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ABSTRACT. Pyrococcus horikoshiopen reading frame PH1527 encodes a 39014 Da protein that shares
about 30% identity with endoglucanases and members of the M42 peptidase family. Analytical
ultracentrifugation and electron microscopy studies showed that the purified recombinant protein forms
stable, large dodecameric complexes with a tetrahedral shape similar to the one described for DAP, a
deblocking aminopeptidase that was characterized in the same organism. The two related proteins were
named PhTET1 (for DAP) and PhTET2 (for PH1527). The substrate specificity and the mode of action
of the PhTET2 complex were studied in detail and compared to those of PhTET1 and other assigned M42
peptidases. When assayed with short chromogenic peptides, PhTET2 was found to be an aminopeptidase,
with a clear preference for leucine as the N-terminal amino acid. However, the enzyme can cleave
moderately long polypeptide substrates of various compositions in a fairly unspecific manner. The hydrolytic
mechanism was found to be nonprocessive. The enzyme has neither carboxypeptidase nor endoproteolytic
activities, and it is devoid of N-terminal deblocking activity. PhTET2 was inhibited in the presence of
EDTA and bestatin, and cobalt was found to be an activating metal. The PhTET2 protein is a highly
thermostable enzyme that displays optimal activity around “ID@ver a broad pH array.

Proteases are found in every cell and are critical to the cytosolic protein degradation pathway are metallopeptidases
maintenance of cellular function. They break down unneeded (7, 9, 14—16).
or abnormal polypeptides or peptide-based nutrients within  In the course of the purification of the proteasome from
or outside the cell. Proteases range from simple monomericthe extreme halophilic archaeétaloarcula marismortuiwe
hydrolases to complex, multisubunit structures with molec- detected TET, a new type of giant protease that forms a
ular masses in the order of 1 MD&)( Some of these high  tetrahedral structure and can cleave large substrates such as
molecular weight proteases are self-compartmentalized andthe 6-12 amino acid long proteasome reaction produtss (
accomplish key cellular functions in the control of the half- The protein sequence &f. marismortuiTET (HMTET) is
life of proteins in the cytosold). Broadly, cytosolic protein ~ homologous to the protein product of th@lobacteriumsp.
degradation can be divided into four steps. (i) Proteins CelM gene that was originally designated as a putative
targeted for degradation are initially unfolded by ATP- endoglucanasely). However, theHalobacteriumprotein
dependent proteases belonging to the Lon/Clp family in @ppears in the MEROPS classification of peptidags)
bacteria or 26S proteasomes in eukaryo®s (i) These  @s @ TET aminopeptidase belonging to the M42 family in
enzymes also make the initial endoproteolytic attack in the the MH clan of metallopeptidases. The exact role of such
polypeptide. The average length of peptides released by theséntracellular ATP-independent proteases forming large oli-
enzymes ranges from 3 to 25 amino acids5). (i) These gomeric edifices is still not well defined. To elucidate the

longer peptides are trimmed into smaller peptides (less than 1 Abbreviations: HmMTET Haloarcula marismortuiTET; HTET

10 amino acids) by the action of endopeptidagess) and Halobacteriumsp. TET; DAP, deblocking aminopeptidase; PhTET1,
tripeptidyl- and dipeptidylpeptidase§-12). (iv) Finally, Pyrococcus horikoshiTET1 (deblocking aminopeptidase); PhTET2,
aminopeptidases, carboxypeptidases, and di- and tripeptidaseB. horikoshiiTET2; GIUAP, Lactococcus lactiglutamyl aminopepti-

; : ; : ; dase; APIBacillus stearothermophilisminopeptidase I; bILAP, bovine
digest these peptides into amino acids13). Most of the lens leucyl aminopeptidase; AAReromonasaminopeptidase; SGAP,

amino acid recycling enzymes acting in the last steps of the sireptomyces griseuaminopeptidase; pNA, 4-nitroaniline; AMC,
7-amino-4-methylcoumaringNA, 2-naphthylamine; Ac, acetyl; Z,
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common function of these complexes in the cell, it is

Duraet al.

cal ultracentrifuge and an AN-60 TI rotor (Beckman Instru-

important to characterize TET protease homologues from ments). The experiments were carried out at°@0in 50
other organisms and to identify the substrates that they canmM Tris-HCI and 150 mM NaCl, pH 7.5. The sample of

manipulate.

In the genome of the hyperthermophilic archaéymo-
coccus horikoshitwo open reading frames were detected
coding for proteins that have 47% (PH1527) and 43%
(PH0519) homology télalobacteriumTET aminopeptidase

400uL at a protein concentration of 0.2 mg/mL was loaded
into 1.2 cm path length cells and centrifuged at 42000 rpm.
Scans were recorded at 275 nm every 5 min using a 0.003
cm radial spacing. The sedimentation profiles were analyzed
in terms of size distribution analysis using Setf3). We

(HTET). PHO519 encodes a thermostable aminopeptidaseestimated the partial specific volume of the protein to be

described first by Ando et al.19) and called PhDAP by
Onoe et al. 20) due to its acylamino acid releasing activity
similar to that found by Tsunasawalj in the deblocking
aminopeptidase (DAP) frorRyrococcus furiosusWe re-
cently solved the X-ray crystal structure of PhDAR shows

0.7485 mL/g and the solvent density and viscosity to be 1.006
g/mL and 1.03 mPa, respectively, using the Sednterp
software from Hayes, Laue, and PhiloNe used 200
generated sets of data on a grid of 300 radial points,
calculated using a frictional ratio of 1.25 for sedimentation

that this protein forms dodecameric tetrahedral complexes coefficients at 20 comprised between 2 and 30 S and, for
analogous to the ones discovered while studying HmTET the regularization procedure, a confidence level of 0.7.
(13). Here we show that the PH1527 product shares with  Electron Microscopy Protein samples at approximately
HmMTET and PhDAP their characteristic tetrahedral shape 0.1 mg/mL in 50 mM Tris-HCI and 150 mM NacCl, pH 7.5,
in solution, in agreement with the recently published X-ray were applied to the clean side of carbon on mica (carbon/
structure of the PH1527 protei3). Consequently, hereafter mica interface) and negatively stained with 2% uranyl
we will designate PhDAP as PhTET1 and the PH1527 acetate. Micrographs were taken under low-dose conditions
product as PhTET2. The specificity, the mode of action, and with a JEOL 1200 EX Il microscope at 100 kV and a
the enzymatic activity of this second TET complex frém  nominal magnification of 40000 times on SO163 Kodak film.
horikoshiiare presented and discussed in this paper. Determination of PhTET2 Aclity on Synthetic Chro-
mogenic and Fluorogenic Compound2hTET2 hydrolytic
activity on synthetic chromogenic and fluorogenic com-
Protein Expression and PurificationNVe used theEs- pounds was determined using different aminoacyl-pNAs,
cherichia coli strain BL21 pLys S (DE3) (Novagen) for aminoacyl-AMCs, and peptides (listed in Table 1) through
expression of recombinant PhTET2. The cells were grown the following standard assay procedure. Reactions were
in 1 L of 2YT medium (1% yeast extract, 1.6% tryptone, initiated by addition of the enzyme (0.2 orup/mL) to a
and 0.5% NacCl) containing ampicillin (10@g/mL) and prewarmed mixture containing the chromogenic or fluoro-
chloramphenicol (34g/mL). After incubation with shaking  genic compound in 50 mM PIPES, 150 mM KClI, and 1 mM
at 37 °C until the Agoo reached 0.61.0, the induction was  CoSQ, pH 7.5, and covered by a layer of mineral oil to
carried out by adding isopropyl-p-thiogalactopyranoside  avoid water evaporation. Incubations were performed at 90
at a final concentration of 0.05 mM and shaking foh at °C for 0.5, 5, or 10 min, and reactions were stopped by
37 °C. The induced cells were harvested by centrifugation. cooling at 0°C. The quantity of pNA, AMC, or3NA
The pellets were then maintained-a80 °C overnight. The liberated was measured in a VICTOR 1420 multilabel
complete disruption of the cells was achieved by a French counter (Wallac). For pNA, absorbance was determined at
press after thawing and suspension in 50 mL of 50 mM Tris- 405 nm, and for AMC ang@NA, fluorescence was measured
HCl and 150 mM NacCl, pH 8.0, supplemented with DNase using excitation and emission wavelengths of 355 and 460
| and RNase. The crude extract was heated &t@%or 30 nm, respectively. Due to the higher signal response of the
min. The lysate was clarified by centrifugation at 2500 AMC derivatives with respect to the pNA ones, the former
for 30 min. The supernatant was loaded on a HiTrap Q were used at lower concentrations, and incubation times were
column (Amersham Pharmacia Biotech). The column was accordingly reduced. Four replicates and four controls were
eluted with a linear gradient {61.5 M NaCl in 50 mM Tris- assayed for each experimental point.
HCI, pH 8.0). The fractions containing protein of similar For the study of Ala-Ala-Phe-AMC degradation by
mass (3739 kDa) according to SDSPAGE were combined  phTET2, the enzyme (2g/mL) was incubated with the
and concentrated using an Amicon cell (Millipore) with a supstrate (0.5 mM) using the standard assay conditions. At
molecular mass cutoff of 30 kDa. The protein was then determined times, 8@L aliquots were removed from the
loaded onto a Superdex 200 Hiload 26/60 column (Amer- reaction mixture and added to 200 of cold acetonitrile in
sham Pharmacia Biotech). An elution peak corresponding order to stop the reaction and precipitate the protei). (
to a molecular mass around 400 kDa was observed. Accord-Samples were maintained at*@ for 15 min, and protein
ing to SDS-PAGE and to N-terminal sequencing, the wasremoved by centrifugation. Two hundred fifty microliters
corresponding fractions contained pure PhTET2. The frac- of supernatant was dried under vacuum. Solids were then
tions were pooled and kept at°®& after concentration to  dissolved in the same volume of Beckman analysis buffer,
about 10 mg/mL. The protein concentration was measuredand the amino acids and small peptides present in each

using the Bio-Rad protein assay reagent (Bio-Rad). ~ sample were quantified on a Model 7300 Beckman amino
Analytical Ultracentrifugation Sedimentation velocity

experiments were performed using a Beckman XL-1 analyti-

EXPERIMENTAL PROCEDURES

4Available on the World Wide Web at www.
analyticalultracentrifugation.com.
3F. M. D. Vellieux, V. Receveur-Brechot, G. Schoehn, M. A. Qura 5Available on the World Wide Web at www.

A. Roussel, and B. Franzetti, unpublished results. bbri.org/RASMB/rasmb.html.
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acid analyzer, using the standard sodium citrate elution bufferthe remaining aminopeptidase activity was assayed against
system. Calibrations were made using aliquots of four 5 mM Leu-pNA by incubation at 90C for 5 min in 95uL

standard solutions. The quantity of AMC cleaved by the of the same buffer. Reactions were stopped by cooling at 0
enzyme was measured directly in aliquots of the reaction °C, and pNA absorbance was measured. Four replicates
mixture as described previously. Each sample was ac-(samples plus controls) were assayed for each experimental

companied by an appropriate control.
Study of PhTET2 Actity on Peptides To assay the

point. The remaining activity at each time interval was
expressed as a percentage of the activity present at zero time

proteolytic activity of PATET2 against the peptides listed in (100%). Half-lives were calculated from a first-order expo-

Table 2, the enzyme (2g/mL) was incubated with 0.1 mM

nential decay fit to the six experimental points obtained for

peptide in the standard assay conditions. Reaction mixtureseach temperature.

contained also 1AM Trp as internal standard. At determined
times, 80uL aliquots were removed and added to 200

Effect of Chemical Agents on PhTET2 Aiili. The
enzyme (0.2ug/mL) was incubated together with the

of cold acetonitrile. Protein was removed by centrifugation. chemical agents listed in Table 5 and 5 mM Leu-pNA
Two hundred fifty microliters of supernatant was dried under following the standard assay procedure. pNA absorbance was
vacuum, and the remaining solids were dissolved inZO0  measured as described. Four replicates and four controls were
of the chromatography initial eluent. Fifty microliters was assayed for each experimental point.
injected on auRPC C2/C18 ST column (4.6 100 mm) RESULTS
(Amersham) in an AKTA purifier system (Amersham). )
Chromatographic conditions were dependent on the peptide  The Protein Encoded by PH1527 Belongs to the M42
mixture, but in all cases eluent A was composed of 0.065% Peptidase FamilyA BLAST search for protein homologous
trifluoroacetic acid and 2% acetonitrile in water, and eluent t©© HTET showed 32% identity (47% homology) with the
B contained 0.05% trifluoroacetic acid in 80% acetonitrile. gene product of thé. horikoshii PH1527 open reading
Flow was adjusted at 0.5 mL/min, and chromatographic runs frame, defined by the EMBL/GenBank as a 353 amino acid
were carried out at room temperature. The separated fraglong hypothetical Frv operon protein FrvX of 39014 Da.
ments were collected and submitted to N-terminal sequencefFollowing the MEROPS classification of peptidases in
analysis. This analysis was performed by Edman degradationevolutionary clans and according to its family assignment
using an Applied Biosystems gas-phase sequencer, modefTiteria based on sequence S|mlle}r|t|é8)(the PH1527 gene
492. Phenylthiohydantoin amino acid derivatives were Product belongs to family M42 in the clan MH of metal-
identified and quantified on-line using a model 140C HPLC lopeptidases. The sequence alignments against three other
system (Applied Biosystems) and a model 785A absorbance@ssigned proteins of the M42 family are shown in Figure 1.
detector, as recommended by the manufacturer. The generaMetallopeptidases are among the hydrolases in which the
tion of free amino acids from Tub-Cter was determined as Nucleophilic attack on a peptide bond is mediated by a water
described previously. Each sample was accompanied by arnolecule. A divalent metal cation, usually zinc but some-
appropriate control. times cobalt, manganese, nickel, or copper, activates the
Effect of Metal Cations on PhTET2 Adty. The metal water moleculeZ5). Peptidases from clan MH have cocata-
cations (listed in Table 3) were incubated at 0.5 mm lytic metal ions; that is to say, they require two metal ions
concentration with the enzyme (@/mL) and the substrate ~ acting together for full activity 26). The recently solved
(5 mM Leu-pNA) in 50 mM HEPES and 150 mM KCI, pH ~ X-ray crystal structures of PhTET;hnd FrvX @2) confirm
7.5, at 80°C for 10 min. The reactions were stopped by that, in the case of the proteins from family M42, the metal
cooling at 0°C, and pNA absorbance was measured as Pinding reS|dL_Jes are two hlstldlr_les, two aspartates,_and one
previously described. Four replicates and four controls were glutamate (Figure 1). The active site also contains one
assayed for each experimental point. aspartyl and one glutamyl residue involved in catalysis.
Effect of Temperature and pH on PhTET2 Aitji. The The Protein Encoded by PH1527 Is a Tetrahedral
effect of pH on PhTET2 activity was determined in the pH Dodecameric ComplexThe recombinant PH1527 protein
range from 6.0 to 9.0. The buffers used were 50 mM PIPES, was purified fromE. coli extracts by heat shock denaturation
pH 6.0-7.5, 50 mM HEPES, pH 7:88.0, and 50 mM of the bulk E. coli proteins followed by ion-exchange and
TAPS, pH 8.6-9.0. The effect of temperature on the activity gel filtration chromatographies. The protein eluted as a well-
was measured in the range from 60 to 999 In all cases, ~ separated high molecular mass complex from the gel
the enzyme (0.2g/mL) was incubated with 5 mM substrate filtration column, suggesting that it was a homooligomeric
(Leu-pNA). To assess the effect of pH on activity, incuba- assembly (data not shown). We examined the size of the
tions were done at 86C for 5 min in the indicated buffers  purified complex by sedimentation velocity experiments.
to which 150 mM KCl and 5 mM CoSQwere added. When  Figure 2A shows the protein encoded by PH1527 as quite
the effect of temperature was determined, incubations werehomogeneous in solution. A main peak at 15.2 S is revealed
performed in 50 mM PIPES, 150 mM KCI, and 5 mM in the analysis in terms of a distribution of sedimentation
CoSQ, pH 7.5. The reactions were stopped by cooling at 0 coefficients, corresponding to more than 85% of the absor-
°C, and pNA absorbance was measured. Four replicates andance. The value of 15.2 S corresponds, in the hypothesis
four controls were assayed for each experimental point.  of a noninteracting globular compact particle, to a molar mass
PhTET2 Thermal StabilityThe effect of temperature on  of 475 kDa (12.2 subunits).
PhTET2 stability was assayed by incubating the enzyme (4 In electron micrographs, the quaternary structure of the
ug/mL) at several temperatures (listed in Table 4) in 50 mM purified protein appeared essentially in negative stain as a
PIPES, 150 mM KCI, and 1 mM CoSQOpH 7.5. Five- hollow-shaped complex of homogeneous size (Figure 2B).
microliter aliquots were taken at different time intervals, and The dimensions and the shape of the edifice are identical to
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Ficure 1: The protein encoded by PH1527 is a M42 peptidase homologue. Multiple sequence alignment of three assigned M42 peptidases
and the protein encoded by PH1527 was performed using ClustalW. The conserved metal binding residues are indicated by a ball and the
catalytic residues by a star [according to the MEROPS database assigi@)gntlie abbreviations and GenBank accession numbers of
sequences are as follows: DAP, horikoshii deblocking aminopeptidase (AP000006); PH1527horikoshii uncharacterized TET-like

protein (059196); TET, TET aminopeptidase frétalobacteriumsp. (AE005064); and GIUAP, the glutamyl aminopeptidase ftotactis

(X81089).
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Ficure 2: Characterization of the PH1527 protein as a TET-like complex. (A) Sedimentation velocity of the purified complex: (a)
Superposition of the experimental (dots) and modeled (continuous lines) sedimentation profiles: the last profile corresponds to 73 min of
sedimentation at 42000 rpm and 20. The evaluation of the systematic time-independent noise is also shown as a continuous line. (b)
Superposition of the difference between the experimental and modeled profiles. (c) Result of the analysis in terms of a distribution of
sedimentation coefficients. (B) Electron micrographs of the PH1527 protein edifices. The picture shows a homogeneous population of
hollow tetrahedral-shaped complexes.

those of the HMTETX3) and PhTET1 proteins, which were The Purified Dodecameric PhATET2 Complex Is a Leucyl
found to assemble as tetrahedral complexes made of 12AminopeptidaseThe cleavage specificity of PhTET2 was

subunits. Therefore, the protein encoded by PH1527 wasstudied first by using different chromogenic and fluorogenic
called PhTET2. aminoacyl compounds. As shown in Table 1, the enzyme
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Table 1: Activity of PhTET2 on Different Synthetic Chromogenic AI: ion 900 % amc ar:d tPIhe
H concentration T concentration
and Fluorogenic Compounds M) 500 | L50 (M)
concn relative 700 4
substrate (mM) activity? (%) 500 | 40
aminoacyl-pNAs 500 - L 30
Leu-pNA 5 100 400 4
Met-pNA 5 26.3 L 20
lle-pNA 5 14.3 300 1
Ala-pNA 5 10.8 200 L 10
Pro-pNA 5 0.9 100 A
Phe-pNA 2 0.8 0 . . . - 0
Gly-pNA 5 0.3 0 1 2 3 4 5
Lys-pNA 5 0.2 Time (min)
Arg-pNA 5 0.1 Ficure 3: Ala-Ala-Phe-AMC degradation by PhTET2. Concentra-
Asp-pNA 5 0 tion evolution of the hydrolysis products in the reaction mixture
His-pNA 5 0 (m, Ala; ®, AMC; O, Phe).
Ac-Leu-pNA 2 0
amslnoacyléAMCS 0 ”g we investigated the amino acid and small peptide composi-
Tﬁrr_'ﬁ,'\\/l/'c og 16'1 tion of the reaction mixtures at different time points. We
GIN-AMC 0.5 28 could detect neither dipeptides nor tripeptides after analyzing
Val-AMC 0.5 2.1 those samples by reversed-phase HPLC (chromogenic sub-
Tyr-AMC 0.5 0.9 strates/products are not detectable by the method employed).
gfrr]‘_'ﬁmg 8'2 8'? In fact, only amino acids were detected. When Ala-Ala-Phe-
Trp-AMC 05 0.0 AMC was used as a substrate, Ala accumulated very fast in
peptides the reaction mixture, and AMC and Phe appeared only after
Ala-Ala-pNA 5 2.9 a little lag phase (Figure 3). Moreover, the evolution of these
Ala-Ala-Ala-pNA 5 1.3 two last products almost coincided, indicating than AMC
Ala-Ala-Phe-AMC 0.5 1.2 . . .
Z-Gly-Gly-Leu-pNA 1 0.2 was liberated at the same time as Phe (i.e., from Phe-AMC).
Suc-Ala-Ala-Phe-pNA 5 0.1 In the same way, we studied the products of the PhTET2-
Suc-Ala-Ala-pNA 5 0.0 driven hydrolysis of Ala-Ala-pNA. In this case, the quantity
Z-Leu-Leu-GIupNA 1 0.0 of Ala increased linearly with time, accumulating in the
Suc-Leu-Leu-Val-Tyr-AMC 0.5 0.0 fi ixt 154-fold faster th NA t sh
Suc-Ala-Ala-Phe-AMC 05 0.0 reaction mixture -fold faster than p (not shown),
Suc-Leu-Tyr-AMC 0.5 0.0 therefore indicating that the enzyme was mostly cleaving
Z]Gly-Gly-Arg-AMC 0.5 0.0 the N-terminal Ala directly from the substrate. We analyzed
Ala-Pro-pNA 5 0 i i i i
Z-Ala-Ala-pNA 1 0 also the possible presence of Ala in the reaction mixture

during the incubation of Ala-Pro-pNA with PhTETZ2; how-
Expressed as a percentage of the activity against Leu-pNA, which ever, we could not detect any degradation product (not
was given a value of 10098.Apparent relative activity (see text). shown).

PhTET2 Cleaes Polypeptides by a NonprocegsMech-
acted only on a limited number of these aminopeptidase anism For further characterization of the enzyme substrate
substrates. Optimal amidolytic activity was observed against specificity, we studied the PhTET2-driven degradation of
Leu-pNA. This compound was cleaved almost 4-fold more several polypeptides of various lengths listed in Table 2. The
efficiently than any of the other substrates tested. Met-, lle-, goal was to ascertain whether the enzyme was able to degrade
and Ala-pNA and Ser-AMC were hydrolyzed less efficiently, long polypeptides and also whether its action followed a
and very poor or no activity was detected against the other processive mechanism; i.e., the enzyme retains partially
aminoacyl-pNA or aminoacyl-AMC assayed. digested peptide substrates and makes multiple cleavages

PhTET2 Is a Strict Aminopeptidase féd of N-Terminal before the release of products, as, for example, the protea-
Deblocking Actiity. Exopeptidase activity and specificity some and the ClpP protease ®?,(33). PhTET2 action
depends on the sequence composition of the target peptidealong the 14-residue peptide Tub-Cter is shown in Figure 4.
and some aminopeptidases have been shown to exhibit als@fter incubation of PATET2 with this substrate, the peptides
endopeptidase or di/tripeptidyl peptidase activity that can and the amino acids formed were analyzed by reverse-phase
only be detected by studying the peptide degradation processHPLC. Several products were obtained, and although the
(11, 27—31). Consequently, PhTET2 activity was assayed peptide analysis initially showed no presence of the degrada-
by using various chromogenic and fluorogenic peptides. No tion products lacking the two and the three first amino acid
activity was observed against any of the N-terminal blocked residues (Table 2, Figure 4A), the investigation of the amino
derivatives (Table 1). Moreover, activity against FITC-casein acids accumulating in the reaction mixture revealed that Asp
could not be detected relative to control experiments in which and Ser were present and that their quantities increased with
chymotrypsin was used (data not shown). We also testedtime (Figure 4B). Therefore, we presume that the Tub-Cter
Ala-Ala-pNA, Ala-Ala-Ala-pNA, and Ala-Ala-Phe-AMC [a  derivatives lacking the two and the three first amino acid
fluorogenic tripeptidylpeptidase substratél)], and we residues were not detected during the peptide reverse-phase
observed that PhTET2 generated pNA or AMC from these HPLC due to their fast consumption by the enzyme. This
substrates, although very slowly (Table 1). To determine if last assumption is supported by the results obtained with the
the detected activity was the consequence of a di/tripeptidyl aminoacyl compounds (Table 1) that illustrate a clear
action or was the result of sequential aminopeptidase cuts,PhTET2 preference by hydrophobic or uncharged polar
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Table 2: Effect of Peptide Length and Sequence on PhTET2 Activity

significant % of remaining
peptide nam& sequence fragments intact peptide

AIT-Ad2 AITIGNKND (9) -1,-2,-3 58.8
MBL(176—185) VDLTGNRLTY (10) -1 21.4
C12L CGATPQDLNTML (12) 2 fragments detected 78.1
Tub-Cter VDSVEGEGEEEGEE (14) —1,-4,-5,-6 36.9
AntiDAP1 DSEPAAATDVSRTFA (15) none 100.4
DRO174 GATERFVSSPEDVFEVIEEGKSNRHI (27) 1 fragment detected 99.1
RBPCOoAtr MQVTMKSSAVSGQRVGGARVATRSVRRAQLQYV (32) none 99.2
ColX-NC2 VFYAERYQMPTGIKGPLPNTKTQFFIPYTIKSKGIAVRG (39) none 100.9

a peptides were submitted to cleavage by PhTET2, and the reaction products were identified by N-terminal sedUédreimgmber of amino
acid residues is indicated in parenthesehe percentage of remaining intact peptide was determined by comparing its peak area [normalized
using the internal standard (Trp) peak area] at 0 and 5 min of incubation.

200 - VDSVEGEGEEEGEE\ A Table 3: Effect of Metal Cations on PhTET2 Activity
Az (mAL) relative relative
200 ~ 150 - metal activity (%) metal activity (%)
DSVEGEGEEEGEE none 100 MA" 49.4
150 100 Mg?* 91.7 Zret 53.6
B GEEE G 19) ca* 97.1 Cé* 539.3
100 - 50 A
EGEERGEE ﬂ fragment detected during the degradation of the 10-residue
GEGEEEGEE . . .
50 - Q -0 min peptide MBL starts by an Asp residue, and the peptide
i Smn AntiDAP1, which also starts by Asp, was not degraded
0 Z ik min (Table 2). However, this last result can also be related with
3 5 7 9 11 13 15 the apparent inability of PhTET2 for degrading large
Volume (mL) polypeptides, since the peptides DRO174, RBPCoATr, and

ColX-NC2, which are more than 26 residues long, were not
attacked by PhTET2, even though RBPCoATr and ColX-
B NC2 start with an easy residue (Met and Val, respectively)
(Table 2). On the other hand, the analysis of the quantity of
Ser and Asp in the reaction mixture during the degradation
of Tub-Cter by PhTET2 indicates a decrease of the Asp/Ser
ratio with time (Figure 4B). Since Asp and Ser are the only
two amino acids present once per substrate molecule, that
observation points toward the absence of PhTET2 proces-
sivity on Tub-Cter. The same result is obtained by studying
the peak areas of the different peptide products resulting from
the degradation of Tub-Cter and also of AIT-Ad2 (not
shown). Therefore, the enzyme does not process one substrate
molecule completely before starting with another one.
Instead, PhTET2 reaction products are generated by multiple

0 1 5 3 4 5 6 rounds of substrate digestion.

Time (min) PhTET2 Is a Cobalt-Actated EnzymeThe effect of

Ficure 4: PhTET2 acts sequentially on peptide substrates. (A) severgl metal ions on enzyme activity is shown in '.I'able.3.
Chromatographic profiles of the degradation of the 14-residue CO°" ion had a clear stimulatory effect on the amidolytic
peptide Tub-Cter. The sequences of the detected accumulatingactivity. The presence of Zhand Mr#* caused around 50%

peéotidtes are inldicated-k Trp Wa?Bl;Sgd as itr}ternf?lfstandard (|S)(jininhibition at 0.5 mM while slight or no effects were observed
order to normalize peak areas. eneration of free amino acids; +  Titrati

in the reaction mixture due to the action of PhTET2 on Tub-Cter n tt'h'(i presgn?i of GI\?Aanqth'\é% ’ Tltraltlgnthoi tl:;]hTELZ It
(O, Val; W, Asp; a, Ser;®, Glu; O, Gly). activity against Leu-p wi reveale at the coba

ion optimally enhanced the enzyme activity at-01® mM
amino acids over charged ones. In the same way, the result€oncentration (results not shown); hence, concentrations in
shown in Table 2 are consistent with that explanation: (i) this range were routinely used in PhTETZ activity assays.
We detected several peptide fragments starting by lle and PhTET2 Is a Highly Thermostable Neutral Proteddsing
Thr in the AIT-Ad2 reaction mixture. Given that the initial the PhTET2 activity assay with Leu-pNA as a substrate, the
substrate had an Ala as a first residue, we can envisage thaénzyme showed optimal amidolytic activity at pH 7.5 in
all of these peptides were competing by the enzyme active PIPES buffer, and strong activity was still detectable at pH
site (all of them start by an “easy” residue), and that slowed 6 and 9 (Figure 5). Moreover, HEPES buffer was somewhat
their degradations, so, consequently, they accumulated in thenhibitory. The temperature dependence of PhTET2 activity
reaction mixture. This interpretation agrees with the relatively at pH 7.5 is also shown in Figure 5. The enzyme was most
low AIT-Ad2 degradation percentage (Table 2). (ii) The only active around 100C. At temperatures lower than 7T,
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PH inhibitor pepstatin, and to the serine protease inhibitors
T S S A A SR Pefabloc SC and aprotinin. Puromycin, an inhibitor of some
exopeptidases, had practically no effect on the activity of
100 PhTET2.
€ s/ /\ DISCUSSION
z
'§ 60 The PH1527 protein fron®. horikoshiiis related to the
2 M42 peptidase family according to the classification of
g 40 peptidases in evolutionary clans and families of sequence
similarities proposed by Rawlings et al.8). The members
20 of the M42 peptidase family are widespread in all prokaryotic
genomes and absent in eukaryotes. Their position in the
0 - , ; - ; cellular proteolysis processes remains to be clarified. Until
50 60 70 80 90 100 110

now there are only a few of them to which a biochemical
N activity has been assigned, and structural studies are scarce.
Ficure 5: Effect of pH and temperature on PhTET2 activity. Family M42 includes aminopeptidases from Gram-positive

Evolution of PhTET2 activity as a function of pH ii®] PIPES, ; ; ; t@oto-
(m) HEPES, and4) TAPS buffers and as a function of temperature bacteria such as the glutamyl aminopeptidase f 0

Temperature (°C)

©). coccus lactigGIuAP) and the thermostable aminopeptidase
| from Bacillus stearothermophilugAPI). Only short N-
Table 4: Effect of Different Temperatures on the Half-Life of terminal fragments are known for the two nonidentical
PhTET2 subunits of API, but both show significant similarity to the
temp €C) half-life temp ¢C) half-life YsdC protein fromBacillus subtilis This protein is not
, known to be a peptidase, but it is homologous to GIuAP
100 24.8 min 90 3.00h . : :
95 59 4 min 80 1003 h (25 and its X-ray crystallographic structure is almost

identical to that of PhTETLand PhTET2 22). Broadly
speaking, the outcome from the studies on M42 proteins is
that they assemble in oligomeric complexes, located in the

Table 5: Effect of Different Chemical Agents on PhTET2 Activity

_ relative _ relative cytosol, and that their activities may differ.
ngn;nctal ?%r;;; ac(%ty ngn;lctal ?r%r,:,lc)n a?f,'/z)'ty We report here that_the PH1527 protein forms_ a stable
rone 100 ohosphoramidon 0.5 801 QOdecamenc complex in solutloq. The _electron microscopy
antipain 0.1 104.1 1 75.0 images revealed a shape and dimensions that are identical
bestatin 0.05 35.6 2 71.1 to the ones obtained for DAP, a member of the M42 family
0.1 22.1 Pefabloc SC 2 93.7 that was identified inP. horikoshii (19). We have solved
02 152  EDTA 1 31.4 the 3D structure of DAP by X-ray crystallography and
g_‘gznosmtm 09‘015 55_'39 52 19%5 electron microscop§.It shows that the protein assembles
0.2 101.9  aprotinin 0.0005 94.4 as a large dodecameric edifice with a tetrahedral shape. The
1 95.5 0.001  84.7 same quaternary structure was reported in halophilic archaea
leupeptin ~ 0.01 95.8 _ 0.01 885  for another member of the M42 family called TET3].
pepstatin 069301 93'25.9 puromycin %_011 9;;51 Therefore, inP. horikoshiithere are two structurally related
0.01 92.4 1 84.9 TET-like complexes. For this reason, we named DAP as
0.1 82.6 PhTET1 and PH1527 as PhTET2. Almost half of the

described aminopeptidases are monomers, while the remain-
less than 10% of the maximum activity was detected. der have oligomeric structure34). All of the characterized
Thermostability of PhTET2 was studied as well. The MA42 peptidases have multimeric structur&s, (19, 35-37).
enzymatic activity decay obeyed first-order kinetics and PhTET2 is a dodecamer like HNTETS3), PhTET1? and
showed half-lives of 24.8 min and 10.03 h when incubated API (36). TET proteins are not structurally related to any
at 100 and 80C, respectively (Table 4). other large protease in its quaternary structure, although they
PhTET2 Is a Metalloaminopeptidasko further character- ~ share a triangular shape with bovine lens leucyl aminopep-
ize the enzymatic activity, various potential inhibitors were tidase (bILAP), Tricorn, and Gal6 (bleomycin hydrolase)
tested. The effects of several chemical agents on PhTET2(38—40). PhTET2 seems to be self-compartmentalized, and
activity are summarized in Table 5. The enzyme was clearly this feature has also been recognized in some other ATP-
inhibited in the presence of EDTA, a metal ion chelating independent exopeptidase complexes such as Gal6 and DppA
agent, and bestatin, a typical inhibitor of aminopeptidases. (41 42). In contrast, the molecular architectures of the
Weak inhibiton was also detected in the presence of Streptomyces griseasninopeptidase (SGAP) and thero-
phosphoramidon, a metalloendopeptidases inhibitor, but onlymonasaminopeptidase (AAP), two structurally well-char-
when this agent was used at a very high concentration (its&cterized exopeptidases from clan MH, show that they are
effective inhibitory concentration is normally in the range Small monomeric metalloenzyme43( 44).
1-10uM). PhTET2 was insensitive to the papain and trypsin ~ Metallopeptidases that belong to clan MH have been
inhibitor antipain, to the chymotrypsin inhibitor chymostatin, described by Rawlings and Barref5j as containing two
to the cysteine protease inhibitor E-64, to the serine and zinc cocatalytic metal ions. However, regarding M42 pep-
cysteine protease inhibitor leupeptin, to the aspartate proteasé¢idases, that statement has only been experimentally con-
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firmed for P. furiosus DAP (37). When we examined the substrates and on polypeptides, we found that the protein
metal dependence of PhTET2 amidolytic activity, we found could cleave at least 13 different amino acid residues from
that it was enhanced by €oion, while Zr** and Mr#* ions the N-terminus (Tables 1 and 2). Like the well-studied bILAP
were inhibitory and C& and Mgt were without effect (47), AAP (48), and SGAP 49), PhTET2 is a fairly
(Table 3). Moreover, the activity of PhATET2 was strongly unspecific leucyl aminopeptidase. This feature distinguishes
inhibited in the presence of the metal chelator EDTA, while clearly PhTET2 from GIUAP. As its name suggests, this M42
the enzyme was insensitive to serine, cysteine, and aspartatpeptidase can only remove glutamyl, aspartyl, and, to a lesser
protease inhibitors (Table 5). Altogether, these results extent, seryl residues from the N-terminus of peptide
indicate that PhTET2 is a metalloenzyme, but it remains substrates45). However, the broad substrate specificity of
unclear which metal is present in this and the other M42 PhTET?2 is similar to that of other M42 peptidases such as
peptidase catalytic sites under physiological conditions. Ando P. furiosusDAP (37), API (36), and HmTET (3). Interest-
et al. (19 reported that PhTET1 was chelated with one ingly, blocking the substrate N-terminus with an acetyl group
calcium ion per monomer of protein, although removal of (i.e., Ac-Leu-pNA, a typical PhTETL1 substrate) prevented
the calcium did not affect the enzyme activity and replace- hydrolysis by PhTET2, indicating that PhTET2 is not a
ment of the calcium with zinc also showed no effect on the deblocking aminopeptidase, and therefore it has a different
hydrolytic action. On the other hand, PhTET1 was strongly substrate specificity than the highly homologous PhTET1
activated by cobalt ion, and its X-ray crystallographic (19) and P. furiosus DAP (37) proteins. The absence of
structure has been modeled with two cobalt ions per catalytic activity against N-terminal blocked peptides has also been
site? although no cobalt ion was found bound to the purified reported for GIUAP %0) and together with the lack of
protein R0). Co*t activation has also been reported for measurable hydrolytic action on FITC-casein indicates that
GIuAP (45), API (36), and P. furiosusDAP (37). Metal- PhTET2 has a strict requirement for a free amino terminus
loaminopeptidases can exhibit complex metal ion depen-and that it is a true exopeptidase devoid of endopeptidase
dence. For example, for AAP (belonging to family M28 in activity. Moreover, PhTET2 acted on Ala-Ala-pNA, Ala-
clan MH) two zinc ions are essential for full enzymatic Ala-Ala-pNA, and Ala-Ala-Phe-AMC cleaving only amino
activity; however, the addition of 1 mol of Zhto apo-AAP acids from the N-terminus; therefore, PhTET2 seems to lack
provides an enzyme which is partially active, and substitution di- and tripeptidyl activity and can be classified as a strict
of one or both zinc ions in AAP with Gd, Cw?*, or Ni2* aminopeptidase. These results are strengthened by the fact
provides different magnitudes of activity that are dependent that PhTET2 activity was not affected by the presence of
on the sequence and order of additidf)( We detected some  endoprotease inhibitors such as antipain or chymostatin, but
activity when PhTET2 was assayed without?Cdn the it was inhibited by the typical aminopeptidase inhibitor
buffer (Table 3), and the same phenomenon was reportedbestatin (Table 5). The absence of clear puromycin inhibition
for PhTET1 @0). Furthermore, Franzetti et all) performed can be explained by the nature of this compound: it is not
all of their study on HmTET activity without adding any a peptide, but a nucleoside, so its structure may not fit easily
metal cation to the reaction mixtures. Therefore, a mechanismin the PhTET2 catalytic site. Additionally, PhTET2 seems
similar to that described for AAP might exist in the M42 to be unable to act on aminoaeyproline bonds, since no
peptidases. cleaving of the alanyl residue was detected using Ala-Pro-
PhTET2 acts optimally at pH 7.5 using Leu-pNA as a pNA as a substrate. This is also a feature of GIuAB),(P.
substrate, and that value agrees very well with the reportedfuriosusDAP (37), PhTET1 @9), and HmTET (3). How-
optimal pH values for GIuUAP45), API (36), P. furiosus ever, although no X-Pro aminopeptidase activity is demon-
DAP (37), and PhTET1 (19) that are all in the range-6.5  strable, N-terminal prolyl residues are released by PhTET2,
9.0. The optimal temperature for activity of PhTET2 is similar to APl 36), P. furiosusDAP (37), and HMTET (3).
around 100°C, which is higher than the temperature optima  PhTET2 can act only on moderately long polypeptides
of PhTET1 [95°C (19)] and P. furiosusDAP [90 °C (37)]. such as GIUAP and PhTET1 dd9 35. HMTET was
The hyperthermostability of PhTET2 (Table 4) and its high reported to cleave polypeptides up to 32 residues lag) (
activity in a broad pH range (Figure 5) make PhTET2 a clear while P. furiosus DAP is already commercially used for
candidate for biotechnological applications. N-terminal sequencing of acyl-blocked proteigg,(51). The
PhTET1 was reported to be a broad aminopeptidase withanalysis of the PhTETZ2 action on the peptides Tub-Cter and
peptide deblocking activityl®). However, within peptidases  AIT-Ad2 showed that the levels of the products do not
of the same family, few changes in the active site environ- increase in parallel and that the ratio among their areas
ment can lead to a different type of activity. For example, changed with time (Figure 4; not shown). Thus, PhTET2
family M28 in clan MH contains amino- and also carboxy- releases partially digested peptides that are attacked at later
peptidases. Moreover, despite high sequence identity and/ottimes. In other words, PhTET2 does not degrade peptides
structural similarity with peptidases, some proteins display in a processive fashion, since the pattern of products
a completely different function. In this regard, and like other generated varied with time. Therefore, PhTET2 initially
families in the clan, family M42 includes enzymes that are produces a polypeptidic fragment of the peptide substrate
not peptidases, such as an endoglucanase @stridium that is degraded further at later times, as expected for
thermocellum(25), and HTET was originally designated as nonprocessive peptidases, which detach from the polypeptide
a putative endoglucanas&7j. These facts prompted us to substrates after each cleavage. The results shown in Table 2
characterize in detail the enzymatic activity of the purified and Figure 4 also indicate that PhTET2 is not able to act as
PhTET2 protein complex and to compare it with the ones a carboxypeptidase, since no peptide fragments devoid of
described for other assigned M42 peptidases. When thethe first C-terminal amino acid residue(s) were detected. This
PhTET?2 activity was assayed on small chromogenic proteasefinding also agrees with previous results on HMTHEB)(
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and PhTET1 19). 13

Many metalloaminopeptidases appear to exploit their
oligomeric state as part of the selection criterion for sub-
strates, thus preventing unwanted proteoly$g).( For
example, bILAP functions as hexamers. The monomers are
arranged as two layers of trimers with the active sites in the
interior of the oligomer8). Without this limitation bILAP,
having broad specificity, would most likely hydrolyze a large
number of proteins §2). Because of this potential for
unregulated proteolysis, it seems clear why the structurally ;¢
related aminopeptidases AAP and SGAP function as mono-
mers, since they are extracellular enzymes implicated in the
degradation of nutritional protein§3, 54), so their “uncon-
trolled” action is much more beneficial than detrimental for
the cell. The sophisticated self-compartmentalized quaternary

14

structure of PhTET1 and PhTET2 and their ability to cleave 18

a broad set of N-terminal peptide bonds suggest that they

both play a role in cytosolic protein degradation rather than 19,

in the cleaving of small dietary peptides. Having different
requirements for substrate composition, they might work in
a complementary way. The processing of unfolded proteins
and peptides by the combined action of the 20S proteasome
and the Tricora-F1-F2—F3 complex inThermoplasma
acidophilumwas demonstrated in vitr@). Since no Tricorn
homologue has been found Ryrococcuor in Halobacte-
rium, the TET system might represent a functional analogue
of the Tricorn complex.
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