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ABSTRACT. The Co(IDZn(ll)- and Zn(l)Co(ll)-substituted derivatives of the aminopeptidase from
Aeromonas proteolyticBAAP) were probed by EPR spectroscopy. EPR spectra of the highSspiff,

Co(ll) ions in [CoZn(AAP)] and [ZnCo(AAP)] indicated that each metal binding site provides a
spectroscopically distinct signature. For [CoZn(AAP)], subtraction of EPR spectra recorded at pH 7.5
and 10 revealed that two species were present and that the relative contributions to each of the experimental
spectra were pH-dependent. The first EPR species, predominant at lower pH values, was simulated as a
relatively featureless axial signal withy values of 2.20, 3.92, and 5.23 which correspond tdMar=
|4+/,0ground state transition with @ea of 2.29 and ariE/D of 0.1. The second species, predominant at
high pH, was simulated withes values of 1.80, 2.75, and 6.88 and exhibited a characteristic eight-line
5Co hyperfine pattern with al(°°Co) of 7.0 mT. These parameters correspond tdvian= |+1/,0
ground state transition with@ea Of 2.54; however, the signal exhibited marked rhombidiyX = 0.32)
indicative of an asymmetric tetrahedral or five-coordinate Co(ll) ion. Summation of these two species
provided an excellent simulation of the observed [CoZn(AAP)] EPR spectrum. The EPR spectrum of
[ZnCo(AAP)] also contained two species, at least one of which also exhititaal hyperfine features.
However, this signal exhibited little pH dependence, and individual species could not be isolated. The
addition of the competitive inhibitor 1-butaneboronic acid (BuBA) to [CoZn(AAP)] resulted in a distinct
change in the EPR spectrum; however, addition of BUBA to [ZnCo(AAP)] left the EPR spectrum completely
unperturbed. These data indicate that BuBA binds only to the first metal binding site in AAP and does
not interact with the second site. On the basis of the X-ray crystallographic data for the transition state
analog-inhibited complexes of AAP and the aminopeptidase from bovine lens, BUuBA was reclassified as
a substrate analog inhibitor rather than a transition state analog inhibitor as previously suggested [Baker,
J. O., & Prescott, J. M. (19838iochemistry 225322-5331]. From difference spectroscopy and from

the simulation of the [CoZn(AAP)] EPR spectrum, a third signal appearing upon BuBA binding was
isolated. This signal was simulated wigky; values of 2.08, 3.15, and 6.15 which correspond td/lgr-
|+1/,0ground state transition with @ea 0f 2.41 and arE/D of 0.22. This simulation also invoked an
eight-line unresolve@Co hyperfine pattern with aA(>°Co) value of 4.0 mT. Summation of the these
three species provided an excellent simulation of the observed [CoZn(AAB)BA EPR spectrum at

both pH values. This work establishes that substrate binds only to the first metal binding site in AAP
and thus substantiates the first step in catalysis in the recently proposed mechanism of action for AAP
[Bennett, B., & Holz, R. C. (1997). Am. Chem. Soc. 119923-1933; Chen, G., et al. (199Bjochemistry

36, 4278-4286].

Di- and trinuclear metallohydrolases play important roles studies have shown that many dinuclear metallohydrolases
in hydrolyzing some of the most important molecules in life are also members of a class of enzymes that contain
such as DNA, phospholipids, and polypeptides (Dismukes, carboxylate rich coordination environments (Lipscomb &
1996; Lipscomb & Stiter, 1996; Stiter et al., 1996; Wilcox,  Straer, 1996; Stiter et al., 1996; Wilcox, 1996). Some of
1996). They are therefore key players in carcinogenesis,the enzymes in this group include phospholipase C (Hough
tissue repair, and protein degradation processes. In additionget al., 1989), alkaline phosphatase (Kim & Wyckoff, 1991),
dinuclear metallohydrolases are involved in the degradation inositol monophosphatase (Bone et al., 1994), DNA poly-
of agricultural neurotoxins, antibiotics, and several phos- merase | (Beese & Steitz, 1991), the ribonuclease H domain
phorus(V) materials used in chemical weaponry (Menger et of HIV-1 reverse transcriptase (Davies et al., 1991), P1
al., 1987; Chin, 1991; Lai et al., 1994). Recent structural nuclease (Lahm et al., 1990), urease (Jabri et al., 1995), the

purple acid phosphatases (Holz et al., 1992; True et al., 1993;
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(Grant CHE-9422098). the aminopeptidases (Burley et al., 1990, 1992; Roderick &
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ce.usu.edu. little is known about how these structural motifs relate to
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Multinuclear metallohydrolases utilize a wide variety of
metal ions in catalysis that include all of the first row
transition metal ions from Mn(ll) to Zn(ll), except Cu(ll).
The structural aspects of these sitesg( coordination

Bennett and Holz

of Zn(ll) provides a discrete heterodimetallic active site that
is enzymatically active in each case. For Ni(ll) and Cu(ll),

nearly 90- and 100-fold increases in activity ae observed,
respectively (Prescott et al., 1983, 1985). Therefore, AAP

geometry and ligand type) appear to influence the nature of provides a unique system with which to probe the role of
the hydrolytic reaction and represent at least one determinanteach metal ion in catalysis by a wide variety of transition

of the reaction mechanism. Only a handful of dinuclear
metallohydrolases contain or can utilize heterodimetallic
active sites. Included among the crystallographically char-
acterized enzymes are the Klenow fragment of DNA poly-
merase | Escherichia coli (Beese & Steitz, 1991), alkaline
phosphatase &, col) (Kim & Wyckoff, 1991), DNA
polymerase Thermus aquaticygKim et al., 1995), leucine
aminopeptidase (bovine lens) (Kim & Lipscomb, 1993),
purple acid phosphatase (kidney bean)(®trat al., 1995),
and calcineurin (Griffith et al., 1995). Other notable
noncrystallographically characterized heterodimetallic ex-
amples include uteroferrin (Lauffer et al., 1983; Holz et al.,

metal ions in discrete heterodimetallic sites.

In an effort to understand the role of each metal ion in
catalysis and thus gain further insight into the structure and
function of dinuclear hydrolases, we have examined the Co-
(INZn(I1)- and Zn(I)Co(ll)-substituted forms of the ami-
nopeptidase fromA. proteolytica EPR and electronic
absorption spectra of [CoZn(AAP)] and [ZnCo(AAP)]
indicate that each metal binding site provides a spectroscopi-
cally distinct signature. Therefore, EPR spectroscopy can
be used to selectively probe each metal binding site. EPR
spectra were simulated using a new systematic protocol for

1992; True et al., 1993) and the aminopeptidases from the analysis of high-spi= %, Co(ll) EPR spectra (Bennett

porcine liver (Van Wart & Lin, 1981) andderomonas

& Holz, 1997). Analysis of these distinct EPR spectra in

proteolytica(AAP)! (Prescott et al., 1985). These enzymes the presence and absence of the competitive inhibitor
use different metal ion Lewis acidities in discrete heterodi- 1-butaneboronic acid (BuBA) establishes that BuBA is in
metallic sites to (i) bind and position substrate, (ii) bind and fact a substrate analog inhibitor. We have also investigated
activate a water molecule to yield an active site hydroxide the effect of pH on the observe®i= ¥/, signals both in the
nucleophile, and/or (iii) stabilize the transition state of the absence and in the presence of BuBA in order to probe the
hydrolytic reaction. potentially important ionizable groups associated with the
Heterodimetallic centers in metallohydrolases provide dimetal cluster. These data establish that substrate binds only
systems in which the function of each metal ion in catalysis to the first metal binding site in AAP and thus substantiate
can be uniquely probed through independent labeling of eachthe first step in catalysis in the recently proposed mechanism

metal binding site with a spectroscopically active and silent of action for AAP (Bennett & Holz, 1997; Chen et al., 1997).
metal ion, respectively. However, heterodimetallic metal-

substituted enzymes in which an active enzyme is obtainedMATERIALS AND METHODS

are extremely rare. Notable examples are the purple acid

phosphatases from porcine uterus and kidney bean which Enzyme Purification. All chemicals used in this study
contain Fe(Il1)/Zn(Il) cores (Lauffer et al., 1983; Holz et al., were purchased commercially and were of the highest quality
1992; True et al., 1993; Ster et al., 1995). However, only available. The aminopeptidase frof proteolyticawas

the Fe(lll) site can be probed spectroscopically since removal purified from a stock culture kindly provided by C. Schalk.
or reduction of the Fe(lll) center results in complete loss of Cultures were grown according to the previously published
enzymatic activity. The aminopeptidase frémproteolytica procedure (Prescott & Wilkes, 1976) with minor modifica-
(AAP) possesses ideal biological properties for spectroscopi-tions to the growth media (Chen et al., 1997). AAP was

cally probing hydrolase activity catalyzed by dinuclear metal routinely purified, quantitated, and assayed as described in
centers (Prescott & Wilkes, 1976). AAP is a small, detail elsewhere (Bennett & Holz, 1997).

monorr:eri(; enlzyme 829 500 [r)]a)’ contegrir;g 2 mol olfhzinc Metal-Substituted Sample PreparatiofCoZn(AAP)] and

er mole of polypeptide. It is thermostable for several hours -

gt 70°C (Prgsc{)gt g Wilkes, 1976) and has been crystallo- [ZnCo(AAP)] were prepared by a method similar t_o that
graphically characterized (Cheuvrier et al., 1994). Substitution ][gfo?rtzedhby;risoccc:)tt:é;hét19fg ).mliﬂrleilyl, éﬁﬁe\’l\q’:ﬁ tili)lliﬁeed
of the 2 mol atoms of zinc in AAP with Co(ll), Cu(ll), or monohydrochloride in 50 mM Hepes buffer at pH 7.5 and

Ni(ll) provides different magnitudes of activity that are h h vely dialvzed . Chel d H
dependent on the sequence and order of addition (Prescot en ex austl_vey dialyze against gex-treqtg epes
uffer. Metal insertion was effected by direct addition, with

et al., 1983, 1985; Bayliss & Prescott, 1986). For example, ~ " e i
the Cu(ll)-, Co(ll)-, and Ni(ll)-substituted enzymes are efficient mixing of 1 equiv of MC4 (where M= Co or Zn;
hyperactive by 6.5, 7.7, and 25 times, respectively, toward =99-999% CoGl Strem Chemicals, Newburyport, MA;
certain substrates. Bennett and Holz (1997) recently dem-99:999% ZnGJ, Aldrich) followed by a 30 min incubation
onstrated that metal binding to AAP occurs in a sequential Period at 26-25°C. The second metal was then inserted in
fashion, highlighting the potential for the formation of the same manner, and the samples were frozen in liquid
heterodimetallic sites in AAP. The addition of 1 mol of Cu- hitrogen prior to spectroscopic studies. Samples for study
(I1), Co(ll), or Ni(ll) to apo-AAP followed by the addition ~ at pH 10 were generated as above in Hepes buffer at pH 7.5
and then anaerobically dialyzed against 50 mM Caps buffer,
pH 10. [ZnZn(AAP)], [CoCo(AAP)], [CoZn(AAP)], and
[ZnCo(AAP)] were assayed for activity with-leucinep-
nitroanilide and L-alaninep-nitroanilide (Ae4s value of
p-nitroaniline of 10800 M?! cm™!), and the activities
obtained were entirely in agreement with those reported

1 Abbreviations: Caps, 3-(cyclohexylamino)-1-propanesulfonic acid;
Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; Mogs; 3-(
morpholino)propanesulfonic acid; Tricind\-tris(hydroxymethyl)-
methylglycine; BuBA, 1-butaneboronic acid; AAP, aminopeptidase
from A. proteolytica bILAP, bovine lens leucine aminopeptidase; EPR,
electron paramagnetic resonance.
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earlier (Prescott et al., 1983, 1985). For example, the specific 6
activity of the dizinc(ll) enzyme compared to that of the
dicobalt(ll) enzyme toward the substratéeucinep-nitro-
anilide was 120 and 24 units, respectively. The dicobalt(Il)
enzyme is hyperactive toward the substratalaninep-
nitroanilide compared to the dizinc(Il) enzyme with specific @
activities of 0.9 and 0.2 unit, respectively. Also in agreement

with earlier work (Prescott et al., 1985), the enzyme was

found to attain~80% of the native activity upon the addition

of only 1 equiv of Co(ll) or Zn(ll).

The addition of butaneboronic acid (BuBA) was effected (2) AE < ¢BH
by incubating approximately 10 equiv with AAP samples =ep
for short times {10 s). Briefly,~20uL of 100 mM BuBA

was introduced onto the inside wall of an EPR tube and the O Field Spin-Orbit Magnetic Field

enzyme sample introduced above this as a ph#cm Coupling (H)

length. Rapid mixing was effected with one sharp motion, FIGUREL: Energy level diagram for an effecti®&= '/, Co(ll) ion
and the samples were frozen rapidly in a dry ice/methanol " @n octahedral field.

bath. Using control solutions which develop color upon 6

mixing, this technique has previously been shown to result
in efficient mixing (Bennett et al., 1994a,b).

Spectroscopic MeasurementSlectronic absorption spec-
tra and activity assays were carried out on a Shimadzu UV-
3101PC spectrophotometer equipped with a constant-
temperature holder and a Haake (type 423) constant- 23
temperature circulating bath. Subtraction of the absorption T T
spectrum of apo-AAP from that of metal-substituted enzyme
samples was performed using Shimadzu UV-3101 software. 03 et ——
Low-temperature EPR spectroscopy was performed using a 000 005 010 0I5 020 025 030
Bruker ESP-300E spectrometer equipped with an ER 4116
DM dual-mode X-band cavity and an Oxford Instruments E
ESR-900 helium flow cryostat as described previously 53
(Bennett & Holz, 1997). Background spectra recorded on a
buffer sample were aligned with and subtracted from
experimental spectra as in earlier work (Bennett et al.,
1994a,b, 1995). Signals at low temperatures due to oxygen
were occasionally observed in both EPR modes. These
signals were abolished upon raising the temperature in the 15
helium cryostat to 125 K for 5 min and recooling. All
spectra were recorded at a modulation frequency of 100 kHz, 000 005 000 015 020 025 030
a modulation amplitude of 1.26 mT (12.6 G), and a sweep E/D
rate of 10 mT s All EPR spectra were recorded at Ficure 2: Generalized rhombograms for tM = |+%,0and M
microwave frequencies of approximately 9.65 GHz; precise = |+¥z0manifolds of ar§= 3/2 spin system for whicea/is not
microwave frequencies were recorded for individual spectra {‘he;te?ﬁgr"\yalzugé Tct]fgef?bcsgll‘lsst?els dﬁ'géttlef anet‘ér;g]singgﬂfg%s?he
to ensure precisg alignment. Other EPR running param- rhombogram wheiyes = 2.0.
eters are specified in the figure legends for individual
samples. Enzyme concentrations for EPR studies wereEPRSim XOP for Igor Pro by J. Boswell (Oregon Graduate
typically 1-2 mM. All buffers contained~20% 2-propanol Institute) (Belford, 1979; Nilges, 1979; Maurice, 198G}
to prevent aggregation at high protein concentrations. Puri-values and rhombicities=(D) were extracted from thges
fied enzyme stored for up to 2 weeks &t@in Hepes buffer  values using egs 13 (Pilbrow, 1978) and the program
(pH 7.5) containing 20% 2-propanol (by volume) showed Rhombogram, kindly supplied by W. R. Hagen:
no measurable decrease in activity. EPR spectra recorded
on analogous [CoCo(AAP)] samples except for the presence Oefio) = Greaipgll = [1 + 3(ED)/V[1 + 3E/D)Y] (1)
and absence of 20% 2-propanol were indistinguishable.
Computer techniques for resolution enhancement were
employed to aid in the simulation 8Co hyperfine structure
and have been described in detail elsewhere (Sears et al.,
1995). Gerity = Greaippl1 = —2V[1 +3EDYT  (3)

Computer Simulations of High-Spin Co(I)=S?3, EPR
Spectra. The protocol for simulation of high-spin Co(ll) EPR  The relationships betweeR, greas andE/D are illustrated
spectra was described in detail elsewhere (Bennett & Holz, graphically in Figure 2. In all simulations, an isotrogiga
1997). Briefly,gefixy,2 Values were obtained by simulation value was assumed.
of S= 3/, high-spin Co(ll) species by treating the system as  This method of analysis yields two sets g values:
an effectiveS= 1/, system (Figure 1) and using the program those obtained by simulation of the line shape and those

‘1,

A = 2D[1+3(E/D)*"2

2 X [g:fl / greal]

2 X [gcff / grea.l]

Gerrty = GreailL £ [1 — 3E/D)VIL + 3ED)T] (2)
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N B residing in a tetrahedral or possibly five-coordinate environ-
ment, while the second Co(ll) ion is octahedral. These
spectra are essentially indistinguishable from those recorded
by Prescott and co-workers which were supported by
magnetic circular dichroism spectra (Prescott et al., 1985;
(CoznAn®)] Bennett & Holz, 1997).

EPR studies of [CoZn(AAP)] and [ZnCo(AAP)] at pH 7.5.
The addition of 1 equiv of Co(ll) to apo-AAP at pH 7.5
followed by the addition of 1 equiv of Zn(ll) ([CoZn(AAP)])
provided a sample with an EPR spectrum consistent with a
high-spinS = 3/, Co(ll) center (Figure 3B). However, the
eight-line hyperfine pattern due to tthe= 7/, 5°Co nucleus
was not centered on the low-field absorption feature. This
feature, along with the presence of the derivative-shaped

60+

N
=)
I

[CoZn(AAP)]

Absorbtivity, £ (M 'em™)

20 [ZnCo(AAP)]

[ZnCo(AAP)]

450 500 S50 600 6% 0 100 200 300 400 500 feature at 243 mT, clearly indicated the presence of more
Wavclengih. - (om) Hegnete ekt oD than one signal-giving species, and not surprisingly, the

FZIGl(J:RE(i,:AF(’?]) _Er']ewoni? atr)]sorptri]or& fﬁeCttr)a of E_COZH(AAP)] a{\g signal could not be simulated as a single species. Similar
nto - 'he spectra have had the absorption component due complex signals have been observed for [Co_(AAP)] (Ben-
Egnaépoo(-:ﬁ;;] s;f’%aﬁte;ls (?n) Eg Rmﬁ’eﬁtégegf éﬁ%ﬁp(gﬁg )]2(%2(1 nett & Holz, 1997) as well as for several relatt_ad enzymes;
2-propanol. Both spectra were recorded at 12 K with a 0.2 mw See for example the EPR spectra of Co(ll)-substituted enolase
microwave power, a 1.26 mT field modulation amplitude, a 100 (Rose et al., 1984), the Co(ll)-substituted R2 subunit of
kHz modulation frequency, and a 10 mT*dield sweep rate. ribonucleotide reductase (Elgren et al., 1994), and the [Zn-
) ) (c)Co(n)] form of horse liver alcohol dehydrogenase (Werth
allowed by theory. The Iat.ter values are given in parenthesesgt al., 1995). The EPR spectrum of AAP plus 1 equiv of
after the former. Comparison between these two segeiof  zn()1) followed by the addition of 1 equiv of Co(Il) ([ZnCo-
values gives a quantitative indication of the validity of the (AAP)]) provided a sample with an EPR signal distinct from
simulation. The small observed discrepancies are probablyi,at observed for [CoZN(AAP)]. The minimum of the lower
due to anisotropy Offea. Where spectra were due to more  fia|q feature, which crossed the baseline, was at a signifi-
than one EPR active species, individual species were f'rStcantIy higher field [214 mT for [ZnCo(AAP)] compared to
isolated using standard difference spectroscopy techniques|gg mT for [CoZn(AAP)]] (Figure 3B). Furthermore, this
(Bray, 1988; Bennett et al., 1994a,b; Bennett & Holz, 1997). feature was broader for [ZnCo(AAP)], and there was a very
Experimental spectra were simulated by the summation of j,;5ad EPR absorption from 250 to 400 mT that resulted in
the appr_opriate amounts _of indiv_id_ual contributory species. 3 marked asymmetry of the derivative feature-@50 mT.
Information on the zero-field splitting parametér, could o the other hand, the analogous feature in the spectrum of
not be reliably obtained for reasons described in detail in [CoZn(AAP)] was well-formed and symmetric. A weak
earlier work (Bennett & Holz, 1997). For spectra that were hyperfine pattern due %Co was also observed for [ZnCo-
composed of more than one species, the relative contribution(AAp)] but was not centered on the low-field absorption
of each species was estimated by summing various propor-featyre, also indicating that more than one species was
tions of the individual species simulations together and present. The differences between the EPR spectra of [CoZn-
doubly integrating each of these simulations. (AAP)] and [ZnCo(AAP)] at pH 7.5 were subtle but
RESULTS corroborate the much more dramatic evidence from electronic
absorption spectroscopy (Figure 3A) indicating that the two
Electronic Absorption Studies.Electronic absorption  metal binding sites can be selectively labeled.
spectra were recorded for [CoZn(AAP)] and [ZnCo(AAP)] Differentiation of the two species observed in the EPR
(Figure 3A), and the component due to apo-AAP was spectrum of [CoZn(AAP)] (Figure 4A) was achieved either
subtracted. The addition of 1 equiv of Co(ll) followed by by subtraction of EPR spectra recorded at various temper-
the addition of 1 equiv of Zn(ll) provided a visible absorption atures or microwave powers or by subtraction of spectra
spectrum with a broad band at 525 rnegp{~50 M~ cm™Y). recorded on samples at different pH values. The first species
This spectrum was very similar to that reported for [Co_- (Figure 4C), accounting for~75% of the total signal
(AAP)] (Prescott et al., 1985; Bennett & Holz, 1997). intensity, was a relatively featureless axial signal with
However, addition of 1 equiv of Zn(ll) followed by 1 equiv  effectiveg values forges.y,» Of 2.20 (2.22), 3.92 (3.87), and
of Co(ll) to apo-AAP provided an absorption spectrum with 5.23 (5.22) (Figure 4D) (thger values given are those that
very little clear absorption around 525 nm due to Co(ll). gave the best simulation, whereas those in parentheses are
Most of the absorptivity of [ZNnCo(AAP)] s ~40 Mt the closest allowed by theory; see Materials and Methods).
cm™Y) appeared to be due to a broad underlying absorption These values correspond to &h = |£Y%,0ground state
band. A similar broad absorption band was observed for transition with ag..a0f 2.29 and are/D of 0.1. This signal
the Co(ll)-substituted R2 subunit of ribonucleotide reductase was similar to that observed for [CoCo(AAP)] as well as
(Elgren et al., 1994) and was also evident in several Co(ll) several other Co(ll) systems except that thdeature was
model complexes (Bertini & Luchinat, 1984). The residual unusually sharp compared to that for [CoCo(AAP)] or [Co-
absorption at 525 nm due to the second Co(ll) ion is only (H»O0)s]?". Signals of this type are typical of Co(ll) species
~10 M7t cmt. The molar absorptivities and absorption with essentially axial symmetry (Bennett & Holz, 1997). The
maxima of the electronic absorption spectra of [CoZn(AAP)] second species (Figure 4E) had values foref,y,z Of 1.80
and [ZnCo(AAP)] are consistent with the first Co(ll) ion (1.92), 2.75 (2.66), and 6.88 (6.88) and exhibited a charac-
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FIGURE 4: EPI?) spectra of [CoZn(AAP)] at pH 7.5 in 50 mM Hepes temperature for (A) [CoCo(AAP)] and (B) [CoZNn(AAP)]. Experi-
buffer and 20% 2-propanol. (A) EPR spectrum of [COZn(AAP)]  mental spectra were recorded using a 0.2 mW microwave power,

recorded at 12 K with a 0.2 mW microwave power, a 1.26 mT 5 1 26 mT field modulation amplitude, a 100 kHz modulation
field modulation amplitude, a 100 kHz modulation frequency, and frequency, and a 10 mT &field sweep rate.

a 10 mT s field sweep rate. (B) Simulation of spectrum A obtained

by summing the individual simulations of spectra D and F. (C) .

EPR spectrum of an isotropic species obtained by subtraction of Parameters at low temperatures. These data are consistent
spectrum E from A. (D) Simulation of spectrum C wigky values with the assignment of the transitions to the ground state
of 5.23, 3.92, and 2.20. (E) EPR spectrum of the rhombic species doublet since above 30 K relaxation broadening sets in very
obtained by subtraction of a spectrum of [COZn(AAP)] at 12 K yapnjidly and signals due to [CozZn(AAP)] were lost. The

with a 2 mWmicrowave power (not shown) from spectrum A. (F) . . : ; :
Simulation of spectrum E witkye values of 6.88, 2.75, and 1.80 lowest power at which sufficient signal intensity could be

(A, = 7.0 mT). For spectrum A, 40 spectra were recorded and Obtained in a reasonable time for routine work, 0.2 mWw,

averaged. provided a signal that was slightly saturated (Bennett & Holz,
1997). In an attempt to further differentiate the broad axial
teristic eight-line®®Co hyperfine pattern with aA,(>°Co) of signal observed for [CoZn(AAP)] from the rather similar one

7.0 mT (Figure 4F). These parameters correspond tdan  of [CoCo(AAP)], the temperature dependence of the signals
= |+Y,[ground state transition with@ea 0f 2.54; however, was investigated (Figure 5). While the intensity of the EPR
the signal exhibited marked rhombicitye/O0 = 0.32), signal from [CoCo(AAP)] obeys T/dependence over only
consistent with, though not diagnostic of, an asymmetric a very narrow temperature range (Bennett & Holz, 1997),
tetrahedral or five-coordinate Co(ll) ion. These data were that of [CoZn(AAP)] exhibits ideal behavior at significantly
also consistent with the previously reported electronic higher temperatures presumably due to the lack of a-spin
absorption spectra (Prescott et al., 1985). The possibility spin relaxation pathway such as that found with the two
that the spectrum could be due to contributions fromNe interacting paramagnetic Co(ll) ions in [CoCo(AAP)]. The
= |£Y,0andM;s = |+3/,0doublets of a single spin system possibility that either of the featureless axial signals observed
was investigated; however, simulations consistent with theory in the [CoZn(AAP)] and [ZnCo(AAP)] spectra could be due
could not be obtained; and difference analyses of experi-to free Co(ll) in buffer was also examined. A spectrum of
mental spectra clearly correlated the featureg at 2.75 CoCL in Hepes buffer at pH 7.5 was recorded under
andg = 1.80 with that ag = 6.88. Theory dictates thatthe conditions identical to those of [CoZn(AAP)] and [ZnCo-
two lower g values would be significantly less than unity (AAP)] and was found to exhibit a broad isotropic signal
and be barely observable if arising from &h = |£3,0 with markedly different EPR parameters compared to that
doublet. Summation of these two species yields an excellentof [CoZn(AAP)]. Simulation of this spectrum provideg
simulation of the observed [CoZn(AAP)] EPR spectrum values of 2.25 (2.25), 4.04 (4.04), and 5.08 (5.08). These
(Figure 4B). Note that the small ripples in the simulation values correspond to avis = |+%/;(ground state transition
of the greas = 2.54 signal at 136200 mT (Figure 4F) were  with agrea 0f 2.29 and arie/D of 0.08. Even more distinctive
an artifact due to restrictions imposed by the simulation was the low-field EPR absorption of [Cof)s]?" which
program on the number of intervals alofignd¢ for which extended into zero field, unlike any of the signals observed
spectra were calculated. Because the individual speciesfrom cobalt-substituted AAP.
contributing to the spectrum of [ZnCo(AAP)] were not EPR Studies of [CoZn(AAP)] and [ZnCo(AAP)] at pH
sufficiently sensitive to changes in the EPR running condi- 10.0. The fact that two species were observed for both
tions or small changes in pH, individual species contributing [CoZn(AAP) and [ZnCo(AAP)] raises the following ques-
to the spectrum could not be isolated. Therefore, precisetion. What gives rise to these two species? To determine
simulations could not be obtained, nor could the spectrum if an ionizable group such as a water/hydroxide equilibrium
be simulated assuming a single species; however, a broadnight be responsible for each species, we recorded EPR
axial species appears to account#85% of the total signal  spectra of [CoZn(AAP)] (Figure 6A) and [ZnCo(AAP)]
intensity. (Figure 6C) at pH 10. For [CoZn(AAP)], the species
EPR spectra of [CoZn(AAP)] and [ZnCo(AAP)] were exhibiting 5°Co hyperfine structure becomes much more
observable under only a very narrow range of EPR operatingintense and was the dominant species at high pH. The
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Ficure 6: EPR spectra of [CoZn(AAP)] and [ZnCo(AAP)] at pH  FIGURE7: EPR spectra of (A) [CoZn(AAP)] and (C) [ZnCo(AAP)]
10.0in 50 mM Caps buffer and 20% 2-propanol. (A) EPR spectrum at pH 7.5 in 50 mM Hepes buffer and 20% 2-propanol. (B) EPR
of [CoZn(AAP)] recorded at 12 K with a 0.2 mW microwave spectrum ba 1 mM[CoZn(AAP)] sample in 50 mM Hepes buffer
power, a 1.26 mT field modulation amplitude, a 100 kHz modula- and 20% 2-propanol at pH 7.5 after the addition of 10 mM BuBA
tion frequency and a 10 mT kfield sweep rate. (B) Simulation  at 25°C for 24 h. (D) EPR spectrumf@ 1 mM [ZnCo(AAP)]

of spectrum A obtained by summing the individual simulations of sample in 50 mM Hepes buffer and 20% 2-propanol at pH 7.5 after
spectra D (15%) and F (85%) from Figure 4. (C) EPR spectrum of incubation with 10 mM BuBA at 28C for 24 h. All spectra were
[ZnCo(AAP)] recorded at 12 K with a 0.2 mW microwave power, recorded at 12 K with a 0.2 mW microwave power, a 1.26 mT
a 1.26 mT field modulation amplitude, a 100 kHz modulation field modulation amplitude, a 100 kHz modulation frequency, and
frequency, and a 10 mT &field sweep rate. a 10 mT s field sweep rate.

observed EPR spectrum of [CoZn(AAP)] at pH 10.0 was results are consistent with the previously reported electronic
simulated using an-65% contribution from a species with  absorption spectra of [CoZn(AAP)] and [ZnCo(AAP)] in the
Qerr Values forgerixy,») Of 1.80 (1.92), 2.75 (2.66), and 6.88 presence of BuBA. For [CoZn(AAP)], new bands at 480,
(6.88) and a®(>°Co) of 7.0 mT E/D = 0.32) and an~35% 500, and 590 nm were observed with a concomitant increase
contribution from a second species Wil values forGesx.y.» in the molar absorptivityes,; = 55 Mt cm™t), while that
of 2.20 (2.22), 3.92 (3.87), and 5.23 (5.2B/D = 0.1) of [ZnCo(AAP)] remained unchanged (Prescott et al., 1985).
(Figure 6B). These two species are, in fact, identical to those Combination of the EPR spectra reported herein and the
characterized at pH 7.5, and no new species were needed t@reviously reported electronic absorption data indicates that
simulate the EPR spectrum of [CoZn(AAP)] at pH 10.0; BuBA coordinates only to the first metal binding site in AAP
however, the relative intensities of these two species wereand does not interact with the second site. Further, the
markedly different. That experimental spectra of samples differential effects of BuBA on the EPR spectra of [CoZn-
at pH 7.5 and 10 can both be simulated using these two (AAP)] and [ZnCo(AAP)] again demonstrate that these
species only in different relative proportions clearly confirms species are distinct.
the assignments of the features in the spectra to individual From difference spectroscopy and from simulation of the
species. The spectrum of [ZnCo(AAP)] (Figure 6C) recorded [CoZn(AAP)] EPR spectrum at pH 7.5 (Figure 4), it appeared
at pH 10 was relatively unchanged from that observed at that the observed change was due to a third species. This
pH 7.5 except for a small increase in tPR€o hyperfine third species was isolated by subtraction of the spectrum
signal. These data suggest that the first metal binding site[CoZn(AAP)] from that of [CoZn(AAP)]+ BuBA (Figure
contains an ionizable group that deprotonates over the pH8A). This signal was simulated witlhx values forgerix.y.2)
range studied while the second site appears to be largelyof 2.08 (2.08), 3.15 (3.15), and 6.15 (6.15) which correspond
insensitive to pH changes. to anMs = |+Y,00ground state transition with @eq 0f 2.41
Interaction of 1-Butaneboronic Acid with [CoZn(AAP)] and ank/D of 0.22. This simulation also invoked an eight-
and [ZnCo(AAP)]. In order to probe the mechanism of line unresolved®Co hyperfine pattern with af,(>*Co) value
peptide hydrolysis by AAP, we studied the effect of of 4.0 mT (Figure 8B). Summation of these three species
1-butaneboronic acid (BuBA) on the EPR spectra of [CoZn- provides the simulation of the observed [CoZn(AAR)]
(AAP)] and [ZnCo(AAP)]. BuBA was previously shown BuBA EPR spectrum (Figure 9B). Simulations not including
to be a strong competitive inhibitor of native [ZnZn(AAP)] a third signal with a hyperfine component of this order were
(Ki = 10 uM at pH 8.0) (Baker & Prescott, 1983). EPR wholly unsatisfactory. While this signal superficially appears
spectra of [CoZn(AAP)] and [ZnCo(AAP)] were recorded somewhat unusual compared to the other observed signals
in the presence of 10 equiv of BuBA at pH 7.5 (Figure from mono-Co(ll) ions in substituted forms of AAP, the
7B,D). For [CozZn(AAP)], a distinct change in the EPR relatively high g.a and largeE/D values are actually a
spectrum was evident after as little as 10 s of incubation characteristic of the observéd8Co hyperfine split signals
time with BuBA. Further incubation of up to 24 h at-20 from Co(ll)-bound AAP.
25°C resulted in no further change in the EPR spectrum. In EPR spectra of [CoZn(AAP)] in the presence of 10 equiv
contrast to that of [CoZn(AAP)], the EPR spectrum of of BuBA were recorded at pH 10.0 (Figure 9C). The two
[ZnCo(AAP)] at pH 7.5 (Figure 7D) was completely species exhibitin§®Co hyperfine structure become markedly
unperturbed in the presence of 10 equiv of BUBA. These more intense at high pH. The observed EPR spectrum was
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Ficure 8: (A) EPR spectrum of a rhombic species obtained by
subtraction of the EPR spectrum of 1 mM samples of [CoZn(AAP)]
in 50 mM Hepes buffer and 20% 2-propanol at pH 7.5 in the
absence and presence of 10 mM BuBA. (B) Simulation of spectrum
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FiIGure 9: (A) EPR spectrum of [CoZn(AAP)] in 50 mM Hepes
buffer and 20% 2-propanol at pH 7.5 after the addition of 10 mM
BuBA at 25°C for 24 h. (B) Simulation of spectrum A obtained
by summing the individual simulations of [CoZn(AAP)] (Figure
4D,F) with the simulation shown in Figure 8 in a 85%: 15% ratio.
(C) EPR spectrum of [CoZn(AAP)] in 50 mM Caps buffer and
20% 2-propanol at pH 7.5 after the addition of 10 mM BuBA at
25°C for 24 h. (D) Simulation of spectrum C obtained by summing
the individual simulations of [CoZn(AAP)] (Figure 4D, F) with
the simulation shown in Figure 8 in a 65%: 35% ratio. All spectra
were recorded at 12 K with a 0.2 mW microwave power, a 1.26
mT field modulation amplitude, a 100 kHz modulation frequency,
and a 10 mT s! field sweep rate.
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simulated using an-65% contribution from the two species
with 5°Co hyperfine structure and am35% contribution from
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[Cozn(AAP)] + BuUuBA spectrum recorded at pH 7.5.
Therefore, no new species were needed to simulate the EPR
spectrum of [CoZn(AAP)H BuBA at pH 10.0. Attempts

to increase the proportion of the third, BuBA-dependgsnt

= 2.41 EPR species by adding more BuBA were thwarted
by the poor solubility of BUBA. The EPR spectrum of
[ZnCo(AAP)] upon addition of BuBA at pH 10.0 was, like
the signal at pH 7.5, completely unperturbed.

DISCUSSION

Several aminopeptidases, including AAP, are members of
a growing class of metallohydrolases that contain two metal
ions in the enzyme active site (Vallee & Auld, 1993a,b;
Dismukes, 1996; Lipscomb & Stier, 1996; Stiter et al.,
1996; Wilcox, 1996). For AAP, the two Zn(ll) ions are
essential for full enzymatic activity; however, the addition
of 1 mol of Zn(ll) to apo-AAP provides an enzyme with.
80% of its native enzymatic activity. Substitution of one or
both Zn(ll) ions in AAP with other divalent first row
transition metal ions provides activities of different magni-
tudes that are dependent on the sequence and order of
addition (Prescott et al., 1983, 1985; Bayliss & Prescott,
1986). Therefore, both metal ions are required for full
enzymatic activity, but the exact roles of each metal ion in
catalysis are unknown. As isolated, AAP possessas a (
aqua)fi-carboxylato)dizinc(ll) core with one terminal car-
boxylate and one histidine residue at each metal site
(Chevrier et al., 1994). In order to gain insight into the role
of each metal ion in catalysis, EPR spectra of the [CoZn-
(AAP)] and [ZnCo(AAP)] metal-substituted enzymes were
recorded at pH 7.5. The spectra obtained clearly show that
the metal-binding sites in AAP can be selectively labeled
and, depending on which site the Co(ll) ion occupies, distinct
EPR signatures are observed.

Inspection of the observed EPR spectra for [CoZn(AAP)]
and [ZnCo(AAP)] indicates that two species are present in
solution and that these two species can be differentiated for
[CoZn(AAP)] and simulated. Solely on the basis of the EPR
data, the coordination number and geometry of the Co(ll)
ions in [CoZn(AAP)] and [ZnCo(AAP)] cannot be deter-
mined. As Johnson and co-workers pointed out, the presence
or absence of resolvabféCo hyperfine structure is not an
indication of coordination geometry since both tetrahedral
and octahedral complexes exhiBiCo hyperfine structure
(Werth et al., 1995). Moreover, Pilborow and Hanson (1993)
showed theoretically that the magnitude4€o hyperfine
structure is effectively independent of the Co(ll) ion coor-
dination geometry. Empirical relationships between EPR
parameters and coordination geometry for high-$pin %,
Co(ll) ions are also difficult to deduce, primarily because
of a lack of reliable EPR parameters for Co(ll) coordination
complexes in the literature. Therefore, the only direct
geometrical information available from EPR is the extent of
deviation from idealized axial geometry as indicated by the
rhombic distortion,E/D, of the axial zero field splitting
(Figure 1). Since a new systematic protocol for the simula-
tion of high-spinS = 3, Co(ll) EPR spectra was recently
reported (Bennett & Holz, 1997E/D values can now be
easily obtained from the relationships expressed in e¢ 1
and illustrated in Figure 2.

the third more axial species (Figure 9D). These three species Comparison of the EPR data of [CoZn(AAP)] and [ZnCo-

exhibitedgex values identical to those used to simulate the

(AAP)] with the previously reported electronic absorption
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data suggests that the difference between the two EPR activeScheme 1

species in each sample is not likely one of coordination o H o a o

. . < N RSN
number. This must be the case for [ZnCo(AAP)] since the s — % O
Co(ll) ion clearly resides in an octahedral environment with N;;“ o° 'Q\ Q oy ° [N\B\
asmall 10 M~ cm™1) molar absorptivity. The two species
observed in the EPR spectra of [CoZn(AAP)] and [ZnCo- " "
(AAP)] appear to be the result of constraints imposed on
the Co(ll) ion co_ordination_ geometry by the ligand fielgl. For —° B oy —% W Op
example, the signal exhibiting resolvabi®Co hyperfine °7zn\{ O — O G0
splitting is likely due to a Co(ll) ion in a highly constrained NQ‘ O ‘Q\ NQ‘ 0wt IO~

and asymmetric coordination geometry. That the geometry

is asymmetric is clearly evident from the anisotropy of the ) . .
EPR spectrumE/D = 0.32). Furthermore, the highea the Co(ll)-substitute@-lactamase fronBacteroides fragilis

value of 2.54 is indicative of a high degree of sparbit ~ (Crowder et al.,, 1996). These species have similar EPR
coupling, as would be expected for a high-spin Co(ll) ion s[gnqls despite differences in coqrdlnatlon geometry, coor-
in a coordination environment with low symmetry. A highly dination number, and types of ligand atoms. Therefore,
constrained geometry is also evident from the resohle ~ correlation of either coordination number or geometry in

hyperfine splitting in that the EPR line width has to be narrow SPecies exhibiting similar EPR spectra should not be as-
enough and not significantly broadened by factors such asSumed, whereas the symmetry of the electronic field can be

g-strain which arise from microdistributions in the Co(ll) Inferred.
coordination environment. In the case of #@o hyperfine- Further information from EPR concerning the environment
split signal, it is evident that the variability in the structure 0f the Co(ll) ions in either the first or second metal binding
of the species responsible must be small, again indicating asites of AAP is available by inspecting the spectra recorded
highly constrained Co(ll) environment. at different pH values. EPR spectra of [CoZn(AAP)]
In contrast, the second Species appears to be due to a Cotecorded at hlgh pH show that the relative proportion of the
(1) center with much less constraint upon its geometry. The two species in solution is pH-dependent and suggest that at
less rhombically distorted EPR spectrui = 0.1) is an least one ionizable group interacts with the Co(ll) ion in
indication of a significantly more symmetrical environment. [COZn(AAP)] (Scheme 1). On the other hand, the EPR
Such an environment is likely the result of relaxation of spectrum of [ZnCo(AAP)] is much less dramatically affected
ligand sphere-derived constraints. Consistent with the adop-Upon raising the pH and the essentially axial, featureless
tion of such a coordination geometry being due to the Species remains dominant. Comparison of the EPR Signals
relaxation of the ligand field, a wider distribution of observed for [CoZn(AAP)] and [ZnCo(AAP)] at pH 10 with
microheterogeneous structures in a given sample is observedthose observed for [Co_(AAP)] and [CoCo(AAP)] at pH 10
The deviation Obreal = 2.25 from the free electron value of (Bennett & HO|Z, 1997) reveals some striking similarities
2.0 is required by spinorbit coupling, which will be ~ and differences. Similar to that of [CoZn(AAP)], EPR
uniformly small in axially symmetric systems. In most cases, spectra of [Co_(AAP)] recorded at pH 10 exhibited a marked
axial symmetry will be adopted by systems with a high increase in thé°Co hyperfine signal and a decrease in the
degree of flexibility that allows the coordination geometry intensity of the broad axial signal. On the other hand, EPR
to adopt the lowest energy. However, a number of other spectra of [CoCo(AAP)] recorded at pH 10 were indistin-
slightly higher energy conformations exist into which the guishable from those recorded at pH 7.5. In addition, as
complex can be excited by thermally induced vibrational the pH was increased from 5.9 to 10.0, the intensity oSan
modes. It is reasonable to expect that, for an axially = 3 parallel mode EPR signal, due to ferromagnetic coupling
symmetric Co(ll) species, the distribution of microhetero- between the two Co(ll) ions, decreased (Bennett & Holz,
geneous environments will be relatively wide and the 1997). Concomitant with the loss of tt®= 3 signal, an
resultantg strain in the EPR spectrum will preclude the increase in theS = %, signal due to [COCo(AAP)] was
observation of°Co hyperfine splitting, although the hyper- observed. Therefore, an ionizable group perturbs the metal
fine interaction is still present_ It is worth noting that ion bound in the first metal blndlng site but has little effect
although the broad axial species of [CoZn(AAP)] superfi- On the second metal binding site. This ionizable group also
cially may appear to resemble signals observed in other Co-mediates spin coupling between the two Co(ll) centers in
(1) systems, including [CoCo(AAP)] and [Cog®)e?", the absence of substrate since 8w 3 species giving rise
computer simulation has shown that each of these signalsto the parallel mode signal is lost upon raising the pH or by
has distinct EPR parameters. The pH dependencies of theadding BuBA.
signals from the three Co(ll)-substituted AAP derivatives are  Inspection of the X-ray crystal structure of AAP reveals
all different, as are their temperature dependencies, and thehat a single oxygen atom bridges the two Zn(ll) ions in the
signal from [Co(HO)s]?" is distinguished by a very low- native enzyme at pH 7.0 (Chevrier et al., 1994, 1996), and
field absorption not observed in any of the AAP samples. kinetic studies indicate that this bridging water/hydroxide
The similarity in the appearance of these signals should nothas a &, of ~7 (Chen et al.,, 1997). One possible
be overinterpreted since the EPR spectra of any essentiallyexplanation for the presence of two species in Co(ll)-
axial Co(ll) ion will closely resemble each other because substituted AAP would be the existence of a bridging water
theger values are dictated lyeq andE/D. This is illustrated molecule that is in equilibrium with a bridging or terminal
by noting the similarity between the spectra of [CoCo(AAP)] hydroxide (Scheme 1). If so, as the pH is increased, a higher
(Bennett & Holz, 1997), [CoZn(AAP)] at pH 7.5, [Co- proportion of the Co(ll) ions in a population of [CoZn(AAP)]
(H20)6)?", Co(ll)-substituted R2 (Elgren et al., 1994), and interacts with a hydroxyl group and this interaction constrains
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the geometry of the Co(ll) ion. This proposal is consistent Scheme 2

with the EPR data in that a greater percentage of*t6e B R
hyperfine-split signal is observed at high pH values for both N
[Co_(AAP)] and [CoZn(AAP)]. A hydroxyl group will have =< 0 T subsiate —g‘}.zniwo\f &

a smaller dissociation constant than water and would, N o d \Nf\\\ D A an<w
therefore, be capable of constraining the Co(ll) geometry b ™ " R

far more effectively than water. Thus, at low pH values, gne metal ion (Scheme 2) (Chevrier et al., 1996). This
the existence of a water ligand predominates and the Co(ll) hinding scheme is consistent with the large negative entropy
ion is afforded a flexibility that is lost upon raising the pH  gng large positive enthalpy of activation reported for AAP
to a point where the much stronger binding hydroxyl (chen etal., 1997). Since AAP is.80% active with only
predominates. This effect is significantly less observable 4 single Zn(ll) ion bound and recent fluoride inhibition
with Co(ll) in the second metal binding site. The stronger gydies indicate that fluoride binding occurs only after
interaction of a hydroxyl ion with the metal ion in the first g ,pstrate binding (Chen et al., 1997), the bridging water/
binding site may be related to its specificity for that metal hygroxide moiety likely becomes terminal at the same time
since AAP is~80% active with only one metal ion present. a5 substrate binding and appears to represent the hydroxy-
Therefore, the pH dependence observed in the EPR Spectrigting agent in the enzymatic reaction (Scheme 2). The EPR
of [CoZn(AAP)] and [ZnCo(AAP)] appears to be due to the  data reported herein thus substantiate the fact that substrate
deprotonation of a bridging water moiety to a bridging or pinding to the first metal ion is in fact the first step in
terminal hydroxide. catalysis, as proposed in the recently reported mechanism

The following question is important for understanding the  of action for AAP (Bennett & Holz, 1997; Chen et al., 1997).
mechanism of action of AAP and dinuclear hydrolases in
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