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ABSTRACT. Zinc metalloprotease inhibitors are usually designed to inactivate the enzyme by forming a
stable ternary complex with the enzyme and active-site pieysteine inhibits carboxypeptidase, ZnCPD,

by forming such a complex, withl§ of 2.3uM. In contrast, the antiarthritis drugtpenicillamine p-PEN,

which differs fromp-Cys only by the presence of two methyl groups ongkearbon, inhibits ZnCPD by
promoting the release of the active-site zinc. We have given the name catalytic chelator to such inhibitors.
Inhibition is a two-step process characterized by formation of a complex with the enigyma( = 1.2

mM) followed by release of the active-site zinc at rates up to 420-fold faster than the spontaneous release.
The initial rate of substrate hydrolysis at completion of the second step also depemmif BN
concentration, reflecting formation of a thermodynamic equilibrium governed by the stability constants
of chelator and apocarboxypeptidase for ziKgifay = 0.25 mM). The interaction ab-PEN andp-Cys

with the active-site metal has been examined by replacing the active-site zinc by a chromophoric cobalt
atom. Both inhibitors perturb the-el transitions of CoCPD in the 56600 nm region within milliseconds

of mixing but only the CoCPE-Cys complex displays a strong-S Co(ll) charge-transfer band at 340

nm indicative of a metatsulfur bond. While theo-Cys complex is stable, the CoCRBBPEN complex

breaks down to apoenzyme and G&EN), with a half-life of 0.5 s.0-PEN is the first drug found to

inhibit a metalloprotease by increasing the dissociation rate constant of the active-site metal. The ability
of b-PEN to catalyze metal removal from carboxypeptidase A and other zinc proteases suggests a possible
mechanism of action in arthritis and Wilson's disease and may also underlie complications associated
with its clinical use.

The importance of zinc proteases in both normal and

pathological processes makes them targets for drug design. HS

The active-site zinc in these proteases is a particularly }\\\\\H

attractive target because the strength of a chelatwatal

interaction increases the potency and specificity of an "00C NH3*
D-PEN D-CYS

inhibitor. The success of such chelating inhibitors is dem-
onstrated by the clinical efficacy of the ACHnhibitor Ficure 1. Structures ob-PEN ando-Cys.
Captopril ([23-N-(3-mercapto-2-methylpropionyl)proline)

Matrix metalloproteinases, MMP, are also appealing targets
which has had a major impact on hypertension treatrignt ( P op garg

for drug design because of their involvement in cancer and
arthritis, and several broad-spectrum chelating inhibitors are
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to C.R.C. poisoning, cystinuria, and rheumatoid arthribsPEN (3,5-
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CoCPD, cobalt carboxypeptidase A; CPD, apocarboxypeptidase A.; ’

Dns, dansyl [5-(dimethylamino)naphthalene-1-sulfong}PEN, b- ) The mgtal-binding ability ob-PEN is bel.ieve(’j to !mdef”e
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tetrahedral and a change in net charge, both of which areusing PAR. Buffers were extracted with dithizon&7)
less favorable for protein binding. Although EDTA binds Dialysis tubing was rendered metal-free by heating in
copper with equal or greater affinity, it is thought to have a deionized waterX8), and glassware was acid-washed in 1/3
lower efficacy thanp-PEN in the treatment of Wilson’'s  HNOsj/deionized water.
disease due to its inability to reductively chelate copper. Stopped-Flow Experimentinetics were performed with
p-PEN has also been used for 30 years to treat rheumatoidan Applied Photophysics SX.18MV stopped-flow reaction
arthritis but its mechanism of action remains unknosn ( analyzer. Solutions for stopped-flow experiments were
6). Numerous double-blind clinical trials have established extensively degassed to prevent artifacts from air bubbles.
that b-PEN is as effective or more effective than other The fastest measurable half-life was found to be 0.6 ms by
antiarthritis drugs ). Unlike antiinflammatory agents, using the reduction of 2,6-dichorophenolindophenol by
p-PEN slows progression of rheumatoid arthritis and is L-ascorbic acid as the test reactidi®). All reactions were
classified as a disease-modifying antirheumatic drfly ( performed at 25t 0.2 °C.
p-PEN has been postulated to scavenge free radicals, modify Substrate hydrolysis catalyzed by ZnCPDx110°° M,
collagen, and disrupt immune system proteins, but no generawas measurediil M NaCl and 20 mM Hepes, pH 7.5, with
theory of its mechanism of action is widely accepted becausethe fluorescent substrate Dns-GGW. The substrate concentra-

none have been strongly supported by laboratory or clinical tion, 1 x 107> M, was well below its reportedy, (20),
observations3). ensuring a good steady-state approximation. MA%, 507

The current understanding of metalloprotease involvementM. was assayed in 10 mM Ca£0.15 M NaCl, and 50 mM
in the pathogenesis of arthritis suggests that the efficacy of Hepes, pH 7.5, with Dns-PLALWAR, 2.5 10°° M, well
p-PEN may be explained by inhibition of zinc proteases Pelow its reportedky, (13). Dns-PLALWAR, 2.5x 10°°
involved in remodeling the extracellular matrix. Because M. Was also used to assay TLN,>d 10" M, in 10 mM
p-PEN can chelate zinc with its thiol, amino, or carboxylate CaCk, 0.1 M NaCl, and 50 mM Hepes, pH 7.5.
groups, we tested it for inhibition of three zinc proteases, ~Initial velocity values were obtained by a linear plot of
matrilysin, thermolysin, and carboxypeptidase A, since these <10% of the substrate hydrolysis, monitored by following
enzymes represent the matrix metalloprotease, metalloendothe increase in tryptophan fluorescence after excitation at
protease, and metalloexoprotease families, respectively. To285 nm upon cleavage of the scissile bond. The change in
study the effects of stereochemistry and chemical structurefliorescence upon complete substrate hydrolysis was used
on chelator potency and mechanistPEN was examined {0 calculate micromoles of product produced. All substrate
along with the analogues- and L-Cysteine, which differ ~ €xperiments were performed in the presence of a final
from b- andL-PEN only by the absence of two methyl groups Concentration of 2.5% acetonitrile to ensure substrate solubil-
on theB-carbon (Figure 1). A preliminary report of this study ity Instantaneous, or rapid equilibriunk; values were

has been mades), determined by mixing inhibitor and substrate in one drive
syringe of the stopped-flow instrument with enzyme in the
MATERIALS AND METHODS other; at least 5 different inhibitor concentrations were used

and at least three measurements of the initial rate were
Materials. Carboxypeptidase A (Cox), ZnCPD, and ther- collected for each concentration. To deterniq@alues, the
molysin, TLN, were obtained from Sigma. Prior to use reciprocal of the initial velocity,s, was plotted against
ZnCPD was purified on a CABS-Sepharose affinity column inhibitor concentration according to eq 1. A single iteration

and recrystallized as previously describ8di0Q; TLNwas  \as needed to determine the free inhibitor concentration for
purified by recrystallizationX1). Cobalt carboxypeptidase  the inhibition of CPD A byp-Cys:

(CoCPD) was prepared from crystalline ZnCPD by removing

the active-site zinc with 1,10-phenanthroline (OP) and v =K. [SI(K(1+ [/ K)) for[S]< K, (1)
reconstituting the apoenzyme with C@C{12). Active
matrilysin (MAT) was expressed ifscherichia coli re- A stopped-flow assay was also used to characterize time-

folded, and purified by hepariragarose chromatography as  gependent inhibition. In this assay, inhibitor and enzyme are
previously described1@). Enzyme concentrations were premixed and loaded in one syringe of the stopped-flow

determined by absorbance, witbgo of 64 500 M* cm ™ instrument, and the reaction is initiated by the addition of
for ZnCPD (14), 61 500 M cm™* for TLN (11), and 33000  gypstrate from the second syringe. The present version of
M~ cm for MAT (13). the SX.18MV instrument, lacking the sequential flow option,
Synthetic fluorescent peptide substrates were synthesizedhas a lag time of approximately 45 s between the start of
purified, and characterized as previously descriliéd 16. the preincubation period and data collection. However, the

Substrate concentrgtion was determined by absorbance okubsequent delays between successive mixing are only 5 s,
the dansyl group, witlezs = 4300 M~ cm™%. Chemicals  thus allowing characterization of the time-dependent decrease

were reagent-grade and at least 99% po#BEN and 4-(2- in initial rate. A final K can be calculated from the final
pyridylazo)resorcinol (PAR) were from Aldrich-PEN and  constant velocity and eq 1. This new stopped-flow assay is
D-PEN disulfide were from Flukap- andL-Cys, calcium,  a more convenient alternative to other assays that test for

and Hepes buffer were from Sigma. All thiol inhibitors were  time-dependent inhibition through progress curve analysis

prepared fresh each day. Experiments with Ellman’s reagent,(21).

5,5-dithiobis(2-nitrobenzoic acid), showed disulfide forma- PAR ExperimentsThe chromophoric chelator PAR was

tion did not occur over the time course of the experiments. ysed to measure zinc dissociation from ZnCPD. PAR has a
All experiments were performed under metal-free condi- high affinity for zinc with an apparent binding constant log

tions. No metal contamination of inhibitors was found by (,=12.3 K, =4.0x 1° M1, Ky’ =5.5x 10° M) (22,
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Table 1: Instantaneous; Values

Ki (mM)
inhibitor ZnCPD TLN MAT
D-Cys 0.0023+ 0.0016 0.04Q: 0.0068 0.75:0.13
L-Cys 0.35+ 0.050 1.8+ 0.25 1.6+ 0.86
D-PEN 1.2+ 0.18 1.9+:0.24 0.6 0= 0.22
L-PEN 1.7+ 0.44 5.2+1.4 0.424+0.11
D-PEN disulfide >27 >25 >45

a Conditions of assay are given in the Materials and Methods section.
Error inK; values was calculated from standard errors of the slope and
y-intercept of Dixon plots.

23). Data were collected at 500 nm with a PAR concentration
of 1.8 mM and the 0.2 mm path length of the stopped-flow
reaction cell. The transmittance was set to 100% with buffer
solution. The extinction coefficient at 500 nm was 61 500
M~1 cm™ for the Zn(PAR) complex. Enzyme was mixed

in the stopped-flow instrument with PAR alone or with

inhibitor to measure the rate of zinc dissociation. For
preincubation experiments, PAR and inhibitor were mixed
in the stopped-flow instrument with a preincubated solution
of enzyme and inhibitor, so that the inhibitor concentration
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FIGURE 2: Exponential time-dependent inhibition of ZnCPD by
D-PEN. Each point®) represents an initial velocity, obtained at 5

s intervals in the stopped-flow instrument expressed as a percentage
of the initial uninhibited velocity. The solid lines are obtained from
eq 2. For clarity, data fop-PEN concentrations of 0.35, 0.55, and
3.3 mM are not included.

ZnCPD inhibition is determined from
vi= (v — v) e s

(2)

wherev; is the initial velocity at time zeroys is the initial

was constant throughout the reaction. The rate constant foryg|ocity after equilibration of enzyme and inhibitor, and

the formation of the Zn(PAR)omplex was calculated from

is the velocity at any timé The rate constants for the time-

the absorbance change by use of the single-exponential fityependent inhibition of ZnCPD are independenbed?EN

program of the SX.18MV stopped-flow software package.
Rapid-Scanning Cobalt Experimenithe binding proc-
esses 0b-Cys andp-PEN were studied spectroscopically
with CoCPD. Electronic absorption spectra {#DO0 scans)
were obtained in the stopped-flow instrument over the region
of 300-700 nm and time range of 1.3 m&20 s. All
reactions were performed at 250.2 °C, and a buffer of 1

concentration, averaging 0.01570.003 s*. Time-depend-
ent inhibition of ZnCPD is also seen withPEN but not
L-Cys orp-Cys.

The time-dependent inhibition of ZNCPD observedosy
and L-PEN is indicative of a two-step mechanism. Two
mechanisms could explain this time-dependent inhibition. In
one such mechanism, penicillamine could act as a slow-

M NacCl and 20 mM Hepes, pH 7.5, was used. Spectra were pinding inhibitor where the instantaneolisrepresents the

normalized in the 6806700 nm region to remove noise due
to lamp drift during longer runs. Rate constants were
determined by use of the Pro K global analysis software suite.

RESULTS

Inhibition StudiesInstantaneouk values show that the

stereochemistry and chemical structure of chelating ligands

are important determinants of potency (Table 1). This effect
is most apparent for ZnCPDo-Cys inhibits ZnCPD with a

Ki of 2.3 uM while its enantiomer-Cys inhibits with akK;
150-fold higher Ki = 0.35 nM). TheK; for b-PEN, which
differs fromp-Cys only by the presence of two methyl groups
on thepg-carbon, is 520 times higher (1.2 mM). A similar
pattern of inhibition is observed for TLND-Cys inhibits
TLN with a K; of 40uM and is approximately 45 times more
potent tharp-PEN and.-Cys. Inhibition of MAT byp- and
L-PEN is slightly greater than inhibition of ZnCPD and TLN,
while p-Cys is a much more potent inhibitor of ZnCPD and
TLN. p-PEN disulfide does not inhibit any of the enzymes
tested, suggesting that the thiol group is essential for
inhibition.

When b-PEN and ZnCPD are preincubated, the initial
velocity of substrate hydrolysis decreases exponentially with
time and becomes constant within 200 s (Figure 2). As the
D-PEN concentration is raised, the final velocity decreases.
This dependence ob-PEN concentration gives a fin#;
value, 0.25 mM, that is 5 times lower than the inittal
The first-order rate constank, for this time-dependent

formation of a weakly bound EI complex and the firkgf
is due to isomerization to a more stable EI* complgg)(

Mechanism 1
EZn+ 1 =I1-EZn="*-EZn

Slow-binding inhibitors of zinc proteases are well char-
acterized for TLN, ACE, and aminopeptidases. The antihy-
pertensive drug Captopril acts as a slow-binding inhibitor
of ACE, and the natural products amastatin and bestatin
inhibit aminopeptidases by a slow-binding mechanigf).(

A second mechanism that could explain time-dependent
inhibition is the removal of zinc. In this scenario, the
instantaneouk is due to a formation of a complex between
p-PEN and the enzyme. The final inhibition consta€gina,
reflects the formation of a thermodynamic equilibrium
between apoenzyme and inhibitor that is governed by the
stability constants of these two chelators for zinc (mechanism
2). In this mechanism the inhibitor could bind and release
either zinc or the Znl complex if it binds directly to the metal

in the first step.

Mechanism 2

EZn+ 1 =I-EZn=1-E+ Zn
Zn+1=2n(l),

Mechanisms 1 and 2 differ in the location of the active-site
zinc during the final step. In mechanism 1, enzyme is bound



D-Penicillamine Catalyzed Zn Release Biochemistry, Vol. 39, No. 25, 20000583

A 10— 350 uM D-PEN preincubated with in_creasinlg-PEN Concentr_atipns_and a
AN I , constant concentration of 1.8 mM PAR, indicating that
@ oaR D-PEN effectively competes with PAR for zinc (data not
2 60r shown).
© The PAR results suggest thetPEN can mediate zinc
= a0t i i i
transfer either by making the enzyme-bound zinc more
S 0 uM D-PEN . Lo . .
N ol 350 uM D-Cvs N accessible to PAR or by catalyzing its release. To differenti-
R . y ate between these two possibilities, we preincubat®EN

0 : : ' and ZnCPD prior to the addition of PAR.fPEN labilizes
4 . . .
0 100 200 300 00 500 the active-site zinc for PAR removal, then the rate constant

B 002 Time, sec for zinc transfer should be the same as the rate constant
observed without preincubation (Figure 3A). tFPEN
- 0015 removes metal during the preincubation period, the rate
Qoo constant for zinc transfer from ZnCPD to PAR should equal
= the rate constant for zinc transfer between theoZREN),
0.005 complex and Zn(PAR)
0 , , ) ) , A preincubation time of 200 s is initially chosen since the
0 1 DéEN ?\A 4 5 second step in the inhibition experiments is nearly complete
_ [e- _ Lm within this time (Figure 2)p-PEN at a concentration of 1.5
Ficure 3: (A) Comparison of zinc transfer from ZnCPD x4, mM is preincubated with 1M ZnCPD for 200 s and then

to PAR, 1.8 mM, alone or in the presence of 0.35 mANPEN or . . .
0.35 mMb-Cys (all concentrations after mixing). Zinc transfer to  Mixed with 3.6 mM PAR and 1.5 mM-PEN in the stopped-

PAR is monitored by the increase in absorbance at 500 nm. (B) flow instrument. Under these conditions two phases of zinc
Concentration dependence of the rate constant foroHREN- transfer to PAR are observed: the first two seconds of the
catalyzed transfer of zinc from ZnCPD to PAR when the enzyme, reaction after PAR addition is termed the “fast phase,” and

10 uM, is mixed with 3.6 mM PAR and increasing concentrations . ; ; “
of p-PEN. The solid line is derived from the functidm= 0.020 the remaining time up to 500 s is referred to as the “slow

s 1[p-PENJ/(0.2 mM+ [p-PEN]). phase”(Figure 4).

to both zinc and inhibitor in the final step, but in mechanism S cubation PR s

2, some zinc dissociates and is bound by inhibitor. ZnCPD Zn(D-PEN), + ZnCPD ———— Zn(PAR), + ZNCPD
Detection of Zn Release by Use of PARe location of (100%) (45%) (55%) (45%)  (55%)

zinc in the final step can be used to differentiate between 498 s slow phase

mechanisms 1 and 2. The absorption maximum for the — Zn(PAR); + ZnCPD + Zn(0-PEN),

chelator PAR changes from 412 to 500 nm upon binding (80%) (20%)

Zn (22). The Zn(PAR) complex forms within 2 ms after
mixing 10 uM ZnCl, with 3.6 mM PAR (data not shown). Under these conditions, 45% of the zinc is transferred to

When 3.6 mM PAR is mixed with 1@M ZnCPD, zinc PAR in the fast phase with a first-order rate constant of 5.6
dissociates very slowly in a first-order process with a rate s . The same rate constant is obtained when a solution of
constant of 4.8x< 10°s % or a half-life of 14 400 s (Figure 10 uM ZnCl, and 1.5 mMb-PEN is mixed with 1.5 mM
3A). Zinc dissociation is slower when enzyme is mixed with p-PEN and 3.6 mM PAR, indicating-PEN releases zinc
PAR in the presence of 0.35h D-Cys, suggesting that  from the enzyme during the preincubation period. In the next
D-Cys protects the active-site zinc from removal.cACys 498 s slow phase, 64% of the remaining zinc is transferred
concentrations as high as 5 mM, essentially no zinc dis- to PAR. By 500 s, at least 80% of the zinc is transferred
sociation is observed. In marked contrast, when enzyme andfrom ZnCPD to PAR, an amount similar to that observed
PAR are mixed in the presence of 0.35%hp-PEN the first- with no preincubation. Full zinc transfer to PAR does not
order rate constant for zinc dissociatidn=1.3 x 102s%; occur because botb-PEN and apoenzyme compete with
half-life of 53 s) is 264 times that of the spontaneous PAR for binding zinc (see above). The addition of PAR after
dissociation rate constant and 92% of the zinc is transferredpreincubation of ZnCPD and-PEN for 1000 s does not
to PAR in 300 s (Figure 3). change the rate constant or extent of zinc transfer, suggesting

The first-order rate constant for zinc dissociation shows a the equilibrium betweem-PEN and enzyme is complete
hyperbolic relationship tam- and L-PEN concentrations  within 200 s. The fast phase does not occumiPEN,
(Figure 3B). It reaches a maximum of 0.020 at ab-PEN ZnCPD, and PAR are mixed simultaneously (Figure 4).
concentration of 5 mM, representing a 420-fold increase over The rate constants for zinc transfer in the fast phase for
the rate constant for spontaneous dissociation of zinc from eightp-PEN concentrations are identical to the rate constants
ZnCPD. This rate constant is close to the average ratewhen the same concentrations mPEN are preincubated
constant for the decrease in enzyme activity observed whenwith ZnCl, and then mixed witlb-PEN and PAR (Figure
D-PEN is preincubated with ZnCPD and mixed with substrate 5A). Asb-PEN concentration increases, the rate constant for
(0.020 s* versus 0.0168). The maximum rate constant of  zinc transfer to PAR decreases, likely due to change in the
zinc dissociation in the presence ofPEN (0.018 sY) is rate-determining steps involving formation of mono+Zn
nearly identical. PEN and/or mono-Z#PAR complexes. Thus-PEN removes

As PEN concentrations increase, the amount of zinc zinc rapidly from ZnCPD over the concentration range of
transferred from the enzyme to PAR decreases progressively0.25-5 mM. As the preincubated-PEN concentration
This decrease is also observed whenuBl ZnCl; is increases, more zinc is transferred to PAR in the fast phase,
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Ficure 4: p-PEN, 1.5 mM, and ZnCPD, 10M, are preincubated for 200 s and mixed with 3.6 mM PAR and 1.5 mREN in the
stopped-flow instrument. The first two seconds after mixing is termed “fast phase”; the remaining 498 s of the reaction is called the “slow
phase.”
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Ficure 6: Dependence of the extent of zinc removalbPEN as
80 & b measured by PAR in fast phas®)(and rate constank; (®), on
preincubation timep-PEN, 1.5 mM, and ZnCPD, 1@M, are
6or . preincubated and mixed with PAR, 3.6 mM, andPEN, 1.5 mM,
at 5-7 s intervals.
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The extent of zinc transfer in the fast phase over time is
measured by decreasing the preincubation twrBEN, 1.5
% 1 2 3 4 mM, and ZnCPD, 1«M, are preincubated and mixed with
[D-PEN], mM PAR, 3.6 mM, andb-PEN,1.5 mM, in the stopped-flow
FIGURE 5. ZnCPD, 10uM, is preincubated with increasing instrument. The reaction is initiated after 44 s of preincu-
concentrations ob-PEN for 200 s and mixed with 3.6 mM PAR  bation due to a lag time for the present configuration of the
ando-PEN in the stopped-flow instrument and the (A) rate constant stopped-flow instrument. At time intervals of9 s, the
of fast phase and (B) amplitudes of the fast and slow phase of the preincubates-PEN and ZnCPD solution is mixed with PAR,

reaction are measured. (A) The “fast phase” rate constant of zinc - - .
transfer to PARK (#), is identical to the rate constant of transfer and conversion of ZmtPEN) into Zn(PAR) is followed

when 10uM ZnCl, (®) is preincubated witl-PEN and mixed by the increase in absorbance at 500 nm in the fast phase.
with 3.6 mM PAR ando-PEN. (B) The extinction coefficient of ~ The amplitudes and first-order rate constants of zinc transfer
the Zn(PAR) complex is used to determine the effectrePEN for the fast phase are plotted in Figure 6. As preincubation

concentration on the extent of zinc transfer in the fagtand slow . : L :
(©) phases. Corrected amplitude values for the f@tand slow time increases, more zinc is transferred to PAR in the fast

(®) phases are calculated on the basis of the assumption that the?hase, reflecting the increased conversion of enzyme-bound

average 99.7% total Zn transfer observed for the lowest thREN zinc to Znp-PEN), during the preincubation period. The rate

%?]T;Ct%ntgati;?nsl shouédf betrt]ge sar?te ;Céf\}gﬁ :Sigizet;]gﬂggtentr:gggr;:-constant for zinc transfer is the same regardless of preincu-

eoretical curve f1or amplitu : 5 H : 5

obtained from the function Amp?: 9596(p-PEN]/(1.3 mMp+ bation time bgce_luse itis rglateq o_nly to th_e klngtlc parameters

[D-PEN]). The theoretical curve for the slow-phase amplitudes is for the association and dissociation of zinc witf’EN and

obtained by subtracting these values from 99.7%. PAR. After about 200 s, the amount of zinc removed from
the enzyme remains constant at 50%, representing a thermo-

. . dynamic equilibrium governed by the affinities ofPEN
while the amount transferred during the slow phase decrease%nd apoenzyme for zinc. The time necessary to reach this

(Figure 5B). The extent of zinc tr_ansfe_r detected in the fast equilibrium is in agreement with experiments where time-
phase shows a hyperbolic relationship to t®EN con-  genendent inhibition is observed by preincubating@EN
centration. This result is expected since the free enzyme isy3nd zncPD and adding substrate to monitor the reaction
progressively converted into the ZnCRBPEN complexas  (Figure 2). A constant velocity is reached in the substrate
the p-PEN concentration increases. This species in turn hydrolysis experiments after 200 s of preincubation, which
dissociates to apoenzyme and Zn or ZREN), which is  corresponds to the time necessary to reach equilibrium
rapidly converted to Zm(-PEN). Since the zinc concentra-  petweenp-PEN, CPD, and PAR with zinc. This suggests
tion is fixed, more metal removal in the fast phase results in that the time-dependent decrease in enzyme velocity seen
less metal removal in the slow phase. in Figure 2 is due t@-PEN-catalyzed zinc removal.

alb Ce




D-Penicillamine Catalyzed Zn Release Biochemistry, Vol. 39, No. 25, 20000585

A

CoCPDeD-Cys
0.15 300
g 200 CoCPDeD-PEN
A =
£
0.05 < 100
1.3 msec 0 [ : )
9™7350 400 450 500 550 600 650 700 500 550 600 650 700
Wavelength, nm Wavelength, nm
B 0.8 005 Ficure 8: Comparison of the spectra of CoCPD andot®EN
’ 0.04 1.3 msec and p-Cys complexes. Conditions were as given in the Figure 7
1.7 sec 0.03 caption. For the CoCPD-Cys complex the spectrum is the average
0.6 Aoz of the 29.4, 32, and 34.56 ms scans while for theEN
1.7 sec intermediate the 1.28, 3.84, and 6.4 ms scans are averaged.
A 0.01 .
04 800 550 500 550 process, with a first-order rate constant of 180 (half-life
Wavelength, nm of 3.85 ms).
0.2 The absorption spectrum of COCPD between 340 and 650
nm at pH 7.5 has a broad shoulder near 500 nm and maxima
0 1.3 mse 1 . . . .
350 400 450 500 550 600 650 at 550 and 573 nm (Figure 8) in close agreement with earlier
Wavelength, nm studies 24). The CoCPDp-Cys complex displays a broad

i i 1 -1
Ficure 7: (A) Visible absorption spectra of the formation of maximum at 592 nm W't_h am of 330 cm™ M f‘”qla
CoCPDb-Cys complex upon mixing-Cys, 0.8 mM, and CoCPD, ~ shoulder near 550 nm with anof about 235 cm* M™™.
0.33 mM, in the stopped-flow instrument and scanning at 1.28, This spectrum is quite similar to that observed for the ternary
3.84,6.4,8.96,11.2, 14.08, 21.6, and 32 ms. The spectral change€CoCPDL-PheNs;~ complex in which the azide is a ligand

occur with half-life of 3.85 ms. (B) Visible absorption spectra of ;
the breakdown of CoCPD-PEN complex after mixing-PEN, to the cobalt£8), suggesting the sulfhydryl group ofCys

40 mM, and CoCPD, 0.33 mM, in the stopped-flow instrument May be a ligand in the CoCPB-Cys complex. _
and scanning at 1.28, 26.8, 78.1, 154.9, 231.7, 308.5, 385.3, 462.1, A new transition that is not present in the absorption
538.9, 641.3, 743.7, 846.1, 948.5, 1050.8, 1178.9, 1306.9, 1438.9 spectrum of CoCPD is observed witll g.x at approximately
1562.9, and 1716.5 ms. The spectral change has a half-life of 0.5346 nm ¢ = 1018 M~ cm™?) (Figure 7A). This increase of
s. Inset: Expanded absorbance changes in the- 680 nm region. absorbance in the 3850 nm region is significant because
this is the region of the S~ Co(ll) charge-transfer band
(27). The observed extinction coefficient is consistent with

transfer in the “fast” and “slow” phases is similar to that T -
R that reported for mercaptan inhibitors of carboxypeptidase
observed fop-PEN and ZnCPD, indicating that the enan- thermolysin that bind the active-site cobalt with one S

tiomers share a similar mechanism. No metal transfer is _ ~ P : s
observed witho-Cys and ZnCPD fo_r preincubation times speCcct)r(Uanigr;ﬁs%inctgf(r)gthhng;:)e)ct(rzuArrﬁ20%52?/23 mgl
up to 1000 s or fob-Cys concentrations up to 5 mM. is mixed with Co(Il) €343 = 5200 M cm-1), p-Cys does
Cobalt CPD Spectroscopylthough the PAR and sub-  not remove cobalt from the enzyme. Hene€ys inhibits
strate experiments suggestPEN inhibits ZnCPD and  coCPD by forming a stable ternary complex with the active-
CoCPD by forming a complex with the enzyme followed sjte cobalt.
by release of the active-site metal, direct evidence requires The effect of -PEN on the absorption spectrum of
detection of the intermediate. Substitution of the paramag- coCcPD, 0.167 mM, is examined over the?EN concentra-
netic cobalt ion for the active-site zinc permitS Study of the tion range of 0.450 mM. Data from experiments in which
coordination geometry and functional properties of the 20 mMb-PEN is used are presented here as representative
enzyme 4—26). Binding of a thiolate ligand to the active-  gpectra (Figure 7B) since the instantanetiusf b-PEN on
site cobalt perturbs the-¢ d transition and charge-transfer  coCPD catalysis is 9 mM. At this-PEN concentration all
regions of the CoCPD spectrurd?). Thus rapid-scanning  spectral changes are essentially complete within 1.7 s after
SpeCtral studies of CoCPD can be used to detect formationmixing_ Two pronounced Spectra' Changes occur over two
of a complex between-PEN orp-Cys, with CoCPD or free  ifferent time ranges. By the first scan, taken at 1.3 ms, the
cobalt ions. spectrum in the 500650 nm region is distinct from that of
D-Cys, 0.8 mM, and CoCPD, 0.334 mM, at pH 7.5 are CoCPD alone, indicative of a very rapi#¢ & 1000 s?)
mixed in the stopped-flow instrument and the spectral binding ofb-PEN to form an H complex with a perturbed
changes from 300 to 700 nm are obtained every 2.6 ms.Co(ll) coordination sphere. The CoCRBPEN complex
Under these conditions the enzyme should be saturated withdisplays a distinct maximum at 574 nmn=€ 202 M~ cm™?)
inhibitor, based on th&; of b-Cys for CoCPD of 22:M. and two others near 549 and 605 nm with= 181 M
The spectral changes that occur upon mixing CoCPD andcm™ ande = 202 M~* cm™? (Figure 8). Importantly, no
D-Cys are complete within 32 ms (Figure 7A). The absorb- distinct S— Co(ll) charge-transfer band in the 350 nm region
ance increases in two regions, one centered at 350 nm ands observed in the first spectrum. Hence the intermediate does
the other at 590 nm (Figure 7A). This increase is a rapid not involve a bond between the cobalt atom and the thiol of

WhenL-PEN and ZnCPD are preincubated for 200 s, zinc



7586 Biochemistry, Vol. 39, No. 25, 2000

D-PEN. The spectrum of the intermediatePEN complex
is similar to that seen for the CoCRPhe complex which
has absorption bands at 545, 580, and 602 nm with extinction|
coefficients of 165, 205, and 180 Mcm™?, respectively,
at pH 7.1 @4).
By 1.7 s the distinct absorbance in the 5@%0 nm region
is gone (Figure 7B, inset). This decrease in absorbance is in

marked contrast to the unchanging spectrum ofH@ys I

complex after the first 30 ms (Figure 7A) and supports the
hypothesis thab-PEN removes metal from CoCPD whereas
D-Cys forms a ternary complex. The absorbance decrease in
the 500-650 nm region fop-PEN is concomitant with an

increase in absorbance centered aralpgat 355 nm ¢ = 11

3446 M cm™Y) indicative of formation of sulfurcobalt
bonds. The time-dependent absorption changes follow first-

TERNARY
Hs.
< \ZB/
00 NHa*
D-Cys STABLE TERNARY COMPLEX
SCAVENGER
DfWSt N vz — %9
°‘g) ° APO ENZ
EDTA
CATALYTIC
HC cH +
HS > %Zg/ @L} ;'
. D-PEN e UNSTABLE EZnl COMPLEX  APOENZ

Chong and Auld

order kinetics with a rate constant of 1.3 ¢half-life of 0.5
s). The absorption spectra between 1.d &1s (15 half-

FIGURe 9: Schematic of three mechanisms of metalloprotease
inhibition. p-Cys, b-PEN, and EDTA are given as representative
inhibitors for such mechanisms. In the case of the catalytic chelator

lives) are essentially the same (data not shown). The final mechanism, the inhibitor may not bind to the apoenzyme if it forms

spectrum has properties (maximum near 350 airs, 3446
M~1 cm™1) quite similar to that of the S> Co(ll) charge-

an unstable ternary complex.

transfer band properties of the complex formed between Pathways. They might disrupt the scaffolding of the metal

D-PEN and CoGl (Amax at 348 nm,e = 4125 Mt cm™3).
These data indicate-PEN promotes release of cobalt from

complex and cause the metal to dissociate faster either by
itself or through the action of a second chelator molecule.

CoCPD via an intermediate that perturbs the environment Altérnatively they could bind to the metal through one of
around the active-site metal. Experiments with PAR present their liganding atoms and to other regions of the active center,

also demonstrate that-PEN assists cobalt transfer from
CoCPD to PAR (data not shown).

DISCUSSION

thus destabilizing metal binding and leading to dissociation
of a metat-chelator complex. An unstable ternary complex
formed between cobalt carbonic anhydrase and 2,6-pyri-
dinedicarboxylate has been observed by cobalt absorption
spectroscopy33, 34. In addition, pH-indicator studies of

Penicillamine and cysteine have been reported to bethe interaction of 1,10-phenanthroline and cobalt carboxy-
inhibitors of carboxypeptidase A but their mechanisms of peptidase yield saturation kinetics indicative of an unstable
inhibition have never been characterized. Carboxypeptidaseintermediate §5).

A is completely inhibited by 10 mhb,L-cysteine 29), and

Our results extend the observation that the stereochemistry

a study on the proteolysis of bradykinin in rheumatoid and chemical structure of a chelating ligand contribute to
arthritis shows carboxypeptidase B to be completely inhibited the potency of inhibitors that act according to mechanism |

by 0.13 mMpb,L-PEN in a 3-h progress-curve assa80)(

in Figure 9.p-Cys is an 85-fold more potent inhibitor of

Both reports used only one concentration of Cys or PEN ZnCPD than itsL-enantiomer. Thiol chelators witip
and no mechanistic work was performed. The effects of stereochemistry have also been reported to be more potent
stereochemistry were not studied because racemic mixturesnhibitors of ACE and of human neutrophil and fibroblast

of inhibitor were used. Our studies on inhibition by the
cysteine/penicillamine family of sulfhydryl-containing amino
acids indicate inhibition of ZnCPD by two markedly different
mechanisms-PEN promotes the removal of zinc from the
enzyme, whereas-Cys prevents zinc removal by forming
a stable ternary complex.

collagenasesl( 36).

Cobalt spectroscopy establishes thaCys binds the
active-site metal with its thiol side chain (Figure 8). This
might be considered surprising since binding of anions to
the active-site metal of carboxypeptidase is usually precluded
by the interaction of the metal-bound water molecule and

Three mechanisms describing the action of chelating carboxylate of Glu-27037). However, anions do bind to

inhibitors are summarized in Figure 9. Inhibition of enzy-

the active-site metal in the-Phe andp-Phe enzyme

matic activity can be due to formation of a stable ternary complexes because the protonateémino group of the

complex or can arise from metal removal by aiiSor §2-
type mechanism3l, 32. Thus some chelating inhibitors
such ao-Cys form a stable, ternary enzymeetatinhibitor

inhibitor is postulated to disrupt the interaction of the Glu-
270 carboxylate/zinc-bound watelQ, 28, 38, 3R No X-ray
crystallographic studies have been performed with.tRde

complex (mechanism | in Figure 9). Other compounds such complex, but results with the-Phe complex demonstrate
as EDTA and thionein scavenge metal that spontaneouslythe existence of the postulated salt bridge between the

dissociates from the enzyme by aglSmechanism (mech-
anism Il in Figure 9)p-PEN inhibits ZnCPD by first binding

carboxylate of Glu-270 and the amino grouposPhe 40).
In addition, thep-Phe carboxylate interacts with Arg-145,

to the enzyme and then promoting release of the active-siteand the phenyl ring binds in the hydrophobic substrate

zinc through an @-type mechanism (mechanism Il in

pocket. Since the water is no longer H-bonded to the Glu-

Figure 9). We have given the name catalytic chelator to such 270 carboxylate, it can be displaced by anian€ys could
inhibitors since they increase the dissociation rate constantlikely displace the water by forming such a complex and
for release of the metal and then act as recipients for theuse its sulfhydryl group as the equivalent of an anionic
free metal. They could do this through a number of different ligand.
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The traditional approach to drug design varies the chemical The clinical success of drugs that act through mechanism
structure of a chelating ligand to improve inhibitors that | (Figure 9) overshadows the therapeutic potential of chela-
mimic the substrate or an intermediate of the metalloenzymetors such a®-PEN that act by removing metal from the
catalysis. Compounds that form tight ternary complexes with active site of metalloproteases (mechanism Il in Figure 9).
low K; values are used as templates to design inhibitors thatEfforts at drug design that search for tight-binding zinc
bind with even greater affinity. This methodology was used protease inhibitors are biased against chelators acting ac-

in the design of chelators that inhibit ACE) @nd is currently
in use to develop better MMP inhibitorgt1—44). The
assumption underlying this approach is thkinhibitors act
according to mechanism | in Figure 9.

Our results demonstrate, however, that the chemical
structure of a chelating ligand can change the mechanism
of inhibition. The addition of two methyl groups to the
f-carbon ofp-Cys changes the inhibition mechanism from
formation of a tight ternary complex (mechanism | in Figure
9) to catalytic removal of the active-site zinc (mechanism
[l in Figure 9).

The spectroscopic differences betwee@ys ando-PEN
binding to CoCPD give insight on how these two methyl
groups change the mechanism of inhibition. WitiCys, an
S — Co(ll) charge-transfer band begins to appear im-
mediately after mixing, indicating a bond forms between the
inhibitor and active-site metal (Figure 7A). No such bond is
observed in th@-PEN intermediate; the S Co(ll) charge
transfer band only appears as the absorbance in the 500
650 nm region decreases, giving isobestic transitions at 550
and 630 nm (Figure 7B, inset). Thus, the bond between cobalt
and the thiol ofo-PEN forms after metal is removed from
the enzyme. While the sulfur ofPEN does not bind directly
to cobalt when complexed to the enzyme, the spectrum of
this intermediate closely resembles the spectrum of the
CoCPDb-Phe complex Z4). Loss of the hydrogen bond

between Glu-270 and the zinc-bound water causes the zincC

to shit 1 A away from Glu-270 toward Arg-12740). By
acting as a secondary zinc ligand, Glu-270 likely increases
the binding affinity of the enzyme for zinc. tFPEN induces

a similar change in the active site, loss of this interaction
could increase the rate of zinc dissociation. In addition,
D-PEN might weaken or disrupt other scaffolding interactions
such as the one between Asp-143 and His-196. Indeed
disruption of scaffolding ligand interactions is known to
decrease the affinity of enzymes for zirk5(-47).

The difference in chelator mechanisms observedfBEN
and p-Cys complicates interpretation of inhibitor potency.
Although the initialK; for b-PEN is higher than that af-Cys,
D-PEN rapidly and completely inactivates ZnCPD in the
presence of a secondary chelator with greater zinc affinity
than p-PEN or CPD (Chong and Auld, manuscript in
preparation). Wherm-PEN and ZnCPD are mixed with
thionein or EDTA, the enzymatic activity of ZnCPD is
eliminated within 20 min. Thionein or EDTA alone inhibits
ZnCPD by chelating zinc that spontaneously dissociates from
the enzyme (mechanism Il in Figure ®-PEN accelerates
zinc equilibration between ZnCPD and EDTA or thionein.
Consequentially, the in vivo potency ofPEN as a zinc
enzyme inhibitor can be augmented by coadministration of

cording to mechanism I. To remove the catalytic zinc,

mechanism Il inhibitors must destabilize the environment

surrounding the active-site metal. This weakens the instan-
taneousK; and such a compound will escape notice if the

appropriate mechanistic assays are not used.

Compared to the extensive research on inhibitors that bind
tightly to metalloproteases, relatively little is known about
the molecular mechanisms of how a chelator removes zinc
from a metalloprotein. Although certain chelators such as
OP have been known for two decades to catalyze zinc
removal, their mechanisms of action have not been deter-
mined conclusively. Moreovep;PEN is the first drug found
to inhibit a zinc enzyme by catalytically removing the active-
site zinc. Molecules showing weak inhibition in drug screens
for tight-binding inhibitors might actually inhibit zinc pro-
teases via a mechanism similardePEN.

A reexamination of such inhibitors by the methodologies
described in this paper could yield useful information on the
determinants of a chelator mechanism. A new stopped-flow
assay was used herein to study time-dependent inhibition.
In this assay, enzyme and inhibitor are preincubated and
mixed with substrate every-5/ s, and the decrease in the
initial velocity with time is used to detect inhibition (Figure
2). Inhibitors that catalyze metal removal are predicted to
cause rapid inactivation of a zinc protease in the presence
of a secondary chelator. Consequentially, this assay can be
adapted to screen for such inhibitors by including a secondary
helator in the preincubation mixture. The use of the PAR
assay for characterizing zinc removal can also be applied to
extend our observations to other enzymes and inhibitors.
Criteria learned from these studies could then be combined
with methodologies used to design tight-binding inhibitors
to improve chelators that act like-PEN. For example, a
substrate analogue could targePEN to specific enzymes,
or the methyl groups could be altered to increadeEN'’s
efficiency as a catalyst for zinc removal.

The ability of b-PEN to remove zinc from proteins may
explain its side effects and contribute to its efficacy in the
treatment of Wilson's disease. Of patients takinBEN for
arthritis, 55-65% respond to the drug, but side effects limit
the number of patients who benefit from the drug without
complications to 41% J). Many of the complications
observed during-PEN treatment, such as abnormalities in
taste, skin disorders, and problems with wound healing, also
appear in patients suffering from zinc deficiendy; @9.
Nonspecific zinc removal by-PEN could be overcome
through rational drug design as discussed above. In Wilson’s
disease, however, this nonspecific zinc removal could benefit
the patient by triggering endogenous chelators. Several
studies demonstrate thedPEN induces thionein expression
(50—53). Thionein induction is thought to underlie the

secondary chelators such as EDTA or through the presenceefficacy of zinc in treating Wilson's diseasB4, 53. It is

of natural chelators such as thionein or other metal-binding surprising that a similar mechanism could underlie seemingly
species. From a physiological perspective, such a mechanisnparadoxical treatments. While our proposals are not intended
of inhibition is essentially irreversible, given the minuscule to refute the mechanism oFPEN as a reductive chelator,

levels offree zinc present in the body48). these hypotheses may help to create a more complete
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understanding of the mechanismmPEN in the treatment
of Wilson’s disease.

While various mechanisms have been proposed to explain 2

the

efficacy ofb-PEN in its use to treat rheumatoid arthritis,

none has been well characterized or generally accefjed (

Early research on the role of metalloproteases in arthritis

suggested that the clinical efficacy ®™PEN may be related

to its chelating ability 6, 57). Because the metalloproteases
used in those studies were components of crude extracts of 29.
human articular cartilage, a detailed mechanistic investigation

of p-PEN inhibition was not undertakerb?). Given the
emerging understanding of the role of MMPs in arthritis, it
is interesting to speculate that the efficacymePEN as a

from metalloprotease®-PEN has been reported to inhibit

human gelatinase B, MMP-9, a suggested marker enzyme 34.

for rheumatoid arthritis§8). Preliminary experiments on the
MMPs matrilysin and stromelysin show tiaPEN catalyzes

zinc release from these enzymes (Chong and Auld, unpub- 3¢,
lished data). Further research is needed to determine the
detailed mechanism of the inhibition of the MMPs and the

physiological relevance of these results.
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