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Cell extracts of the proteolytic, hyperthermophilic archaeon Pyrococcus furiosus contain high specific activity
(11 U/mg) of lysine aminopeptidase (KAP), as measured by the hydrolysis of L-lysyl-p-nitroanilide (Lys-pNA).
The enzyme was purified by multistep chromatography. KAP is a homotetramer (38.2 kDa per subunit) and,
as purified, contains 2.0 = (.48 zinc atoms per subunit. Surprisingly, its activity was stimulated fourfold by the
addition of Co®* ions (0.2 mM). Optimal KAP activity with Lys-pNA as the substrate occurred at pH 8.0 and
a temperature of 100°C. The enzyme had a narrow substrate specificity with di-, tri-, and tetrapeptides, and it
hydrolyzed only basic N-terminal residues at high rates. Mass spectroscopy analysis of the purified enzyme was
used to identify, in the P. furiosus genome database, a gene (PF1861) that encodes a product corresponding to
346 amino acids. The recombinant protein containing a polyhistidine tag at the N terminus was produced in
Escherichia coli and purified using affinity chromatography. Its properties, including molecular mass, metal ion
dependence, and pH and temperature optima for catalysis, were indistinguishable from those of the native
form, although the thermostability of the recombinant form was dramatically lower than that of the native
enzyme (half-life of approximately 6 h at 100°C). Based on its amino acid sequence, KAP is part of the M18
family of peptidases and represents the first prokaryotic member of this family. KAP is also the first
lysine-specific aminopeptidase to be purified from an archaeon.

Aminopeptidases are exopeptidases that catalyze the re-
moval of amino acid residues at the N termini of peptides and
proteins. Intracellular proteolytic degradation by aminopepti-
dases is necessary for modulation of protein concentrations,
maintenance of amino acid pools, and removal of damaged
proteins (17). In addition, aminopeptidases have more specific
functions, including activation (10) and inactivation (21) of
biologically active peptides and the removal of N-terminal me-
thionyl residues of newly synthesized proteins. The breakdown
of proteinaceous substrates, whether imported into the cell or
generated from damaged proteins, are further degraded by di-,
tri-, and carboxypeptidases, as well as by aminopeptidases (17).
Classification of aminopeptidases has been generally based
upon their substrate specificities, such as preference for a neu-
tral, acidic, or basic amino acid in the P1 position of the amino
terminus of peptides (44). In recent years, more focus has been
placed on classifying peptidases based on structural analyses
(35). Aminopeptidases are widely distributed among
eukaryotes and prokaryotes, although only a few have been
isolated from archaea (37). About two-thirds of all aminopep-
tidases are represented by the metal-dependent peptidases in
which zinc is the most frequently associated metal (34).

Hyperthermophilic archaea are potentially rich sources of
peptidase-type enzymes, because most of them are capable of
using protein-based substrates as their sole carbon source (1).
For example, Pyrococcus furiosus grows optimally at 100°C,
utilizing proteins and peptides as substrates, and it produces
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organic acids, CO,, and H,. Several enzymes involved in the
catabolism of peptides have been purified from P. furiosus,
including aminotransferases (4), 2-keto acid oxidoreductases
(2, 19), glutamate dehydrogenase (1), prolidase (16), acetyl-
coenzyme A (CoA) synthetases (29), aminoacylase (39), a co-
balt-activated carboxypeptidase (11), and pyrollidone car-
boxypeptidase (42). This list also includes a methionine ami-
nopeptidase (41) and a deblocking aminopeptidase (DAP)
(40) as well as another type of aminopeptidase from the re-
lated archaeon P. horikoshii (3). The P. furiosus genome con-
tains a gene (PF0369) encoding a homolog of the latter P.
horikoshii enzyme, with which it has 85% identity. There are no
reports on its biochemical and kinetic properties, so a compar-
ison between it and P. furiosus DAP, with which it has 42%
sequence identity, cannot be made.

In this paper we focus on aminopeptidases that catalyze the
release of lysyl residues from the N terminus of peptides.
Surprisingly, such an enzyme has not been characterized pre-
viously from an archaeon. Moreover, several so-called lysyl
aminopeptidases have been characterized from bacteria, and
these are represented by the aminopeptidase N family of en-
zymes. However, these typically hydrolyze a broad range of
peptides and are not specific for basic amino acids (25, 32). On
the other hand, three lysyl-specific aminopeptidases have been
characterized from eukaryotic sources: the native form of a
cobalt-dependent enzyme, yscCo-II, from the unicellular eu-
karyote Saccharomyces cerevisiae (20), the native enzyme from
the yeast Kluyveromyces marxianus (33), and a recombinant
form of a zinc-dependent enzyme from the filamentous fungus
Aspergillus niger (6). The majority of aminopeptidases charac-
terized so far, including the S. cerevisiae and A. niger enzymes,
belong to the large M1 family of metallopeptidases. These
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typically require zinc for activity, and their sequences contain
the zinc-binding motif HEXXH (6). Sequence analyses of the
M1 metalloaminopeptidases show that they consist of three
main groups (34). These include the aminopeptidase N and the
leukotriene A4 hydrolase groups, members of which have been
extensively characterized. The third group consists of a variety
of aminopeptidases that share high sequence similarity but
differ considerably in their catalytic properties and other char-
acteristics (34).

The object of the present study was to characterize the lysine
aminopeptidase (KAP) from the hyperthermophilic archaeon,
P. furiosus. It is shown that the P. furiosus enzyme, while having
the same narrow substrate specificity as the KAPs from S.
cerevisiae and A. niger, contains conserved sequences that are
homologous to those of members of the M18 rather than M1
family of peptidases. In contrast to the large M1 family, only
two members of the M18 family have been characterized.
These are a leucyl aminopeptidase from yeast (30) and an
aspartyl aminopeptidase from rabbit (44). Herein we therefore
report the isolation of the first KAP from an archaeon, in the
form of the P. furiosus enzyme, which is also the first prokary-
otic member of the M18 family. The native and recombinant
forms of P. furiosus KAP were purified, and their biochemical
properties were determined.

MATERIALS AND METHODS

Growth of microorganisms. P. furiosus (DSM 3638) was grown at 95°C in a
600-liter fermentor with maltose as the carbon source as previously described (8).
Escherichia coli strains were grown in Luria-Bertani medium (LB). Kanamycin
(50 wg/ml) and chloramphenicol (35 pg/ml) were added as needed for plasmid
maintenance.

Enzyme assays. Lysine aminopeptidase activity was determined with the chro-
mogenic substrate L-lysyl-p-nitroanilide (Lys-pNA). The assay mixture (350 jl)
containing the enzyme sample in 50 mM MOPS [3-(N-morpholine) propane
sulfonic acid] buffer (pH 8.0) and 15 mM Lys-pNA (Bachem Co., King of Prussia,
Pa.) was incubated at 100°C for 5 min, and 70 .l of sodium dodecyl sulfate (SDS)
(10%, wt/vol) was added to stop the reaction. The final volume was made up to
820 pl using deionized H,O, and the absorption was measured at 405 nm (27).
The amount of p-nitroaniline produced was calculated from a standard curve.
One unit of enzyme activity is defined as the amount of enzyme that liberates 1
pmol of p-nitroaniline per min under these assay conditions.

Peptidase activity was determined by the release of amino acids from peptides
using a modified ninhydrin assay. The ninhydrin reagent contained 0.8 g of
ninhydrin in 80 ml of 99.5% ethanol and 10 ml of acetic acid, to which 1 g of
CdCl, dissolved in 1 ml of water was added (13). The assay mixture (200 jl)
containing the enzyme sample in 50 mM MOPS (pH 8.0) and the indicated di-,
tri-, or tetrapeptide (Bachem Co.) was incubated at 100°C for 5 min in vials
sealed with serum stoppers, and then 1.5 ml of the Cd-ninhydrin reagent was
added. The solution was heated for 5 min at 84°C, and after cooling the absor-
bance was measured at 507 nm. One unit of enzyme activity is defined as the
amount of enzyme that hydrolyzes 1 wmol of lysine per min under these assay
conditions.

Purification of P. furiosus lysine aminopeptidase. Lysine aminopeptidase was
purified from P. furiosus under anaerobic conditions at 23°C. Frozen cells (100 g
[wet weight]) were thawed in 300 ml of 50 mM Tris-HCI buffer (pH 8.0) con-
taining DNase I at 37°C for 2 h. A cell extract was obtained by ultracentrifugation
at 18,000 X g for 2 h. The supernatant (300 ml) was applied to a column (10 by
14 cm) of DEAE-Sepharose Fast Flow (Pharmacia, Piscataway, N.J.), equili-
brated with 50 mM Tris-HCI (pH 8.0) containing 2 mM sodium dithionate
(Tris-DT buffer). The column was eluted at a flow rate of 10 ml/min with a
2.5-liter linear gradient from 0 to 1.0 M NaCl in the same Tris-DT buffer. Lysine
aminopeptidase activity was eluted from 0.29 to 0.39 M NaCl. The active frac-
tions were combined (300 ml), and sodium sulfate was added to a final concen-
tration of 1.0 M. This solution was applied to a column (3.5 by 10 cm) of phenyl
sepharose (Pharmacia) equilibrated with Tris-DT buffer containing 1 M sodium
sulfate. The column was eluted with a gradient (1 liter) from 1.0 to 0 M sodium
sulfate in the Tris-DT buffer at a flow rate of 7 ml/min. Lysine aminopeptidase
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activity eluted as 0.50 to 0.57 M sodium sulfate. The lysine aminopeptidase-
containing fractions (120 ml) were applied to a column (1 by 10 cm) of hydroxy-
apatite (Pharmacia) equilibrated with 50 mM Tris-HCl (pH 8.0). The column
was eluted at a flow rate of 5 ml/min with a 100-ml linear gradient of 0 to 0.5 M
potassium phosphate buffer. The active fractions from the hydroxyapatite were
applied to a column (1.6 by 60 cm) of Superdex-200 (Pharmacia) equilibrated
with 50 mM Tris-DT buffer (pH 8.0) containing 0.5 M NaCl at a flow rate of 0.6
ml/min. Fractions containing lysine aminopeptidase activity were concentrated
by ultrafiltration and stored as frozen pellets in liquid nitrogen until required.

Cloning and expression of the lysine aminopeptidase-encoding gene. The gene
encoding P. furiosus lysine aminopeptidase was obtained by PCR amplification
using genomic DNA and was subsequently cloned into the modified T7 poly-
merase expression vector pET-24d (Novagen, Milwaukee, Wis.). For amplifica-
tion, the forward primer (CACCGGATCCGTAGATTGGGAACTAATGAAA;
MWG, High Point, N.C.) contained an engineered BamHI site, while the reverse
primer (AAGCTCGAGCGGCCGCTCACGGTGTAAAGTCCATTGGCTTTA)
had an engineered Notl site. PCR amplification was performed with cloned P.
furiosus DNA polymerase (Stratagene, La Jolla, Calif.) and a Robocycler 40
(Stratagene) programmed with an initial denaturation of 4 min, followed by 30
cycles consisting of denaturation at 94°C for 1 min, annealing at 50°C for 2 min,
and extension at 72°C for 3 min. The PCR fragment (1.06 kb) was cleaned from
the reaction mixture using a PCR cleanup kit (TeleChem, Sunnyvale, Calif.),
digested with BamHI and Notl, and cloned into the modified pET-24d vector.
Plasmid pET-24d was modified such that a polyhistidine fusion tag of MAHH-
HHHHXX was placed at the N terminus. Alanine in the second position results
in complete removal of the N-terminal methionine by the endogenous E. coli
methionine aminopeptidase (5). The ligation mixture (3 wl) was used to trans-
form E. coli TOP10 cells (Invitrogen, Carlsbad, Calif.). After screening for the
presence of the gene by restriction digestion, the plasmid was transformed into
the expression host BL21(DE3)Star (Invitrogen) containing the pRIL vector
(Stratagene). The expression of the gene encoding lysine aminopeptidase was
induced with isopropyl-B-thiogalactopyranoside (IPTG) (0.4 mM) when the cul-
ture reached an optical density of 0.6. The induced culture was incubated for 3 h
prior to harvesting of the cells.

Purification of recombinant lysine aminopeptidase. Recombinant lysine ami-
nopeptidase was purified in two steps. IPTG-induced BL21(ADE3)Star/pRIL
cells that had been harvested from a 1-liter culture were suspended in 30 ml of
10 mM imidazole buffer (pH 8.0), containing 10 mM sodium phosphate and 0.5
mM NaCl. The cells were lysed by sonication for 5 min. The suspension was
centrifuged at 50,000 X g for 15 min, and the supernatant was applied to a
column (1.6 by 3 cm) of Co?*-Talon affinity (Clontech, Palo Alto, Calif.) that was
equilibrated with 10 mM imidazole buffer (pH 8.0). The lysine aminopeptidase
was eluted with 300 mM imidazole buffer (pH 8.0) and was then heated for 5 min
at 70°C in the presence of 0.2 mM CoCl,. The precipitate was removed by
centrifugation (14,000 X g for 10 min), and the supernatant was concentrated by
ultrafiltration. The purified enzyme was stored in liquid nitrogen until required.

Other methods. Molecular weights were estimated by gel filtration with a
column (1 by 27 cm) of Superdex 200 (Pharmacia) with amylase (200,000),
alcohol dehydrogenase (150,000), and bovine serum albumin (66,000) as stan-
dard proteins. Sodium dodecyl sulfate (SDS)-gel electrophoresis was performed
using 12.5% polyacrylamide by the method of Laemmli (28). Protein concentra-
tions were determined by the Bradford method (7) with bovine serum albumin as
the standard. To determine metal content, exogenous metal ions were removed
from the lysine aminopeptidase by gel filtration using a G-25 column equilibrated
with 50 mM MOPS buffer (pH 8.0). A metal analysis (20 elements) was obtained
by plasma emission spectroscopy with a Thermo Jarrell-Ash Enviro 36 Induc-
tively Coupled Argon Plasma instrument at the Chemical Analysis Laboratory of
the University of Georgia. Subunit molecular weight analyses of the native and
recombinant lysine aminopeptidase were determined by liquid chromatography-
mass spectrometry (LC-MS) using an Applied Biosystems syringe pump high-
performance liquid chromatography system and the Perkin Elmer Sciex API 1
Plus Quadrupole Mass Spectrometer at the Chemical and Biological Sciences
Mass Spectrometry Facility of the University of Georgia.

RESULTS

Purification of the native P. furiosus lysine aminopeptidase.
Cell extracts contained a significant amount of lysine amino-
peptidase activity (approximately 11 U/mg at 100°C) using
Lys-pNA as the substrate. Lysine aminopeptidase was purified
to apparent homogeneity by four chromatography steps. All
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TABLE 1. Purification of lysine aminopeptidase from P. furiosus
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TABLE 2. Purification of recombinant lysine aminopeptidase

Step Activity” Protein Sp. act. Purification Recovery
L) (mg) (U/mg) (fold) (%)
Cell extract 28,700 2,600 11 1 100
DEAE 14,500 495 29 2.7 51
Phenyl sepharose 11,500 27 419 38 40
Hydroxyapatite 7,051 8.7 810 74 25
Superdex 200 8,045 43 1,900 170 28

¢ Activity was measured at 100°C by using Lys-pNA (10 mM) as the substrate.

cells used for purification were obtained from cell cultures
grown on a 500-liter scale. The procedure was carried out
under anaerobic conditions, not because the lysine aminopep-
tidase was oxygen sensitive but to allow the purification of
other enzymes that are oxygen sensitive from the same batch of
P. furiosus cells.

Lysine aminopeptidase activity was only found in the soluble
fraction, indicating that it is a cytoplasmic protein. The enzyme
was purified 170-fold with a yield of 28% and a specific activity
of approximately 1,900 U/mg (Table 1). On a denaturing elec-
trophoresis gel, the purified enzyme migrated as a single major
band corresponding to a molecular mass of approximately 40
kDa (Fig. 1). Tryptic digestion of the purified protein was used
to identify a gene (PF1861) in the P. furiosus genome (http:
//[comb5-156.umbi.umd.edu/genemate) that is, in fact, anno-
tated as an endoglucanase. Analyses of a sample of the purified
enzyme by LC-MS indicated a molecular mass of 38,210 Da.
This value is in good agreement with that (38,214 Da) calcu-
lated from the amino acid sequence (390 residues) deduced
from PF1861. Lysine aminopeptidase was eluted from a gel
filtration column with at molecular mass corresponding to 160
+ 10 kDa. This result, together with the electrophoretic and
LC-MS data, suggests that the enzyme is a homotetramer. A
mass of 38.21 kDa for the lysine aminopeptidase subunit was
used in all calculations.

Purification of recombinant P. furiosus lysine aminopepti-
dase. The gene encoding lysine aminopeptidase protein was
successfully expressed in E. coli cells by the addition of IPTG
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200 =

50 o
40 =

30 -

20 =

FIG. 1. SDS—12% polyacrylamide gel electrophoresis of the lysine
aminopeptidase purified from P. furiosus. Lane 1, standard molecular
size markers; lane 2, native lysine aminopeptidase (4 pg); lane 3,
recombinant lysine aminopeptidase (4 pg).

Step Activity Protein Sp. act. Purification Recovery
L) (mg)  (U/mg) (fold) (%)
Cell extract 43,800 202 217 1 100
Co?"-talon affinity 30,700 28 1,100 5 70
Heat treatment 53,100 24 2,200 10 120

“ Activity was measured at 100°C by using Lys-pNA (10 mM) as the substrate.

after a 4-h period of induction at 37°C. The presence of re-
combinant enzyme in cell extracts of E. coli was evident by both
by high-temperature (100°C) enzyme assays as well as by the
appearance of a protein band corresponding to a mass of 38
kDa after SDS-gel analysis of cell extracts (data not shown).
The specific activity of the lysine aminopeptidase in the recom-
binant E. coli cells was approximately 207 U/mg, which is
approximately 20-fold greater than the activity in cell extracts
of P. furiosus measured under the same conditions at 100°C.
The results of a typical purification of the recombinant enzyme
are summarized in Table 2. It was purified in two steps using
affinity chromatography and a heat treatment step. The recom-
binant form of lysine aminopeptidase (r-KAP) was indistin-
guishable from the native protein (n-KAP) purified from P.
furiosus when analyzed by SDS-gel electrophoresis, even
though the recombinant enzyme contains a His, tag. LC-MS
analysis indicated a subunit molecular mass of 39,128 Da for
r-KAP. This value is in good agreement with the calculated
molecular size of 39,121 (which includes the His, tag).
Catalytic properties of native and recombinant lysine amin-
opeptidases. Both the native (n-KAP) and recombinant (r-
KAP) forms had comparable specific activities in the standard
assay (470 and 525 U/mg, respectively) in their purified states.
However, the activities of both were stimulated by approxi-
mately fourfold (to 1,900 and 2,100 U/mg, respectively) by the
presence of 0.2 mM Co?" ions in the assay medium, and these
were included in all assays unless otherwise noted. The appar-
ent association constant for Co?" was 0.01 mM for n-KAP and
0.0025 mM for r-KAP. When n-KAP was preincubated with 0.2
mM Co>" ions and then assayed in the absence of the metal,
there was no difference in specific activity (compared to stan-
dard conditions where Co?* ions are included in the assay
mixture). However, when the sample was preincubated with
0.2 mM Co** ions and subjected to gel filtration, only 10% of
the activity remained, while addition of Co?*" ions (0.2 mM) to
the reaction mixture completely restored enzyme activity.
Co*™" ions could not be replaced with other divalent (Ca**,
Cd**, Cu?*, Fe**, Mg?", Mn?", Ni*", or Zn*>") or monova-
lent cations (Na™ or K*) when used at concentrations of up to
0.2 mM. The activities of n-KAP and r-KAP also showed the
same responses to temperature and pH (Fig. 2). Each had a pH
optimum at 8.0 and a temperature optimum of =100°C. Sur-
prisingly, both forms exhibited at 25°C approximately 15% of
their activity at 100°C. Lys-pNA was used as the substrate in all
routine assays, and the activities of the native and recombinant
forms were investigated. As shown in Table 3, both forms of
the enzyme were active only with basic and, to a lesser extent,
nonpolar residues at the N terminus using the nitroanilide
substrates. In addition, as shown in Table 4, KAP hydrolyzes a
variety of di-, tri-, and tetrapeptides with Lys at the N terminus,
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TABLE 3. Substrate specificity of native and recombinant
P. furiosus lysine aminopeptidase
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TABLE 5. Kinetic parameters for substrates of P. furiosus
lysine aminopeptidase

0 T V1 .
Substrate” (with p-nitroanilide % Relative activity” for:

amino acids) n-KAP -KAP
Lys-pNA 100 100
Arg-pNA 34 47
Leu-pNA 0 7
Pro-pNA 0 6
Ala-pNA 0 3
Gly-pNA 4 0.7
His-pNA 5 0
Phe-pNA 14 0
Ac-Phe-pNA 4 0

“ All substrates were used at a final concentration of 10 mM.

® The rate of hydrolysis is expressed as a percentage of the activity compared
to that obtained by using Lys-pNA as the substrate at 100°C, where 100% activity
corresponds to 1,900 and 2,200 U/mg for native and recombinant KAP, respec-
tively.

and various amino acids can occupy the second position (Gly,
Lys, Ala, Phe, Glu). As expected, the native and recombinant
enzymes have comparable activities with the various substrates
(Table 4). Kinetic analyses were carried out for both enzyme
forms, using Lys-pNA and Lys-Gly-Gly as substrates. All com-
binations of enzymes and substrates showed normal Michaelis-
Menten-type kinetics, and the kinetic constants shown in Table
5 were calculated from the linear double-reciprocal plots. The
results are comparable for both enzymes and both substrates,
with K, values in the range of 2 to 4 mM and V,,,, values
approaching 3,000 U/mg. r-KAP had a slightly higher affinity
for Arg-pNA but exhibited slightly lower levels of activity (Ta-
ble 5).

Physical properties of native and recombinant lysine amin-
opeptidases. The metal contents of both n-KAP and r-KAP
were determined by plasma emission spectroscopy. Surpris-
ingly, of the 20 elements that were analyzed, zinc was the only
one present in significant amounts. n-KAP contained 1.8 =
0.48 g-atom/subunit, whereas the r-KAP contained 2.3 * 0.48
g-atom/subunit. When n-KAP and r-KAP (0.31 and 0.53 mg/
ml, respectively, in 50 mM MOPS, pH 8.0) were treated with
EDTA (20 mM) for 1 h at 23°C and then subjected to gel
filtration, there was no significant loss in the activity with either

TABLE 4. Substrate specificity of native and recombinant
P. furiosus lysine aminopeptidase for peptides

% Relative activity” for:

Substrate®
n-KAP r-KAP
Lys-Gly-Gly 100 100
Lys-Lys-Lys 89 63
Lys-Ala-Pro 85 70
Lys-Lys-Lys-Lys 57 27
Lys-Phe 53 52
Lys-Glu-Glys 48 50
Lys-Leu 42 77
Lys-Ala 35 47
Lys-Gly-Gly-Lys 22 50

“ All substrates were used at a final concentration of ImM.

® The rate of hydrolysis is expressed as a percentage of the activity compared
to that obtained by using Lys-Gly-Gly as the substrate at 100°C, where 100%
activity corresponds to 677 and 906 U/mg for native and recombinant KAP,
respectively.

KAP  Substrate K, (mM) (Mmo‘lj;ﬁxn/mg) kel 571 (m’;\%!ﬁgu

n-KAP Lys-pNA 46 2,900 1,260 274
LysGly-Gly 18 677 305 169

r-KAP Lys-pNA 40 2,870 1,840 460
LysGly-Gly 2.7 2,300 1,460 540
Arg-pNA 14 1,200 769 550

“ All assays were carried out at 100°C in 50 mM MOPS, pH 8.0.
> Based on a molecular mass of 38.2 kDa.

form of the enzyme. When either form (0. 047 pg/ml in 50 mM
MOPS, pH 8.0) was heated at 100°C for 5 min with EDTA (20
mM), there was an approximate 40% decrease in activity.
None of the divalent (Ca**, Cd**, Cu**, Fe**, Mg**, Mn*",
Ni**, or Zn**) or monovalent (Na* or K*) cations that were
tested had any effect on the residual activity. When either
enzyme form (0.047 pg/ml in 50 mM MOPS, pH 8.0) was
incubated with o-phenanthroline (20 mM) at 100°C for 5 min,
no activity was detected. When the same sample was then
incubated with 0.4 mM CoCl, in the standard assay, only 40%
of the total activity was restored, but no activity was recovered
if CoCl, was replaced by ZnCl,. The native lysine aminopep-
tidase was very thermostable. When a sample (0.047 pg/ml in
50 mM MOPS, pH 8.0) was incubated at 100°C, the time
required for a 50% loss of activity was 6 h. However, r-KAP
(0.047 pg/ml in 50 mM MOPS, pH 8.0) lost 50% of its activity
after a 10-min incubation under the same conditions. Interest-
ingly, the presence of 0.2 mM CoCl, dramatically increased the
thermostability of r-KAP (0.047 pg/ml in 50 mM MOPS, pH
8.0) such that its half-life value (6 h) was comparable to that of
the native enzyme.

DISCUSSION

P. furiosus contains significant lysine aminopeptidase activity
in its cytoplasm, and this appears to be catalyzed by a single
enzyme. It has a strong preference for peptides containing a
lysyl or arginyl residue at the N terminus of di- and tripeptides,
with dramatically lower activity with nonpolar residues (Ala,
Leu, Phe). The relatively high K, values (2.0 mM) for such
basic substrates indicate that such peptides may be present at
significant intracellular levels in vivo. The gene (PF1861) en-
coding the enzyme was expressed in E. coli, and the properties
of the recombinant form, including temperature and pH de-
pendence of activity as well as substrate specificity, were indis-
tinguishable from that of the native enzyme. In fact, the only
significant difference is that the recombinant form was consid-
erably less thermostable than the native enzyme, suggesting
that it may not be completely folded (even though its catalytic
properties were virtually identical). There is another example
of a recombinant form of peptidase from P. furiosus (prolidase,
in this case, lacking a poly-His tag) that is not as thermally
stable as the native enzyme (16). The recombinant form of
KAP was stabilized at high temperature by Co®" ions, but
these destabilized the native form at 100°C, the reasons for
which are unclear at this point. The native and recombinant
forms of KAP each contain two zinc ions per subunit. These
are essential for activity, as they were lost upon incubation with
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FIG. 2. Effects of temperature and pH on P. furiosus lysine aminopeptidase activity. The assay mixture contained lysine aminopeptidase (0.047
mg/ml) and lysine-pNA (10 mM) in 50 mM MOPS, pH 8.0. For the effects of pH, the following buffers (each at 50 mM) were used at the indicated
pH: Bis-Tris, pH 6.0, 6.5, and 6.8; MOPS, pH 7.0, 7.2, and 8.0; 2-(N-cyclohexlamino)ethanesulfonic acid (CHES), pH 8.6 and 9.0. For effects of
temperature, the buffer used was 50 mM MOPS (pH 8.0). Activity of 100% corresponds to 1,900 and 2,200 U/mg for native (squares) and

recombinant (circles) KAP, respectively.

chelators such as EDTA and o-phenanthroline. Activity could
only be restored upon addition of Co?" ions, whereas Zn*"
ions had no effect. Addition of Co** ions to the purified native
and recombinant enzymes resulted in a significant stimulation
(fourfold) of activity, but the role of cobalt has yet to be
determined.

Lysine aminopeptidases with substrate specificities similar to
that of the P. furiosus enzyme have not been reported from any
prokaryote; they have only been found in the fungi A. niger (6),
S. cerevisiae (20), and K. marxianus (33). The S. cerevisiae
enzyme, like that of P. furiosus, is also stimulated by Co** ions
(0.5 mM); however, the A. niger and K. marxianus enzymes do
not require added metal ions. S. cerevisiae and A. niger have
68% sequence similarity with each other and belong to the M1
family of metalloaminopeptidases (the sequence of the K
marxianus enzyme has not been reported). This family also
includes two other yeast enzymes, leucine aminopeptidase I
and alanyl aminopeptidase I. However, the sequence of the P.
furiosus enzyme shows very little sequence similarity to any of
these proteins. Rather, it shows low similarity (27 and 22%) to
two members of the M18 family of proteases, rabbit aspartyl
aminopeptidase (44) and yeast aminopeptidase I (30). These
two eukaryotic enzymes are both metalloenzymes and show
approximately 43% sequence similarity with each other. So far
they are the only two members of this family that have been
characterized. The nature of the metal site in these M18 amin-
opeptidases is not known, because these enzymes lack the
classical signature sequence (HEXXH) for zinc metallopepti-
dases. Their catalytic sites are thought to contain four con-
served histidine residues (43), and, interestingly, sequence
alignments show that three of them are also found in the P.
furiosus enzyme (Fig. 3). There are other residues conserved in
all three enzymes, including (using the P. furiosus notation)
Glu/Asp88, Asp135, Asp305, Glu342, Glu343, and Asp388, and
these may also be involved in catalysis. Clearly, structural anal-
yses of the P. furiosus enzyme are required to determine the
role of these residues. To this end, samples of the P. furiosus
enzyme have been crystallized, and the crystals diffract at 2.2
angstroms (B. C. Wang, unpublished data). It will be interest-
ing to see if the structure of this lysine aminopeptidase proves

to be novel, as there are no analogs of this enzyme in the
protein database at present.

Metal analyses indicated that neither the native nor recom-
binant forms of P. furiosus lysine aminopeptidase contain Co**
as purified. However, the ability of the enzyme to be activated
by Co”* ions suggests that an active form containing a Co-Zn
binuclear center may be possible. It will be interesting to see
what the structural analyses reveal about this site. Such an
exchange of divalent cations has been observed in certain
leucine aminopeptidases (LAPs) (18, 23, 31). These particular
enzymes are hexameric and contain two zinc-binding sites per
subunit in which the first site, site 1, readily exchanges Zn** for
other divalent cations, including Mn?**, Mg?*, and Co*". On
the other hand, site 2 binds the second Zn*" more strongly,
thereby allowing the exchange of Zn*" for other cations in site
1 but not site 2 (31). Hence, such an exchange of metals may
be occurring in the P. furiosus KAP. This also contains two zinc
atoms per subunit, and perhaps the enzyme becomes much
more active when treated with Co?™, because this replaces one
of the Zn atoms. Further metal binding studies, in combination
with structural analyses, will be needed to address this issue.

The lysine aminopeptidase from P. furiosus is the first such
enzyme of the M18 family to be purified from a prokaryote, a
hyperthermophile, or an archaeon. As expected, the P. furiosus
enzyme is very thermostable, with a temperature optimum
above 100°C and no loss of activity after 6 h. The thermosta-
bility of the other members of the M18 family, yeast amino-
peptidase I and rabbit aspartyl aminopeptidase, were not re-
ported. Although the sizes of their subunits are similar to that
of the P. furiosus enzyme, they form much larger complexes.
These are 640 and 440 kDa, respectively (44), compared to 160
kDa for P. furiosus lysine aminopeptidase. Yeast aminopepti-
dase I has been characterized as a dodecameric protein,
whereas the rabbit aspartyl aminopeptidase appears to be oc-
tameric (30, 44).

The sequence of P. furiosus lysine aminopeptidase shows
similarity to genes encoding two putative proteins in the ge-
nome sequences of P. horikoshii and P. abysii. Although these
proteins have not yet been characterized, they are likely to also
be members of the M18 family of metallopeptidases. Ho-
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FIG. 3. Alignment of the amino acid sequence of P. furiosus lysine aminopeptidase with other aminopeptidases of the M18 family, yeast
aminopeptidase I (AAA34738), and mouse aspartyl aminopeptidase (NP_058574). Conserved histidine, aspartate, and glutamate residues are
boxed. Residues that are believed to play a role in metal binding are denoted by asterisks.

mologs of P. furiosus lysine aminopeptidase are also present in
the genome sequences of other archaea, including those of
Methanococcus jannaschii (9), Methanobacterium thermoau-
totrophicus (38), Methanosarcina mazei (12), Methanosarcina
acetivorans (15), Pyrobaculum aerophilum (14), Methanococcus
maripaludis (24), Archaeoglobus fulgidus (26), Methanopyrus
kandeleri (37), and Aeropyrum pernix (22), all of which have 50
to 60% overall sequence similarity to the P. furiosus KAP.
Aminopeptidases are known to be involved in degradation of
cellular proteins for controlling protein concentrations, main-
taining amino acid pools, and removing damaged proteins (1).
In addition, they may also be involved in the breakdown of
proteinaceous growth substrates. Interestingly, homologs of
the P. furiosus lysine aminopeptidase are found in all hetero-
trophic archaea capable of utilizing peptides as a carbon source
(P. furiosus, P. horikoshii, P. abysii, P. aerophilum [also autotro-
phic], and A. pernix) as well as autotrophic archaea (M. jann-
aschii, M. thermoautotrophicus, M. mazei, M. acetivorans, M.
maripaludis, and M. kandleri). These findings indicate that the
enzyme may function intracellularly to break down protein-
aceous growth substrates in addition to carrying out proteolytic

degradation of the organisms’ own cellular proteins. A dual
role is consistent with the results of recent whole-genome
DNA microarray analyses, in which P. furiosus was grown using
maltose or peptides as the primary carbon source (36). There
was no significant change in gene expression or in the specific
activity of lysine aminopeptidase under either condition.
Therefore, the enzyme is expressed at a significant level when
a carbohydrate is the carbon source, indicating a role in the
degradation of cellular proteins, and presumably also plays a
role in the degradation of peptides when they are used as the
primary source of carbon, although a further increase in ex-
pression appears not to be required.
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