrofluorometer. The 1 cm path-length cuvette SPEctrometry and/or by peptide sequencing, using a protein
containing 2 mL of the substrate solution was placed in a Seduencer PPSQ-23 (Shimadzu Tokyo, Japan).

thermostatically controlled cell compartment for 5 min before ~ Amino Acid AnalysisThe amino acid compositions, the
the enzyme solution was added (for TOP an additional concentration of the peptides and the purlflled rTOP were
preincubation time of 5 min with 0.5 mM of DTT were determined as follows: the samples were digested for 22 h

applied after the enzyme addition) and the increase in & 110°C in & N HCI containing 1% phenol in a vacuum.
fluorescence with time was continuously recorded fed® sea_led tubes and then subjected to amino acid analysis using
min. The slope was converted into moles of hydrolyzed & Pico-Tag stationss3).

substrate per minute k_)ased on the fluorescence curves .OEESULTS AND DISCUSSIONS

standard peptide solutions before and after total enzymatic

hydrolysis. The concentration of the peptide solutions was 1. Effect of Substrate Size on Susceptibility to TOP and
obtained by colorimetric determination of the 2,4-dinitro- Neurolysin.Table 1 shows the relative rate of hydrolysis and
phenyl group (17 300 M cm ! extinction coefficient at 365  the cleavage sites by TOP and neurolysin of internally
nm). The enzyme concentration for initial rate determination quenched fluorescent peptides derived from Bk and its C-
was chosen at a level intended to hydrolyze less than 5% ofand N-terminal extensions as in human kininogen. As
the substrate present. The inner-filter effect was correctedpreviously observed with TORBg), neurolysin also hydro-
using an empirical equation as previously describé9).( lyzed Abz-GFSPFR-EDDnp and Abz-RPPGFSPFR-EDDnp
The kinetic parameters were calculated according Wilkinson (peptides I-1, II-1) at FS bond, while the introduction of
(50) as well as by using Eadie-Hofstee plots. All the obtained GlIn at the C-terminal side of these peptides, which was a
data were fitted to nonlinear least-squares equations, usingconsequence of the solid-phase synthesis method, displaced
Grafit, version 3.0 from Erithacus Softwarglj. the cleavage to PF bond (peptides IlI-1, IV-1).
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Table 1: Relative Hydrolysis by TOP and Neurolysin of Peptides Derived from Bradykinin and Human Kirfinogen

# Substrate Hydrolysis rate %
24.15 24.16
Il Abz - G FUs P F R - EDDnp 72 6
1I-1 Abz - RPPGFUSPFR - EDDnp 33 7
1-] Abz - G F s PUF R Q - EDDnp 100 20
V-1 Abz -RPPGFS PUFRQ - EDDNp 85 23
V-1 Abz - G FS P F RISTS R Q - EDDnp 8 100
Vi-1 Abz -RPPGFSPFRISTS RQ - EDDnp 23 38
VII-1 Abz - G FSPFRSTSIRIIGETIKEEQ - EDDnp 14 10
VIII-1 Abz- LGMISLMKRPPGFSPFRSSRTI-NH Resistant

2 Cleavage sites of (open downward facing arrow) TOP and neuroly$ianly TOP, () only neurolysin. Cleavage sites of peptides I-1, II-1,
IlI-1, and 1V-1 were determined by comparison of the retention times of reaction products with authentic synthetic sequences: Abz-GF; SPFR-
EDDnp; Abz-RPPGF; Abz-GFSP; FRQ-EDDnp; and Abz-RPPGFSP. Cleavage sites of peptides V-1, VI-1, VII-1, and peptide IlI-1 were determined
by mass spectrometry analyses and by sequencing (four cycles) of the products without fluorescence signal, which were isolated by HPLC.

Abz-GFSPFRQ-EDDnp (peptide 1ll-1) was the most 2. Systematic Study of TOP and Neurolysin Aii#is on
susceptible substrate to TOP but the addition of three aminoSeries of Peptides Derd from Abz-GF>SP*FRQ’-
acids at its C-terminal side (peptide V-1) significantly EDDnp. Tables 2-8 show thekey, Km and keo/Kn values
reduced its hydrolysis rate and the cleavage point moved todetermined for the hydrolysis by TOP and neurolysin of the
the R=S bond. In contrast, neurolysin hydrolyzed peptide peptide series derived from Abz-GFSPFRQ-EDDnp, which
V-1 with the highest rate but at-S5 bond. Similar effects  was taken as reference and modified in each position with
were observed with the peptides IV-1 and VI-1 that contain natural amino acids. All the susceptible peptides to TOP and
the complete sequence of Bk. Peptide VII-1, with 17 amino neurolysin were hydrolyzed at the peptide bond correspond-
acids, which resulted of a further C-terminal extension of ing to P—F° in the reference substrate with only one
peptide V-1, was poorly hydrolyzed by both TOP, atis exception the peptide 1X-7, which was hydrolyzed only at
or R—I bonds with a ratio of about 50% for each cleavage, F—S bond.
and by neurolysin only at-SS bond. The reaction products Some peptides of the series modified at ‘Glbz-
of hydrolysis by TOP of the peptides V-1, VI-1, and VII-1 XFSPFRQ-EDDnp), PKe(Abz-GFSPXRQ-EDDnp), and
(Abz-GFSPFR or Abz-RPPGFSPFR) or by neurolysin (Abz- Arg® (Abz-GFSPFXQ-EDDnp) were also cleaved by both
GFSPFRS or Abz-RPPGFSPFRS) were further hydrolyzed enzymes at =S or P-F bond (P-X in the modifications at
at the F-S bond. This cleavage at+5 bond did not seem  Phé). For these peptides the plots f versus [S] result
to be dependent only on the presence of free C-terminal hyperbolic curves as showed in Figure 1A. Due to this
carboxyl group, but also from the nature of the C-terminal hyperbolic kinetics obtained we have adjusted the data to
amino acid, because the peptide Abz-GFSPFRQ-OH waseq 2 resulting for both cleavages indistinguishaflevalues.
hydrolyzed only at PF bond by both enzymes. Therefore, In addition the HPLC analysis of all these double-cleaved
neurolysin and TOP removed C-terminal segment of the Bk substrates demonstrated that the ratio between the cleavages
and human kininogen derived substrates locate8l @sidues remained exactly the same regardless of the duration of the
from the C-terminus, which activity was also previously reaction and of substrate concentration (Figure 1, panels
reported for hydrolysis by TOP of (GPLbligomers 84). B—D). Thus, such behavior permits the evaluation of the

The peptide VIII-1, which contains Bk sequence extended kinetic parameters for the hydrolysis reactions of these
to both, N- and C-terminal sides is the longest peptide peptides for each cleavage, using the eq 2 and the relation
assayed, and was completely resistant to TOP and neurolysinbetween the products determined by HPLC analysis.
Therefore, peptide containing 17 amino acids is the maxi- Hydrolysis of the Abz-XFSPFRQ-EDDnp Serigable 2
mum size still hydrolyzed by TOP with human kininogen shows the kinetic parameters for the hydrolysis by TOP and
sequence, what is in accordance to the previously describecheurolysin of the peptides from the series Abz-XFSPFRQ-
resistance to hydrolysis by endooligopeptidase A from rabbit EDDnp. TOP and neurolysin hydrolyzed all the substrates
brain of the peptide formed by two Bk molecules attached of this series at PF or F—S bonds at different rates with
by succinic acid 18). Endooligopeptidase A was partially preference for the former. TOP hydrolyzed 100% at thé-P
cloned and confirmed to be distinct from TOB4Y but with bond the substrates containing Phe, His, Arg, and Gly
similar hydrolytic activities. The substrate size selectivity (peptides 1V-2, X-2, XI-2, and IlI-1) while those with lle
of neurolysin using human kininogen derived peptides (Table and Leu (peptides II-2 and 111-2) the cleavages atSbond
1) is in accordance to the previously described susceptibility were almost 40%. Neurolysin hydrolyzed 100% at theP
of opioid and neurotensin derived peptidé$)( Regarding bond the substrates containing His and Gly (peptides X-2
the longest peptide accepted for hydrolysis, neurolysin and lll-1) and approximately 25% at+S bond the substrates
behaved like TOP (Table 1). with Ala, Leu, and GlIn(peptides I-2, IlI-2, and VII-2).
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Ficure 1: Reaction carried out with neurolysin and the fluorogenic-quenched substrate Abz-GFSPIRQ-EDDnp that is clea%edrat F

P—I bonds (Table 6). (A) Data fitting to eq 2 of the overall initial velocities measured in the spectrofluorometer at each substrate concentration
and 0.3 nM of Neurolysin with a substrate consumption of less than 5%. (B) HPLC chromatogram of the reaction with a substrate concentration
of 10 times theK, (9.1 «M) and the substrate consumption of less than 5%; solid line represent a blank and the dashed line the reaction
containing 0.3 nM of neurolysin. (C, D) HPLC chromatogram of the reaction with a substrate concentr&igd®{0.1«M) and 2 nM
Neurolysin with a substrate consumption of almost 100% (pseudo-first-order conditions). (C) Chromatogram obtained with the UV detection
at 365 nm and (D) chromatogram obtained with the fluorescence detectiodyith320 nm andlen, = 420 nm.

Table 2: Kinetics Parameters for Hydrolysis by TOP and Neurolysin of the Peptides Derived froRF&R2FRQ-EDDnp

TOP (24.15) neurolysin (24.16)
kear(S™) Km Keal K Kear (s71) Kn KealKm
no. X RF RS (uM) (uM~tsh PIF RS (uM) uM~ts™h
-2 Ala 9.8 2.6 45 2.8 0.27 0.10 14 03
11-2 lle 15 0.94 0.16 15 0.45 0.05 12 ok}
11-2 Leu 3.8 2.2 0.82 753 0.35 0.13 1.7 03
V-2 Phe 1.6 1.0 16 0.23 0.03 0.83 0.3
V-2 Ser 4.1 0.67 1.4 34 0.77 0.12 0.48 19
VI-2 Asn 3.0 0.75 0.78 4'8 1.0 0.16 1.3 0.9
VII-2 Gin 4.7 1.1 15 3.9 0.39 0.12 0.33 15
VIII-2 Glu 14 0.53 1.2 1.6 0.08 0.01 0.64 01
IX-2 Asp 4.7 1.0 3.0 19 0.12 0.02 2.3 0a
X-2 His 6.0 1.7 3.4 1.2 0.33 3.6
XI-2 Arg 43 15 2.8 0.27 0.02 0.32 ®.9
-1 Gly 6.3 2.2 2.9 0.31 0.58 0.5

aThe parameters were calculated as mean val&D, which was never greater than 5%./Km = (K21, + K5)/Km. PIF and RS indicate the
cleavage sites, which were determined, by comparison of the retention times of the reaction products with authentic synthetic sequences (SPFRQ-
EDDnp and FRQ-EDDnp) and by molecular weight obtained in the mass spectrometry analyses of the reaction mixture.

Therefore, amino acids with aliphatic side chain favored the noteworthy that neurolysin activity is quite sensitive to the
hydrolysis at S bond by both enzymes. nature of the amino acid at, position relative to P-F bond
Abz-IFSPFRQ-EDDnp (peptide 11-2) was hydrolyzed by cleavage, particularly to polar noncharged amino acids (His,
TOP with the highesk:./Kn, value in this work, due mainly ~ Ser, and GIn), indicating that the side chains of the amino
to the low Ky, value. The substrates with Leu and Asn acids at this position make significant hydrogen bonds for
(peptides IlI-2 and VI-2) were also well hydrolyzed by TOP. enzyme activity. This contrast with TOP since His, Arg, or

Abz-HFSPFRQ-EDDnNp (peptide X-2) was the best substrate Gly at P, position resulted in substrates hydrolyzed with
for neurolysin in this series, followed by the substrates similar parameters. The favorable effects of lle, Leu, and
containing Ser and GIn (peptides V-2 and VII-2). On the Asn could due to the occupancy of Position relative to

other hand, the lowedt../Kn values were obtained with

F—S bond cleavage by TOP. Indeed, in the series Abz-

substrates hydrolyzed by neurolysin containing the acid GFXPFRQ-EDDnp (Table 4) where these amino acids
residues Glu and Asp (peptides VIII-2 and IX-2). It is occupy the Prelative to P-F bond cleavage, they have a
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Table 3: Kinetics Parameters for Hydrolysis by TOP and Table 5: Kinetics Parameters for Hydrolysis by TOP and
Neurolysin of the Peptides Derived from Ab2XGPFRQ-EDDNp Neurolysin of the Peptides Derived from Abz-GFSRQ-EDDnp
TOP (24.15) neurolysin (24.16) TOP (24.15) neurolysin (24.16)
kcat KITI kca{Km kcat Km kca{Km kcat KITI kcal/Km kcat Km kca{Km
no. X (s (M) @Mls?h (s (M) M ls? no. X () M) @Ms? (s (M) (uMis?)
1-3 Ala 25 42 0.6 1.3 2.3 0.6 I-5 Ala 102 1.2 8.5 2.6 11 2.4
11-3 lle 84 28 3.0 2.6 4.7 0.6 1I-5 lle resistantK; = 0.4uM 0.22 0.85 0.3
111-3 Leu 11.5 3.7 3.1 6.2 5.9 1.0 111-5 Leu 34 16 2.1 35 1.8 1.9
-1 Phe 63 22 2.9 0.31 0.58 0.5 IV-5 Phe 6.7 0.69 9.7 34 15 2.3
IV-3  Ser 32 6.0 0.5 2.0 5.8 0.4 V-5 Ser 88 37 2.4 75 111 0.7
V-3 Asn 52 45 1.2 1.3 7.5 0.2 VI-5 Asn 89 16 5.6 8.8 1.3 6.8
VI-3 GIn 29 99 0.3 1.9 6.8 0.3 V-5 GIn 63 1.2 5.3 3.6 1.6 2.3
VII-3 Glu 58 225 0.3 0.84 31.8 0.03 VII-5 Glu 15 75 0.2 0.67 24 0.3
VII-3 Asp 2.2 16.6 0.1 0.34 68.4 0.005 IX-5 Asp 0.70 3.8 0.2 0.19 3.0 0.06
IX-3 His 145 438 3.0 095 25 0.4 X-5 His 247 7.6 3.3 25 1.8 14
X-3 Arg 13.3 3.6 3.7 54 1.3 4.2 XI-5 Arg 70 11 6.4 4.8 1.3 3.4
X-3  Pro 115 37 3.1 2.2 6.3 0.4 -1 Pro 63 22 2.9 0.31 0.8 0.5
a2 The parameters were calculated as mean vall&D, which was a2 The parameters were calculated as mean val\&D, which was
never greater than 5%. All the peptides were cleaved onlyfabBnd, never greater than 5%. All the peptides were cleaved {& bond,

which were determined, by comparison of the retention times of the which were determined, by comparison of the retention times of the
reaction products with authentic synthetic sequence (FRQ-EDDnp) andreaction products with authentic synthetic sequence (FRQ-EDDnp) and
by molecular weight obtained in the mass spectrometry analyses of by molecular weight obtained in the mass spectrometry analyses of

the reaction mixture. the reaction mixture.
Table 4: Kinetics Parameters for Hydrolysis by TOP and Hydrolysis of the Abz-GFXPFRQ-EDDnp Seri€able 4
Neurolysin of the Peptides Derived from Abz-BFFRQ-EDDNp shows the kinetic parameters for the hydrolysis by TOP and
TOP (24.15) neurolysin (24.16) neurolysin of the peptides from the series Abz-GFXPFRQ-
kot Ko keatKon kot Ko kel Ko EDDnp. S_imilar tq pregeding series, this gave information
no. X (sY) M) @Mts? (shH M) @M ts? on $—P; interaction, since for both enzymes Pr&hé
-4 Aa 57 071 8.0 080 087 0.9 bond was'also 'the oply cleavage site. The presence of
-4 lle 49 0.99 5.0 0.27 0.18 15 hydrophobic amino acids, Ala, lle, Leu, and Phe (peptides
-4 Leu 3.0 0.38 7.9 0.24 0.19 13 [-4, 11-4, 111-4, or IV-4) or Asn (peptide V-4) resulted in the
:?I’f SF’he 65é3 21-24 2398 013218 015% 0152 best substrates for TOP in this series. It is noteworthy the
V_'4 fsrn 55 027 93 064 045 14 50-fold lowerKy, value for the substrate with Asn compared
V-4 GIn 1.8 149 0.1 039 2.0 0.2 with that with GIn (peptides V-4 and VI-4). The origin of
V-4 Glu 40 52 0.8 0.07 3.1 0.02 this lowestK, value among all the substrates for the peptide
Vil-4 Asp 3.4 6.8 0.5 0.20 103 0.02 Abz-GFNPFRQ-EDDnp, could be related to previously
IX-4 His 089 072 12 052 033 16 observation %6), that in a variety of flanking structural
X-4 Arg 7.7 53 15 097 039 25 ' y 9
Xl-4 Pro 1.6 6.0 0.3 0.62 13.7 0.05 contexts, more than 60% of Asn-Pro sequences adopt a turn
conformation stabilized by a set of alternative hydrogen

a2 The parameters were calculated as mean vall&D, which was . .
never greater than 5%. All the peptides were cleaved onlyrabBnd, bonds among the ©-side chain and backbone =@

which were determined, by comparison of the retention times of the carbonyl oxygens of Asn (residugand the backbone NH
reaction products with authentic synthetic sequence (FRQ-EDDnp) and of residues + 2,i + 3, and in some casés- 4. In contrast,
by molecular weight obtained in the mass spectrometry analyses of tha structures adopted by Se?ro, His-Pro, and other
the reaction mixture. | !
Xxx—Pro sequences reflect more heterogeneous hydrogen-
bonding patterns. The presence of a bent at cleavage site as
significant and favorable effect for hydrolysis of the corre- a requirement for hydrolysis of the peptide by TOP is in
sponding substrates by TOP. line with the previous theoretical studies performed for the

. substrates of this peptidasgr].
Hydrolysis of the Abz-GXSPFRQ-EDDnp SeriEable 3 Similar trend was also observed with the kinetic data of
shows the kinetic parameters for the hydrolysis by TOP and

. . . hydrolysis with neurolysin, except that the values are of lower
neurolysin of the peptides from the series Abz-GXSPFRQ- magnitude and Arg (peptide X-4) was hydrolyzed with the
EDDnp. All the substrates of this series are hydrolyzed only

- : higher k../Kn value. Again, as in the preceding series,
at P-F bond, therefore all the substitutions can be interpreted negative charge residues, Glu and Asp (peptides VII-4 and

as being at Pposition of the substrates. The best substrates VIII-4) are the poorest substrates for both enzymes.

for TOP in this series were those with hydrophobic side  Hygrolysis of the Abz-GFSXFRQ-EDDnp Serigsble 5
chain, lle, Leu, Phe, and Pro (peptides II-3, llI-3, 1ll-1, and - shows the kinetic parameters for the hydrolysis by TOP and
XI-3) or hydrophilic or charged side chain, His, and Arg neurolysin of the peptides from the series Abz-GFSXFRQ-
(peptides IX-3 and X-3). Neurolysin is more restrictive in - EDDnp. All the peptides of this series were hydrolyzed only
this position preferring Arg at Pposition, although the  at X—F bond by both enzymes, except the peptide containing
substrate with Leu is hydrolyzed with high.but with also lle (II-5) that was resistant to TOP, which was assayed as
high K, values. The presence of negative charge residues,inhibitor and presenteld; = 0.4uM in a simple competitive
Glu and Asp (peptides VII-3 and VIII-3) resulted in very inhibition. This series allowed a systematic evaluation of
poor substrates for both enzymes. specificity for the primary site (§ for TOP and neurolysin.
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Table 6: Kinetics Parameters for Hydrolysis by TOP and Neurolysin of the Peptides Derived from AbxRBQSEDDNB

TOP (24.15) neurolysin (24.16)
kear(s ™) K KealKin kear (5°7) Kn KeaKim
no. X RX FIS (uM) (uM~tsh PIX FIS (uM) uM~ts™h
I-6 Ala 18.5 4.0 4.6 0.40 0.12 3.3
11-6 lle 5.9 3.8 8.5 1.8 0.65 0.53 0.91 13
I11-6 Leu 0.74 4.2 4.5 14 0.55 1.3 2.4 0.8
-1 Phe 6.3 2.2 2.9 0.31 0.58 0.5
V-6 Ser 215 7.3 2.9 15 0.78 19
V-6 Asn 10.1 5.0 2.0 0.62 0.20 3.1
VI-6 GIn 12.3 4.3 2.9 2.6 1.3 2.0
VII-6 Glu 1.8 15 18.0 0.2 0.65 0.14 0.22 3%
VIII-6 Asp 8.2 8.9 37.0 05 0.24 0.03 3.2 0.08
IX-6 His 5.3 15 35 0.19 0.21 0.9
X-6 Arg 2.7 1.8 1.5 0.42 0.03 14
XI-6 Pro resistank; = 14 uM 0.15 1.1 0.1

aThe parameters were calculated as mean val&D, which was never greater than 5%c/Km = (K2 + K25)/Kn. PIX and RS indicate the

cleavage sites, which were determined, by comparison of the retention times of the reaction products with authentic synthetic sequences (Abz-GF

and Abz-GFSP) and by molecular weight obtained in the mass spectrometry analyses of the reaction mixture.

Table 7: Kinetics Parameters for Hydrolysis by TOP and Neurolysin of the Peptides Derived from Abz-QB&EONF

TOP (24.15) neurolysin (24.16)
kear(s™) Kn KealKm Kear (s71) Km KealKm
no. X RF RS (uM) (uM~1s™) PIF RS (uM) uM~ts™h

1-7 Ala 2.3 2.0 1.2 1.40 1.3 0.95 29
I1-7 lle 111 1.7 6.5 0.61 0.42 1.5
-7 Leu 3.1 4.4 0.7 5.9 5.6 1.1
V-7 Phe 11 1.9 0.6 0.40 14 2.0 0.9
V-7 Ser 1.4 1.2 7.0 04 1.1 1.3 1.1 24
VI-7 Asn 4.2 7.9 131 0.09 0.64 11 3.3 0.5
VII-7 Gin 2.3 0.82 3.8 0.8 0.56 0.73 6.1 02
VII-7 Glu 1.6 11.8 119 0.1 0.29 1.6 1.1 17
IX-7 Asp 4.0 13.9 0.3 1.8 0.23 7.8
X-7 His 3.0 1.8 12.6 (op! 0.88 14 24 190
-1 Arg 6.3 2.2 2.9 0.31 0.58 0.5
XI-7 Pro 7.0 0.69 20.3 04 1.4 0.55 25

aThe parameters were calculated as mean vall&D, which was never greater than 5%./Km = (K, + K-5)/Kpn. PIF and RS indicate the

cleavage sites, which were determined, by comparison of the retention times of the reaction products with authentic synthetic sequences (Abz-GF

and Abz-GFSP) and by molecular weight obtained in the mass spectrometry analyses of the reaction mixture.

The substrate containing Phe was hydrolyzed by TOP with to the hydrolysis of FS bond was very marked particularly

the highestk../Kn value (peptide IV-5) followed by the
substrates with Ala, Arg, Asn, and GIn (peptides I-5, XI-5,
VI-5, and VII-5). Neurolysin was more selective, preferring
Asn followed by Arg (peptides VI-5 and XI-5). The
substrates containing Glu and Asp (peptides VIII-5 and IX-
5) were barely hydrolyzed by the two enzymes. The
resistance of the peptide II-5 that contains lle att®
hydrolysis by TOP confirmed previous observati@d)(but

the obtained; value indicates that the peptide has significant
affinity for the enzyme. Similarly, neurolysin hydrolyzed this
peptide with lowk, but also lowK, values in the series.
The difference in primary specificity between the two

with TOP. On the other hand, this enzyme preferred the
substrates with Ala, followed by His, Ser and Phe (peptides
I-6, IV-6, and V-6) at Y as indicate the highédg./Kn, values

for these peptides in the series, which were hydrolyzed only
at P-X bond. The substrate containing Arg at Position
(peptide X-6) was cleaved with the lowekt, value by
neurolysin, resulting the most efficiently hydrolyzed substrate
by this enzyme Kof K = 14 uM~1 s7%). The low value of

Km obtained for the hydrolysis of substrate with Glu (peptide
VII-6) and the hydrolysis at the amino site of Pro (peptide
XI-6) in the peptide XI-6 by neurolysin are noteworthy
differences between this enzyme and TOP that hydrolyzed

enzymes are very subtle, therefore to differentiate thesethe Glu-containing substrate wik, 80 times higher and it
enzymes through specific substrates a combination of did not hydrolyze the peptide XI-6 with Pro at'P

interactions at other subsites will be necessary.
Hydrolysis of the Abz-GFSPXRQ-EDDnp Seriezble 6

Hydrolysis of the Abz-GFSPFXQ-EDDnp Seri€able 7
shows the kinetic parameters for the hydrolysis by TOP and

shows the kinetic parameters for the hydrolysis by TOP and neurolysin of the peptides from the series Abz-GFSPFXQ-
neurolysin of the peptides from the series Abz-GFSPXRQ- EDDnp. TOP and neurolysin hydrolyzed all the substrates
EDDnp. TOP and neurolysin hydrolyzed all the substrates of this series at PF bond; however, hydrophilic amino acids,
of this series at PX bond; however, the hydrolysis at+S particularly the negatively charged Glu and Asp (peptides
bond was also observed with the substrates containing lle,VIII-7 and IX-7) strongly favored the hydrolysis at-+S
Leu, Glu, and Asp (peptides I1I-6, 111-6, VII-6, and VIII-6)  bond. This is more clearly observed with the hydrolysis by
with both enzymes. The directional effect of Leu and Asp neurolysin of Abz-GFSPFDQ-EDDnp (peptide 1X-7) that is
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Table 8: Kinetics Parameters for Hydrolysis by TOP and
Neurolysin of the Peptides Derived from Abz-GFSRERDDNR?

TOP (24.15) neurolysin (24.16)

kcat Km kcale kcat K kca{Km

no. X (s (M) @Mls?h) (s (M) @M ls?
1-8 Ala 175 438 3.6 30 11 2.6
11-8 lle 3.0 050 6.0 19 044 4.4
111-8 Leu 4.8 057 8.4 7.4 1.4 5.2
IV-8 Phe 7.1 0.69 10 1.8 0.22 8.4
V-8 Ser 43 43 1.0 21 0.65 3.2
VI-8 Asn 123 1.8 6.8 19 015 13
m-1 Gin 6.3 22 2.9 0.31 0.58 0.5
VI-8 Glu 31 1.2 2.6 1.1 018 6.1
VIII-8 Arg 0.77 0.19 4.0 045 0.21 2.1
IX-8 Pro 26 59 0.4 0.83 1.7 0.5

a2 The parameters were calculated as mean vall&D, which was
never greater than 5%. All the peptides were cleaved onlyfabBnd,
which were determined, by comparison of the retention times of the
reaction products with authentic synthetic sequence (Abz-GFSP) and
by molecular weight obtained in the mass spectrometry analyses of
the reaction mixture.

cleaved exclusively at+S bond with the loweK, and the
higherk:a/Kn, values within the series. Therefore, these results
strongly suggest that the'Subsite of neurolysin is a cationic
locus that has a significant directional effect for the &
cleavage. Similar carboxylate effect af Bosition was

observed in the substrates for TOP, although in less extent

compared to neurolysin. This observation with TOP is in
accordance to the favorable effect of free carboxyl group in
its most potent inhibitors32, 33). The best substrates for
TOP in this series are those containing lle and Arg (peptides
I1I-7 and IlI-1) while the substrate with Pro (peptide XI-7)
is efficiently hydrolyzed by neurolysin, and these substrates
are hydrolyzed only atPF bond. These preferences for Arg
and Pro at P by TOP and neurolysin are, respectively, in
accordance to the preferences found by these enzymes i
the previously reported phosphinic inhibito22( 33).
Hydrolysis of the Abz-GFSPFRX-EDDnp Seri€able 8
shows the kinetic parameters for the hydrolysis by TOP and
neurolysin of the peptides from the series Abz-GFSPFRX-
EDDnp, which were hydrolyzed only atH bond by both
enzymes. The highek../Ky, values obtained with TOP
(peptides V-8, I1I-8, and 1I-8) indicated its preference for
hydrophobic amino acids at'Palthough the substrates with
Asn and Arg (peptides VI-8 and VIII-8) were also susceptible

to TOP. The best substrates in this series for neurolysin are

those with Asn, Phe, Glu, and Leu (peptides VI-8, IV-8, VII-
8, and I11-8). Although these results indicate that neurolysin
compared to TOP accommodates better hydrophilic or
negatively charged residues at',Sthis subsite in both
enzymes also fitted Arg, since the peptide VIII-8 is hydro-
lyzed with low Ky, values. All together, these data suggest
that S' subsite may be composed of a hydrophobic segment
open to the solvent, which play a role in determining the
hydrolysis of oligopeptides, since the presence of more rigid
Pro (peptide IX-8) resulted in poor substrate for both
enzymes.

CONCLUSIONS

The obtained results in this work indicate some clear
preferences of TOP and neurolysin for amino acids at each
position of the substrates that were hydrolyzed only at the

Oliveira et al.

position corresponding to*PF® bond. The cleavage atS

bond depends on the nature of the amino acids that are at
P,, P3', and R’ position relative to this cleavage site. In this
regard, particularly relevant is the strong directional effect
to F—S cleavage of Asp and Glu at positiog Felative to

this cleavage (peptides VIII-7 and 1X-7 in Table 7). It seems
that some amino acids residues have large influence on the
determination oKy, values of the substrates independently
of its position in the substrate. Indeed, for TOP the presence
of lle resulted in substrates with low&, values in almost

all series of peptides derived from Abz-GFSPFRQ-EDDnNp.
In contrast, the peptides containing Glu or Asp resulted in
substrates with highd4,, values. For neurolysin, the presence
of Arg and Asp resulted in substrates hydrolyzed with lower
and higherK, values, respectively. On the basis of these
data, we are hypothesizing that some amino acids of the
substrates can bind to different sites of the enzyme fitting
P—F or =S bond in a convenient position for hydrolysis.
However, this requires a rapid interchange for the different
forms of interaction as well as convenient conformations of
the substrate in order to expose and fit the cleavage bonds
in correct position for an efficient hydrolysis. According to
this view, we have previously observed that the hydrolysis
by TOP of the peptides Abz-GGHRRV-EDDnp and Abz-
GGFLURIRVQ-EDDnNp (arrows indicate the cleavage sites)
correlated with sharp turns depicted from a detailed confor-
mational analysis7). Our data of circular dichroism and
NMR with these peptides confirm the theoretical approach
of conformation of these peptides as well as indicated a
higher flexibility of Abz-GFSPFRQ-EDDnp (results not
published). Finally, the plasticity of TOP and neurolysin
interaction with the substrates can be an essential property
for a class of cytosolic oligopeptidases that are candidates
to participate in the selection of the peptides to be presented
by MHC class | 68, 59).
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