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Abstract

A novel metallocarboxypeptidagd*fuCP has been purified to homogeneity from the hyperthermophilic archaeon,
Pyrococcus furiosyswith its intended use in C-terminal ladder sequencing of proteins and peptides at elevated
temperatures. PfuCP was purified in its inactive state by the addition of ethylenediaminetetraacettDa&Ad and
dithiothreitol (DTT) to purification buffers, and the activity was restored by the addition of divalent chalt 24 +

4 uM at 80°C). The serine protease inhibitor phenylmethylsulfonyl fluorig®1SF) had no effect on the activity. The
molecular mass of monomeric PfuCP is 59 kDa as determined by matrix-assisted laser desorption ionization time-of-
flight mass spectrometryMALDI-TOF MS) and 58 kDa by SDS-PAGE analysis. In solution, PfuCP exists as a
homodimer of~128 kDa as determined by gel filtration chromatography. The activity of PfuCP exhibits a temperature
optimum exceeding 9 under ambient pressure, and a narrow pH optimum of 6.2—6.6. Addition ®f @othe
apaoPfuCP at room temperature does not alter its far-UV circular dichré@D) or its intrinsic fluorescence spectrum.

Even when the CoPfuCP is heated to°80its far-UV CD shows a minimal change in the global conformation and the
intrinsic fluorescence of aromatic residues shows only a partial quenching. Changes in the intrinsic fluorescence appear
essentially reversible with temperature. Finally, the far-UV CD and intrinsic fluorescence data suggest that the overall
structure of the holoenzyme is extremely thermostable. However, the activities of baethabed holo enzyme exhibit

a similar second-order decay over time, with 50% activity remaining aft&® min at 80C. The N-blocked synthetic
dipeptide, N-carbobenzoxy-Ala-ArZAR), was used in the purification assay. The kinetic parameters & 8@dth

0.4 mM CoC} were: Ky, 0.9+ 0.1 mMM; Vimax 2,300+ 70 U mg™t; and turn over number, 608 20 s 1. Activity

against other ZAX substratéX =V, L, I, M, W, Y, F, N, A, S, H, K) revealed a broad specificity for neutral, aromatic,
polar, and basic C-terminal residues. This broad specificity was confirmed by the C-terminal ladder sequencing of
several synthetic and natural peptides, including porcine N-acetyl-renin substrate, for which we have altserved
MALDI-TOF MS) stepwise hydrolysis by PfuCP of up to seven residues from the C-terminus: Ac-Asp-Arg-Val-Tyr-
lle-His-Pro-Phe-His-Leu-Leu-Val-Tyr-Ser
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Hyperthermophiles are microorganisms which grow optimally at(Woese et al., 19900ne of the most extensively studied hyper-
temperatures 8 and abovéHuber & Stetter, 1998 A majority thermophilic archaea i®yrococcus furiosugPfu). This micro-
of these organisms fall under the newly identified domaimhaea  organism has a growth optimum of 180 (Fiala & Stetter, 1986
It is a heterotrophic, anaerobic archaeon, and utilizes complex
Reprint requests to: Sunney |. Chan, Noyes Laboratories 127-72, Diviparbohydrates a}nd peptidesoteins as'carbon and energy Sourcgs
sion of Chemistry and Chemical Engineering, California Institute of Tech-(Adams & Kletzin, 1996. The metabolic end products are organic
nology, Pasadena, California 91125; e-mail: chans@cco.caltech.edu.  acids, alanine, C@ and H (Kengen & Stams, 1994; Kengen
Abbreviations:Pfu, Pyrococcus furiosusPho, Pyrococcus horikoshii; i et al., 1996. Additional energy is generated when excess redox

CP, carboxypeptidase; DT, dithionite; DTT, dithiothreitol; EDTA, ethylene- ; Baohi
diaminetetraacetic acid; FPLC, fast protein liquid chromatography; ZAR,equlvaIents are channeled to elemental sy icho etal., 1993

N-Cbz-Alanyl-Arginine; PAGE, polyacrylamide gel electrophoresis; MALDI- ~ NOt surpris.ingly, most of the proteins isqlated from these hy-
TOF MS, matrix-assisted laser desorption ionization time-of-flight massperthermophiles exhibit a temperature optimum of at least 80—
spectrometry; UV-CD, ultraviolet circular dichroism; KMES, potassium 100°C or above(Adams et al., 1995; Adams & Kelly, 1998

2{N-morpholingethanesulfonic acid; HEPES(N-[2-hydroxyethy] — accordingly, there is much interest in exploiting these proteins for

piperazine-N-[2-ethanesulfonic acigi MOPS, (3-{N-morpholing . . . )
propanesulfonic acid NARS, N-acetyl-renin substrate; PMSF, biotechnological applications, as they are able to perform biochem-

phenylmethylsulfonyl fluoride; TIM, triose phosphate isomerase; TFA, ical reactions under harsh conditions, such as high temperatures,
trifluoroacetic acid. organic solvents, and denaturatdslams et al., 1995 P. furiosus

2474




P. furiosus carboxypeptidase 2475

has been the source of many of these biotechnologically important 0 HH o
proteins, including DNA polymeraséfu polymerasg (Lundberg N .
et al.,, 199}, a-amylase(Laderman et al., 1993 and proteases H o
(Voorhorst et al., 1996; Harwood et al., 1997 o H
Carboxypeptidases sequentially hydrolyze peptide bonds from NH
the C-terminus of proteins and peptides. They are ubiquitous in >:
animals, plants, and microorganisms; many carboxypeptidases have HoN
been characterized based on their substrate specificity and mech-
anism (serine- vs. metallo-carboxypeptidas&kidgel & Erdos,
1998. Carboxypeptidases have been implicated in physiological Scheme 1A.
roles such as protein degradatiternover, processing of precur-
sor proteingSteiner, 1998 and in the metabolism of proteins and
peptides as carbon or energy sources. Most of the purified car-
boxypeptidases have a temperature optimum beloWC4®ow- .
ever, three moderately thermostable carboxypeptidases have begnsolfatarlcqs(Colombo et a_l., 199)2_However, the B_z-GIy bond .
purified from the bacteri@hermoactinomyces vulgariStepanov, was susc eptible to hydrolysis as evidenced by activity toward hip-
1995 andThermus aquaticud_ee et al., 1992 and the archaeon puric acid(Bz-Gly). Hence, an aliernate set of substrthAX)
Sulfolobus solfataricusColombo et al., 1992 with temperature with a stable N-terminal amide bond was chosen to monitor ac-

; . : . tivity. A control experiment showed no hydrolysis of ZN-Cbz-
optima of 60, 80, and 8%, respectively. Carboxypeptidase activ- g . )
ity has not yet been reported fromh furiosus Ala), thus localizing PfuCP hydrolysis of ZAR to the C-terminal

Protein sequencing is an integral component of modern bio_alanyl-arginine peptide bond, unequivocally demonstrating car-

chemical research. Edman degradation is useful for N-terminalf’o;ypfp?'dase actl?l/lty. | . i ¢ d to st
sequencing, but it fails when the amino terminus is chemically reliminary small-scalé experiments wereé performed 1o stan-

protected. Aside from endoproteolytic fragmentation, another Wa)gardlze the purification conditions, during which it was noted that

to obtain sequence information from proteins is to sequence fron?fucp did not bind to the affinity matrix arginine-Sepharose. To

the C-terminus. Various C-terminal sequencing methods have bedfiSt for the presence of multiple carboxypeptidagesfuriosus
ude extract was passed through a QFF column and then the

developed: chemical cleavage analogous to Edman degradati(ﬁ? . k L . . .
(Hardeman et al., 1998nd enzymatic digestion by carboxypep- eluting carboxyp_eptldase fi(_:tIVIty was mon_ltored with various ZAX
tidases(Thiede et al., 1997 A particularly powerful approach is substrates. Maximum activity was foqnd in the same fractlop fpr
enzymatic ladder sequencing, in which a carboxypeptidase is use"’HI of the su_bstratgs testt_ad, suggestlng_ _that there is one .d'Stht
to generate a set of differentially cleaved peptides that can bgarboxypeptldase_ . _furlosus.AII ac_tlvmes of representative
visualized in a mass spectrum; mass differences between adjace;@x substrategaliphatic, X= lle; basic, X= Arg and Lys; aro-

peaks correspond to the molecular masses of individual aminénat'c' X= Phe and Trp; polar, X Asn, Ser, and Hiseluted in the

acids that have been released. Enzymatic protein ladder sequen%mfe mayjor pe".’"" Significant loss of activity was observed in
rification fractions over the course of 3—4 days at room tem-

ing has the potential to sequence as far as the enzyme can cut. Prelimi dies had sh hat DTT and EDTA
However, a number of difficulties have limited the applicability of perature. Preliminary studies had shown that an com-

this approach(1) the limited specificities of a given carboxypep- pletely abolished carboxypeptidase activity in crude extract. To

tidase toward the 20 common amino acids &)dhe resistance of inhibit proteolytic and carboxypeptidase activity, 2 mM DTT,

native protein molecules to digestion at mesophilic temperatures. mM EDTA, and 1 mM .PM.SF were added to purlflcatlo.n bUﬁ?rS’
Both of these problems can be overcome by the use of a therm lence PfuCP was purified in a metal-depleted, catalytically inac-

stable carboxypeptidase in C-terminal sequencing of proteins. Firs{',Ve fo_rr_n. cher observed losses in activity due to fre.?ze'thaw'”g
a hyperthermophilic carboxypeptidase is catalytically active at tempf purification samples were prevoented by the addition of 10%
peratures where the tertiary structures of most mesophilic proteingly(.:?ml. to samplles stgred a.tzo C. Subsequent Iarge-;cale

are denatured. Second, there is evidence that specificities of thermBymCatlon steps involving anion-exchange, hydroxyapatite, hy-

philic carboxypeptidases are broader than their mesophilic counc-jrophObiC and gel filiration chromatographic procedures yielded

terparts(Colombo et al., 1992; Lee et al., 1992; Stepanov, 1995 11 mg PfuCP from 21 g crude protein with a 174-fold purification

In this paper, we report the purification and characterization ofa.nd 9.% recover)('!'abI.e 3. SD.S'PAGE o.f th? most active frac-
a novel metallocarboxypeptidase frdPnfuriosus The activity of tions in each purification step is shown in Figure 1.
the PfuCP shows a temperature optimum exceedirf@¢98ccord-
ingly, th_is PfuCP might_find applic_ations in C_—terminal seq_uencing Molecular weight and oligomeric state of PfuCP
of peptides and proteins. The first C-terminal sequencing by a
hyperthermophilic carboxypeptidase at elevated temperatures Reducing and denaturing SDS-PAGE analyg€smM DTT and
demonstrated here. 80°C pre-incubation for 1 minshowed a single band for purified
monomeric PfuCP at a molecular mass of 58 KBay. 1). How-
ever, without heating at 8, PfuCP exists in two homodimeric
forms(D4, D, at ~85 kD3 of slightly different apparent molecular
masses, both in the presence and absence of (BTGT 2A, lanes 1
and 3. D; appears to be a DTT-sensitive dimeric form. When
Initial studies on substrate hydrolysis showed that PfuCP was agurified PfuCP is heated at 8C in the presence of 2 mM DTT, D
tive toward hippuryl-arginindN-benzoyl-Gly-Arg, Scheme DA  is monomerized along with D(Fig. 2A, lane 2. However, when
the substrate that was used to isolate a carboxypeptidase fropurified PfuCP is heated at 8CQ in the absence of DTT, D

+
NH,

hippuryl arginine

Results and discussion

Purification
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Table 1. Purification of PfuCP from P. furiosus

Total Specific

protein Units activity Purification Yield
Purification step (mg) (UmL™Y) (Umg™) fold (%)
Crude extract 21,404 171,250 8 1 100
Q FastFlow 2,398 110,862 46 6 65
Hydroxyapatite 750 99,696 133 17 58
Butyl Sepharose 183 82,765 452 57 48
Q high performance 14 15,831 1,131 141 9.2
Superdex 13 16,941 1,303 163 9.9
Mono-Q 11 15,306 1,391 174 8.9

remains intact while B is monomerized to the 58 kDa band have been induced by the conditions of the MALDI-TOF MS
(Fig. 2A, lane 4. Interestingly, PfuCP is not expected to have experiment(e.g., laser irradiation, organic solvent in the matrix
cysteineq hence disulfidesbased on its close homology to a pu- solution. N-terminal sequencing suggests a homogeneous prepa-
tative, cysteine-less carboxypeptidase from the genome of the hyation of purified PfuCP.
perthermophilic archaeof, horikoshii(see below. One possible Molecular mass characterization studies on several hyperther-
explanation for the DT T-sensitive dimeric form is that residual mophilic proteins have shown that self-associatiorio higher
metal ions in the purification buffers may act to stabilizg Ehis stateg is a ubiquitous phenomenon. Phosphoribosyl anthranilate
stabilization is destroyed when DTT acts to chelate these ionssomerasétPRAI) from Thermotoga maritim&Sterner et al., 1996
When PfuCP is heated at 80 either in the presence of 1 mM and 3-phosphoglycerate kinadeGK from P. furiosusandMetha-
EDTA or following treatment of the enzyme by EDTA then ultra- nothermus fervidueHess et al., 199%xist as homodimers, whereas
filtration in Chelex 100-treated buffers, ;Dwas observed to they are monomeric in mesophiles. Similarly, triose phosphate
monomerize. isomerasgTIM) is a tetramer inP. furiosus,but a dimer in all
Gel filtration at room temperature confirmed a dimeric state ofmesophilegKohloff et al., 1996. Furthermore, ornithine carbam-
approximate molecular weight 128 kDa for PfuCP in the presenceyltransferasg OTCase¢ from P. furiosusexists as a dodecamer
or absence of DTTdata not shown however, Q could not be  while the mesophilic OTCases isolated to date have been trimeric
distinguished from B. MALDI-TOF MS showed a predominantly (Legrain et al., 199% These results have led to suggestions that
monomeric PfuCP at 59 kDa with a trace of dimer at 118 kDa, inquaternary structure in hyperthermophilic proteins may play an
the presence or absence of DTHig. 2B). Monomerization may important role in thermostability. Additional structural investiga-
tions are underway to determine if this is the case for PfuCP.

Sequence analysis

Edman sequencing of the N-terminus of PfuCP yielded 30 residues
(Pfu-N), while sequencing of two Endo-Lys C peptide fragments
yielded two internal amino acid sequences of 32 and 16 residues,
respectively(Pfu-1 and Pfu-1) (Fig. 3). A BLAST search of all
three sequences revealed no significant homology to any known
entries in protein databases. However, all three fragments matched
with 90-100% sequence similarity to a putative carboxypeptidase
sequencé€PhoCB from the genome oP. horikoshii(Kawaraba-

yasi et al., 1998 No potential glycosylation sites were found.
Comparison of the PfuCP N-terminal sequence with that of the
deduced PhoCP shows that PfuCP may also have a pro-sequence of
16 residues. This pro-sequence does not correspond to any of the
currently known membrane-spanning or secretory signal sequences.
PfuCP does not contain this sequence, which suggests that it un-
dergoes post-translational processing. Studies on the pyrolysin from
P. furiosusshowed the occurrence of a 26-residue signal sequence
(Moorhorst et al., 1996 Interestingly, pyrolysin is converted from

a high molecular weight forrti.50 kD3 to a low molecular weight
form (130 kDa by autodigestion; this type of maturation is not
likely in PfuCP as the molecular weight of PfuCP corresponds well

Fig. 1. Purification of PfuCP fronP. furiosuscrude extract. The fractions with the size of the deduced PhoCP.
containing maximum activity from each purification step were analyzed by In the T. aquaticuscarboxypeptidase, an HEXXH motivhere

denaturing and reducing SDS-PAGE. Samples were pre-incubated@t 80 X iS @ nonconserved amino agitlas been found at positions 276
for 1 min in 0.1% SDS and run on a 12% Tris-glycine gel. 280, and both histidines have been determined to be catalytically
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A DIT  + + - -
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Fig. 2. Oligomeric behavior of PfuCPA: Purified apdPfuCP was examined by SDS-PAGE
under reducing or nonreducing conditiofis the presence or absence of 2 mM DJT With or
[}1 ; without preheatingA) at 80°C. Dimer bands, Pand D,, appear at an apparent molecular mass
S~ s - - ——— of 85 kDa while monomeric PfuC@V) appears at 58 kD&: Purified enzyme was exchanged
D, twice with deionized water by ultrafiltration and then analyzed by MALDI-TOF MS in the
presence or absence of 2 mM DTT.
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relevant by mutagenesis and Znbinding studies(Lee et al.,  one or more tightly bound catalytically essential metal ions that are

1996. As the HEXXH maotif typically occurs in endopeptidases not lost during purification or EDTA treatment; thuegoPfuCP is
and aminopeptidases, the carboxypeptidase ffoaguaticusvas  taken to mean metal-depleted enzyme. Re-activatiapdPfuCP
proposed to be the first member of a new class of carboxypeptiby Co** followed simple hyperbolic behavioFig. 4A). When
dases. The presence of the same HEXXH motif in a similar posithe background activity of 200 U mg was subtracted from the
tion in PhoCRresidues 285-28%uggests that PfuCP may represent data, a linear reciprocal plot gave a binding consté) at 80°C

the second member of this new class of carboxypeptidases. Clowf 24 + 4 M for Co?" and is consistent with binding to a single
ing and expression studies of the PfuCP gene are underway tite on the enzyméFig. 4B). PfuCP activity was not observed in
further examine these issues. the presence of either 1 mM EDTA or 2 mM DTT. Even after
extended incubatiofup to 24 1), the inhibition was found to be
fully reversible upon 50-fold dilution and re-activation by €o
The serine protease inhibitor PMSF had no effect on activity at a
Although the buffers used in these metal activation studies wereoncentration of 1 mM. Thus, PfuCP is a metallocarboxypeptidase.
passed through a Chelex 100 column and the enzyme treated wiimilar toapoPfuCP,apocarboxypeptidase purified froff aquat-

up to 50 mM EDTA followed by ultrafiltration, thedpdPfuCP” icus is activated by C&" and not by ZA* (Lee et al., 1992
exhibited a consistent residual activity200 U mg ) priortothe ~ However, when thd. aquaticuscarboxypeptidase was expressed
addition of C@*. These observations suggest that there may ben Escherichia coli it was found to contain one g atom of Zn

Metal ion reactivation
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Plu-N o TTETTQTETTTQTTATTTTT‘]’?ITT??R‘I’T 1.19, respectively(Fig. 5B). Activity was not measured above
Pho 1 METVLRRLHLEKSGETMEEVFRNDTIKEILQKYRRIWALGHAQSVL 46 100°C, and no activity was observed at temperatures less than
40°C under standard conditions. However, C-terminal ladder se-
quencing studies showed that PfuCP is active against peptide sub-
Plu-1 ’f‘ﬁﬁ‘l‘f‘ﬁ‘%‘f’fﬁ‘(ﬁ“’fﬁ’r‘*‘fﬁ‘.’“ﬁ"{ﬁ strates at room temperature, suggesting that the ninhydrin assay
Pho 57 EGILERSVAQGELSVLSQELLLKPEFVELVEK 88 was simply not sensitive enough to detect low rates of substrate
turnover. The carboxypeptidases reported fi®nsolfataricusand
T. aquaticushave temperature optima at 85 and®8Qrespectively
Pfu-II ATGEDMDAEYEVRWVK (Colombo et al., 1992; Lee et al., 1992Thus, PfuCP has the

SRR URRNRNES] - . . .
Pho 496 AIGEDVNAEYFVRWIK 511 highest optimal temperature for activity of any carboxypeptidase

Fig. 3. Amino acid sequence analysis of PfuCP. The amino acid sequence%u“f'ed to date.
of the N-terminug Pfu-N) and two Endo-Lys C fragments of PfuCPfu-I Unlike the hydrogenasgBryant & Adams, 1989from P. furi-

and Pfu-l) were aligned with the sequence of the putatehorikoshii ~ osusthat exhibits an abrupt transition in the temperature profile
carboxypeptidas¢PhoCR using the GAP program from GCG software from 60—70°C, the linear temperature dependence of PfuCP ac-
v.8. The gap weight was 3.0 and the extension penalty was 0.1. Thgity suggests that the enzyme does not undergo drastic confor-
N-terminal extension of the PhoCP gene product is also shown. g . .
mational changes as the temperature is increased. Such linear
temperature dependence has been observed with other proteolytic
enzymes purified fron®. furiosus including prolyl endopeptidase
(Harwood et al., 1997and prolidasgGhosh et al., 1998 This
mol~* enzyme(Lee et al., 1994 Further studies are underway t0 reflects the mechanistic simplicity of proteasesPinfuriosusin
examine the nature of metal ion giggin native PfuCP and the  comparison to its other enzymes. Furthermore, the pH optimum
effects of other divalent metal ions on activity. for PfuCP activity is between 6.2—6.5 using the substrate ZAR in
the standard assay; the activity decreases sharply on either side of
. o the pH profile(Fig. 50).
Optimal temperature and pH range for activity
The activity of PfuCP exhibits a linear temperature dependenc
from 40-100C (Fig. 5A), and the optimum temperature observed
is 90—-100C. The activation energfE,) and Q value calculated At room temperature, both the intrinsic fluorescence intensity and
from activity data between 59 and 83 were 47.8 kdmol~* and  far-UV CD spectrum of PfuCP remained unchanged following the

Structural thermal stability
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Fig. 4. Divalent metal ion dependence of Pfu@P.Activity assays were performed under standard conditions while the concentration
of reconstituting divalent metal ion was varied:Cd®); Zn>" (0). Samples were pre-incubated on ice with metal ions for 1 h. Data
shown represent the average of duplicate valBesinear reciprocal plot of binding data for €b. Error limits represent one standard
deviation.
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addition of 1 mM C@™ to apoPfuCP, suggesting that the binding of fluorescence decreased linearly with increasing temperature
Co?" had no significant effect on either global secondary structuregA —17°C~1) without a noticeable shift in the wavelength of the
or on local conformations of residues at the metal binding siteemission maximum at 344 nffig. 7B). This gradual quenching of
(Figs. 6, 7A. Carboxypeptidase A, a mesophilic metallocarboxy- the fluorescence follows the observed linear temperature depen-
peptidase, also shows little difference between the nati¢eé Zan- dence of activity(see abovg indicating a smooth change in activ-
taining enzyme and itapoform, the only difference being that the ity as opposed to a “switch” operating at a threshold temperature.
metal ligand, His196, in the apoenzyme is rotated®Eluty ? to In hyperthermophilic enzymes, a gradual increase in activity with
salt bridge with Glu270, another catalytically essential resifigén-  temperature has been correlated to increased flexibility in the over-
berg et al., 1998 As the temperature was increased td85the all structure(Laderman et al., 1993In addition, the quenching of
far-UV CD spectrum of PfuCP remained essentially the same in termBuorescence is essentially reversed upon cooling to room temper-
of its overall features, with only a slight decrease in negative el-ature(data not shown The invariance in CD spectra and reversible
lipticity from 205-230 nm. However, the intensity of the intrinsic quenching of intrinsic fluorescence suggest that PfuCP is structur-
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10 ally thermostable in the presence ofoStudies are underway to
| . characterize the thermal stability and folding of y@oPfuCP.
s o8 . S
'T: & Thermal inactivation
g ' Oo% . In contrast to the apparent structural thermostability o Go
- ok o© reconstituted PfuCP, the enzymatic activity showed an irreversible
£ ® second-order decay during incubation at’80 50% activity re-
g’ - b mained after~40 min and the second order decay constant was
g e 2.0X 1075+ 2% 10°® s7* mg U™ (Fig. 8. The mechanism of
S - 5r . & inactivation remains unclear. However, the kinetics do not appear
* L % '%o to be first order, which might be expected if the rate-determining
) o step of activity loss were solely “metal-ion escape” from the bind-
— 10 % ing site or oxidation of C@l) to Co(lll ). Furthermore, the activity
decay of CoPfuCkdata not shownis essentially identical to that
i of theapdPfuCP(Fig. 8). It is also possible that in vivo, PfuCP is
15 . 1 1 1 NI . stabilized by solutes such agclic-2,3-diphosphoglycerate in me-
180 200 220 240 260 280 thanogengHensel & Konig, 1988or di-myainositol-1,1-phosphate

wavelength (nm) and mannosyl glycerate iR. furiosus(Martins & Santos, 1996
PfuCP heated at 8 in the presence of 0.4 mM €o for an hour
Fig. 6. Far-UV CD spectra of PfuCP. Potential changes in the secondarshows no obvious fragmentation or autoproteolysis as determined

structure of the purified PfuCP were monitored in 10 mM potassium phost,, MALDI-TOE MS and SDS-PAGEdata not shown Euture
phate buffer(pH 7.0. Spectra were recorded for the following) apadP- y B n

fuCP at room temperatute); (2) the C&*-incubated sample at 8C (®). experimt_ents, in_c_luding _electronic absorption spc_ectroscopy under
Concentration of PluCP was }8M. The spectra had two ellipticity min-  anaerobic conditions, will explore the nature of this slow but grad-
ima at 222 and 210 nm, and a maximum at 199 nm. ual inactivation.
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Fig. 7. Intrinsic fluorescence of PfuCR: Comparison of emission spectra at 22 and®0The following fluorescence spectra were
recorded:(1) apaPfuCP at 22C (0); (2) the C&*-incubated sample at 8C for 5 min(|). B: Fluorescent intensity as a function of
temperature. Emission spectra were also recorded for tRé-Doubated sample at the following temperatuf®®): 22, 47, 55, 60,

65, 70, 75, 80, and 85. The maximum excitation and emission wavelengths were 290 and 344 nm, respectively, and the bandwidth was
8 nm. Concentration of PfuCP for all fluorescence experiments was\M.5
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KMES, pH 6.5 was pre-incubated at 8C for various time points and then L
residual activity was assayed under standard conditions. Data points rep-
resent the average of duplicate values. Error limits represent one standard 2000 |
deviation.
- 1500 |
2 C
PfuCP C-terminal specificities @ L n
L ) . 8 N
PfuCP exhibits a relatively broad specificity for neutral, aliphatic, = 1999 £
basic, polar, and aromatic C-terminal residues under standard as- -
say conditions against synthetic N-Cbz-blocked dipeptide sub- - F
strates; maximum activity occurs with a C-terminal arginine
(Fig. 9A). This broad specificity of PfuCP may reflect the phylo- 500 - e N
genetic “primitiveness” ofP. fu_rlosusm comparison t(_)_hlgher | 5 110 08 06 04 02 00 02 04
organisms whose carboxypeptidases have more specific purposes; mM
for instance, human carboxypeptidase N deactivates bioactive pep- 0 R AN NS E S R S R —
tides by hydrolyzing only basic C-terminal residg&idgel, 1995. 0 2 4 6 8 10 12
Although ZAS, ZAH, and ZAN were hydrolyzed, the assay was mM ZAR

not sensitive enough to detect hydrolysis under standard condi-. 9. Coterminal ficities of PIUCEA: Activit

e ; ; : : ; ig. 9. C-terminal specificities of PfuCPA: Activity assays were per-
tIOI‘.lS., hence, digestion times We[e increased to 30 mln to dena(#:E)rmed under standard conditions for the hydrolysis of a series of synthetic
activity that was less than 17 U mg However, no activity was  N-Chz-alanyl-XadZAX ) dipeptides and data was normalized to the max-
seen under standard conditions against ZAG, ZAP, ZAD, or ZAE;imum activity observed against ZAR. PfuCP shows a preference for basic,
mutagenesis experiments are planned to engineer in these remaiiphatic, and aromatic C-terminal amino acids. Activity against ZAS, ZAH,
ing specificities and improve the versatility of PluCP as a sequenc@d ZAN was observed at longer digestion tini88 min. Data shown

ing tool. Although the substrates ZAC, ZAQ, and ZAT were not represent the average of triplicate valuBs. Activity assays were per-
ing - 9 ] v ST formed under standard conditions while varying the concentration of the
commercially available, the observed activities of ZAS and ZAN N-blocked dipeptide ZAR. Data shown represent the average of duplicate
were taken to be representative of ZACAT and ZAQ to a first  values. Error limits represent one standard deviation.

approximation. The kinetic parameters of PfuCP activity at@0

in the presence of 0.4 mM Cb6 with ZAR as substrate were

determined from Lineweaver—Burke analysfs;, 0.9+ 0.1 mM; the C-terminus of NARS releasing leucine, valine, phenylalanine,
Vm.ax‘ 2,300+ 70 U mg"*; and turnover number, 608 20 s* tyrosine, serine, and histidine residues. Sequencing of NARS at
(Fig. 9B). room temperature yields a similar mass spectrum; however, the
intensity is greater for mass peaks that are closer to the C-terminus
(right side of the mass spectrymndicating a less complete di-
gestion. Several other natural and synthetic peptides were also
Sequential C-terminal hydrolysis of the peptide N-acetyl-renin subdigested by PfuCRdata not show) digestion conditions are cur-
strate(NARS) by PfuCP, followed by MALDI-TOF MS detection, rently being optimized to show complete ladders. These sequenc-
offered unambiguous proof of carboxypeptidase actiiftig. 10. ing experiments confirm the broad specificity of PfuCP demonstrated
At 80°C, PfuCP was able to sequence up to seven residues fromm the experiments with N-blocked ZAX dipeptides and represent

C-terminal ladder sequencing
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Fig. 10. C-terminal ladder sequencing of N-acetyl-renin substrate by PfuCP. The digestion was performed in 5 mM KMES buffer
(pH 6.5 with 50 M N-acetyl-renin substrate, 0.4 mM CagChnd 150 nM purifiecapaPfuCP(total volume 5ul). The reaction was
carried out for 1 min at 88C followed by quenching on ice and the addition of 0.1% TFA. The sample was subsequently analyzed by
MALDI-TOF MS, and the monoisotopic masses were recorded.

the first reported instance of high-temperature C-terminal sequencStructural studies are underway to investigate the structure-function
ing. Studies are underway to sequence larger proteins. relationships and the mechanisms of thermal stabilization of PfuCP
as the crystal structures for several mesophilic carboxypeptidases
are availablg Rees et al., 1983; Coll et al., 1991; Rowsell et al.,
Summary 1997. CoPfuCP has already been crystallized in a number of
crystal forms and the determination of its three-dimensional struc-
ture is in progres$M.K. Chan, unpubl. data Furthermore, crys-
tallographic studies might elucidate the nature of the observed

choice of substrate for the purification assay was necessary tgimerizatio_n peha_tvior and 'idf_entify the catalytically essential resi-

ensure true carboxypeptidase activity, as many carboxypeptidad/€s. confirming if PluCP is in fact the second member of a new

substrates are susceptible to hydrolysis by endoproteases or eSS of carboxypeptidases. _ .

zymes with mixed specificitietShibata & Doi, 1984; Zheng et al., The broad specificities of PfuCP agalnst'syn_thetl_c and natura_l

1998. PfuCP has the highest optimal temperature of any carboxyP€Ptide substrates suggest a role for PfuCP in digestion and protein

peptidase purified to date; furthermore, its wide temperature rangsMOVer as opposed to specific post-translational modification seen

for activity (down to at least 26C) will conveniently allow many " higher organisms. However, it is noteworthy tiatfuriosus

aspects of mechanism and thermoactivation to be examined. ~Cannot grow on free amino acids alone as the sole carbon and
Further characterization is necessary to understand the nature Bfrogen sourcéSnowden et al., 1992so the role of carboxypep-

the apparent structural thermostability of Cereconstituted PfuCP tidase in nutritive metabolism has yet to be established. Finally, the

at high temperatures despite its irreversible thermal inactivatiod!i9h temperature C-terminal enzymatic ladder sequencing re-
under similar conditions. The identification of the molecular de-POrted here illustrates the inherent biotechnological potential of

terminants of thermal stability in hyperthermophilic proteins is €"2ymes from hyperthermophiles.
currently an active field of investigation. Surprisingly, while most

proteins isolated from hyperthermophiles are optimally active aly;aierials and methods
temperatures 8@ or above, several proteins have been shown to

be unstable beyond 10-20 min. To date, no unique cytoplasmi
factors have been identified in these organisms, which might serv
as “universal thermoprotectanidamakrishnan et al., 199Aside  All chemicals were of reagent grade and were obtained from the
from a few reports, most of the stability studies have been directedollowing sources: yeast extract and tryptone from Dif@etroit,
toward small proteins such as rubredof@avagnero et al., 1995 Michigan); lysozyme, DNase-I, and PMSF from Sigrt&t. Louis,

and ferredoxin(MacedoRibeiro et al., 1996; Pfeil et al., 1997 Missour; glycerol and DTT from ICN BiomedicdRurora, Ohio;

An inactive metallocarboxypeptidags®fuCP has been purified
from the hyperthermophilic archaedh furiosusand its activity
has been restored by the addition of’Cdout not Zr#*. Careful

(ghemicals and reagents
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column chromatographic resins from Amersham Pharmacia Bioformed over 700 min at a flow rate of 9 mL mif with a gradient
tech(Piscataway, New Jersgyhydroxyapatite from American In- of 0—0.5 M NaCl in the same equilibration buffer. QFF fractions
ternational CompanyNatick, Massachuseltsargon gas from Air  between 0.25-0.36 M NaCl containing PfuCP actiyig U mg 1)
Liquide (Houston, Texas Amicon YM10 membranes and Micro- were pooled and suspended in EDTA-free Tris-Cl buffed 6.5
con 3 ultrafiltration units from Millipore(Bedford, Massachu- to a total volume of 1,220 mL. Dilution of EDTA was achieved by
setty; SDS-PAGE gels, Mark-12 marker proteins, and PVDF Amicon ultrafiltration through a YM10 membran@0 kDa cut-
membrane from NovetSan Diego, Californig Tris-Cl base from  off ), and the volume was reduced to 75 mL. This procedure was
Boehringer Mannheinfindianapolis, Indiang ammonium sulfate  repeated twice and then the combined fractions were diluted to a
from Mallinckrodt (Paris, Kentucky, Na,EDTA dihydrate from  final volume of 1,125 mL and loaded onto a hydroxyapatite col-
Fluka (Ronkonkoma, New York and NaCl from FischefFair umn (XK50 column; 50X 10 cm) that was pre-equilibrated with
Lawn, New Jersely Amido black, KMES buffer, free amino acids, 50 mM Tris-Cl(pH 6.5 at a flow rate of 5 mL min?. Elution was
CdCl, ninhydrin, Chelex-100, and N-acetyl renin substrate wereperformed over 420 min with a linear gradient of 0—0.5 M potas-
also purchased from Sigma. All ZAX N-blocked dipeptides were sium phosphate in Tris-Cl buffdpH 8.0 at a flow rate of 5 mL
purchased from BacherfTorrance, California CoChL and TFA  min~2. Fractions with the highest activity were poolé€t33 U
were obtained from Mallinckrodt. Polypropylene microcentrifuge mg~—*; 750 mg and diluted with buffer A. Ammonium sulfate was
tubes were purchased from Eppenddffestbury, New York Bo- then added to a final concentration of 1@%'v) in a final volume
vine serum albumin standard solution was purchased from Piercef 500 mL and loaded at 50% of 5 mL mih onto a butyl-
(Rockford, lllinoig). ZnCl, was purchased from EM Scien@@ibbs- sepharose columfXK50 column; 50X 12 cm) previously equil-
town, New Jersey ibrated with the same buffer. Elution was performed at a flow rate
of 5 mL min~* over 280 min with a gradient of 7—0% ammonium
sulfate. Fractions with a specific activity of 452 U mig(183 mg
were pooled and diluted in buffer A to a final volume of 780 mL
Pyrococcus furiosustrain DSM 3638 was obtained as a lyophi- and loaded at 50% of 6 mL mirt onto a 50 mL Q-Sepharose
lized culture from the Deutsche Sammlung von MicroorganismerHigh-Performance ColumitQHP; XK26/10) previously equili-
und ZellkulturenBraunschweig, GermanyP. furiosuswas grown  brated with buffer A. Elution was performed at 6 mL mihover
at 90°C under strictly anaerobic conditiofBiala & Stetter, 1986 65 min with a gradient of 0.1-0.5 M NaCl in buffer A. QHP
The archaeon was revived on a complex medium and scaled up iinactions containing highest activity were poolgd131 U mg?;
a 450 L fermentor at the Fermentation Facility, University of Wis- 14 mg and exchanged with buffer B. The protein sample was
consin (Madison, Wisconsin After sterilization, the fermentor concentrated by Amicon filtration and loaded onto a Superdex
was cooled down to 9TC. Solid cysteine hydrochloride was added G-200 gel filtration columr{XK60 column; 26X 58 cm) at a flow
a few hours before inoculation at a final concentration of 0.4 ¢ L rate of 2 mL mirr* in buffer A containing 0.25 M NaCl. Elution
to pre-reduce the medium. Growth was monitored by measuringvas monitored by the UV absorbance at 280 nm. The fractions
the optical density at 600 nm. Cells were harvested at late logvith highest activity(1,303 U mg*'; 13 mg were pooled and
phasgA O.D.~0.6in 12 h with a Sharples continuous centrifuge. loaded onto a MonoQ column pre-equilibrated with buffer B. Elu-
The cell paste was frozen immediately in liquid Bind stored at  tion was performed at 1 mL mirt over 60 min with a gradient of
—80°C. The approximate cell yieldvet weigh} was 3 g L"*. 0-0.35 M NaCl in equilibration buffer. Pure PfuCP fractighs391

U mg%; 11 mg, as determined by SDS-PAGE, were pooled and

stored at—80°C.

Archaeal strain and culture conditions

Preparation of P. furiosus cell extract

FrozenP. furiosuscell paste(~450 g was thawed out in 2 L of
cell lysis buffer(see belowby incubating at room temperature for
30 min with gentle stirring. Then the cell lysate was centrifuged atUnless stated otherwise, enzymatic activity was assayed using
12,000 rpm for 30 min at 8 in a Sorvall GSA rotor. The super- 4 uL of enzyme sample in a total volume of 14 of 0.1 M
natant fractions were pooled, degassed, and 2 mM each of dithidckMES buffer (pH 6.5, starting with 2 mM ZAR in the presence
threitol (DTT) and sodium dithionité DT) were added. of 0.4 mM CoC}. Polypropylene microcentrifuge tubes were used.
The enzyme and substrate were mixed quickly at room tempera-
ture and then brought to 8C; the equilibration time for the re-
action mixture to reach 8@ was considered negligible relative to
The cell lysis buffer was composed of 50 mM Tris-@H 8.0); the timescale of the assay. The reaction mixture was incubated at
DNase-I(10 mg L™1); 5 mM MgSQy; and 1 mM PMSF. Buffer A 80°C in a water battfNeslab EX-200DDfor 10 min followed by
consisted of 50 mM Tris-ClpH 8.0; 1 mM EDTA; 1 mM PMSF;  quenching on ice. Subsequently, 760 of cadmium-ninhydrin

2 mM DTT and 10% glycerol. Buffer B was the same as buffer Areagent Doi et al., 198] was added, and the samples were incu-
but without DTT. The pH of all buffers was adjusted at room bated for an additional 5 min at 8C for color development fol-
temperature. The buffers were degassed, sparged with argon gdswed by quenching on ice. The absorbance was read at 500 nm
and maintained under positive argon pressure. (HP 8452A diode-array spectrophotometeith an unheated as-
say mixture containing Cd-ninhydrin reagent serving as the blank.
Absorbances were compared with an arginine standard curve in
order to calculate specific activities. Stock solutions of ZAR and
The P. furiosuscrude extract8 U mg*; 21,400 mg was loaded CoCh were prepared in 0.1 M KMES buffépH 6.5, and when

at a flow rate of 20% of 9 mL min® onto a QFF columr{10 X necessary, dilution of enzyme samples was done in 50 mM Tris-Cl
30 cm previously equilibrated with buffer A. Elution was per- buffer (pH 8.0. All pH adjustments were performed at room tem-

Assay of enzyme activity

Buffers

Purification of PfuCP
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perature. The hydrolysis of ZAR by PfuCP is shown in Schemecalibrated with the following standards: blue dextrin, thyroglobu-
1B. The free amine of the liberated arginine reacts with ninhydrinlin, ferritin, catalase, aldolase, bovine serum albumin, and carbonic
to yield the chromophore, Ruhemann’s purglbsorbance at anhydrase. To avoid anomalous migration behavior of proteins

500 nm). within the gel matrix, gel filtration was performed in the presence
One unit of activity is defined as the amount of enzyme requiredof 0.2 M NaCl in 50 mM Tris-Cl buffe(pH 8.0 at a flow rate of
to generate 1umol of arginine from ZAR in 1 min at 8€C. 0.5 mL min™t.

Activity assays for other ZAX amino acid substratés= A, D, E,

F G, H I,_K, L_, M, N, P, R, S,_ V W, ¥ were_performed upder MALDI-TOF MS

otherwise identical assay conditions; appropriate amino acids were

used to prepare standard curves. Spontaneous hydrolysis of tiée molecular weight of the purifiegpdPfuCP was determined by

synthetic substrates was not observed at these temperatures. Prnoatrix-assisted laser desorption ionization TOF mass spectrom-

tein concentrations were quantitated by the Bradford assay usinetry. Purified PfuCP in Tris buffer was exchanged three times with

bovine serum albumin as the standé&Btadford, 1976. distilled water through Microcon ultrafiltration. Sinapinic acid was
used as the matrix and 4.5 pmol apdPfuCP was loaded. The
ELITE mass spectrometéPerSeptive Biosystems Inc., Framing-

SDS-PAGE ham, Massachusejtavas operated in linear mode with an accel-
SDS-polyacrylamide gel electrophoresis was performed in 129gration voltage of 25 kV using delayed extraction; 63 scans were
Tris-glycine gels according to established procedtesemmli, averaged.

1970. For reducing conditions, samples were prepared in 0.1%

SDS _sample pgﬁer containing 2 mM DTT, f_or reducing and de- protein sequence analysis

naturing conditions, samples were also pre-incubated &€ 80r i . _ .
1 min prior to electrophoresis at 125 V cthfor ~2 h. The gels ~ Following reducing and denaturing SDS-PAGE, the monomeric
were stained overnight in colloidal Coomassie stain and destaine@PoPfuCP band was electroblotted onto a ps2 polyvinylidene-

in distilled water. Mark-12 protein markers were used to calibratedifluoride (PVDF) membrane fo3 h at 38 V. Themembrane was

calculate the apparent molecular weights. ized water; the PfuCP band was cut out and subjected to N-terminal
sequencind Perkin Elmer 476; Applied Biosystems, Foster City,
California). In situ Endo-Lys C digestion was performed on the
Gel filtration PVDF membrane according to the established procedfesan-

The native molecular weight of PfuCP was determined by gelfjez et al., 1994 The Iyophilized digest was resuspended in min-

filtration at room temperature using a Superdex 200 col(hdix imal buffer (2% acetonitrile, 0.057% TPAand injected onto a

. Reliasil C18 columr{0.5 X 100 mm) at 35°C; a linear gradient of
60 cm; Pharmacia-LKBconnected to an FPLC. The column was o ’
! B umn w 9-54% B(90% acetonitrile, 0.04% TPAwas performed at a flow

rate of 10uL min~! over 45 min; peptides were monitored at
200 nm. Two major peaks collected at 5-10% gradient were then
subjected to MALDI-TOF MS analysis followed by N-terminal

O HCH .
° sequencing.

o
I=z
o
z
I
o
(

Re-activation by metal ions

The divalent metal ion dependence of PfuCP activity was exam-

ZAR ined by performing the enzymatic assay at various concentrations

of Co?* and Zr?* under otherwise standard conditions. The metal

chlorides were prepared in 0.1 M KMES buffggH 6.5, which

had been passed through a Chelex 100 colygshx 25 mm

according to established procedur@echnical notes, Biorad,

Co?*, H,0 PRICP, 80°C Hercules, California Prior to use, purified PfuCP was diluted

500-fold in the same buffer. De-metallizing PfuCP involved the
addition of 50 mM EDTA followed by ultrafiltration to remove
EDTA and adventitious metal ions. Data fitting for these and other
experiments was done using Microcal Origin $Northampton,

O HCH, o Massachusetts

O/U\N)kﬂ/ o~
©/\ : o H Temperature and pH optima of PfuCP activity
NH

The temperature optimum of PfuCP was determined by measuring
the activity at various temperatures from 20 to 100with satu-
rating concentrations of ZAR11.75 mM) but under otherwise
ZA R standard assay conditions. Similarly, the pH optimum of the ac-
tivity was determined by measuring the activity at various pH
Scheme 1B. ranges using the following buffers: piperazine, 4.8—-6.2; KMES,

+
NH,
H2N
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5.3-6.9; MOPS, 6.5-7.5; and HEPES, 6.9-8.0. The pH of alHealth Service and grant NSC 88-2113-M-001-037 from the Na-
buffers was adjusted at room temperature. tional Science Council, Taiwan. We gratefully acknowledge the
technical support of Phil Johnson at the University of Wisconsin
Fermentation Facilityf Madison, Wisconsinfor assistance in the
culturing of P. furiosuscells. N-terminal Edman sequencing and
Changes in the secondary structures of PfuCP were monitored ifALDI-TOF mass analysis were carried out at the Caltech Protein
the far-UV range from 190-300 nm in 10 mM potassium phos-and Peptide Microanalytical Laboratory under the direction of Gary
phate buffefpH 7.0 on an Aviv Circular Dichroism Spectrometer . Hathaway. The MALDI-TOF mass spectrometer was purchased

(model 62A-D3. Room temperature experiments were performedyith funds awarded by NIH Shared Instrumentation Grant RR11292.
at 26°C onapdPfuCP(15 uM) and after reconstitution with 1 mM

CoCl. The spectrum of the Co-treated sample was also exam-
ined at 8C°C. The results were expressed as molar residue ellipReferences
ticity (deg cnf dmol™1).
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