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Catalysis of Zinc Transfer by p-Penicillamine to Secondary Chelators
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The antiarthritis drug-penicillamine p-PEN) catalyzes zinc(ll) transfer from carboxypeptidase A to chelators
such as thionein and EDTA at a rate constant up to 400-fold faster than the uncatalyzed release. Once
D-PEN releases zinc(Il) from enzyme stronger chelators can tightly bind zinc(ll) leading to complete and
essentially irreversible inhibitiorp-PEN is the first drug to inhibit a zinc protease by catalyzing metal
removal, and the name “catalytic chelation” is proposed for this mechanism.

Introduction like b-PEN could be increased if the released metal rapidly

Zinc metalloenzymes are involved in biological processes that diffuses away from apoenzyme or is captured by a second
control development, growth, and transmission of the genetic chelator. The second chelator does not need to directly inhibit

message in a wide range of phyla and spet@selating agents the metalloenzyme. As Io.ng asithasa higher affinity fpr zinc-
have been widely used to identify, study, and inhibit metal- (1) than the apoenzyme it should contribute synergistically to

loenzymeg. Chelators that form stable ternary complexes with inhibition. . . )
the enzyme bound metal are potent inhibitors. This principle Ve tested this hypothesis by studying the effect of EDTA

forms the present inhibitor based drug design for metalloen- @1d thionein (T) on the-PEN inhibition of ZnCPD, a model
zymes. Thus studies of the binding of sulfhydryl inhibitors to ZINC protease. EDTA has frequently been used for heavy metal

the catalytic zinc site of a model metalloprotease, carboxypep- detoxification due to its high affinity for zinc(ll) (£ M~1).1t
tidase A (ZnCPB), led to the design of specific inhibitors of |+ the apo-form of metallothionein (MT), is capable of tightly
angiotensin converting enzyme nearly three decades before it?inding seven zinc ions with twenty cysteine "93”02'5 with a
three-dimensional structure was determifictiHowever, al-  Stability constant for ZfT of 10** M~* at neutral pH MT
ternative inhibition modes are possible when the target is a @S been hypothesized to participate in zinc homeostasis and
metalloenzyme. Recent studies of ZnCPD show the chelating heavy metal detoxificatiok® Because T is present in the body,

drugp-penicillamine 6-PEN, 8,8-dimethyl cysteine) increases It could serve as a physiological secondary or scavenging
the dissociation rate constant of the enzyme bound catalytic zincchelator. Neither T nor EDTA are effective inhibitors of ZnCPD
ion 5 Becaus®-PEN is a chelator, it can also act as the receptor €Ven though both have a strong affinity for zinc(ll). However,
of the released metal leading to inhibition of the enzyme. We W& Show when combined with-PEN these chelators have a

have proposed the name “catalytic chelation” to account for SYnergistic effect, increasing the potency of inhibition.
this mechanism of inhibition.

D-PEN is used clinically to treat Wilson’s disease, an inherited ) ) . )
disorder of copper metabolism, heavy metal poisoning, and Materials. Bovine ZnCPD (Cox), obtained from Sigma, was
rheumatoid arthritis. Although the mechanism mPEN in purified on a CABS-sepharose affinity column and recrystallized
heavy metal poisoning and Wilson’s disease is attributed to its as previously described T from liver MT-2 was the generous gift

. : : . i of Dr. Klaus Jacob and was prepared as previously desctbed.
ability to bind metal, the mechanism afPEN in arthritis The fluorescent carboxypeptidase substrate dansylglycylglycyl-

remains unknowri.o-PEN weakly inhibits several zinc pro-  yptophan (DnsGGW) was characterized as previously desciibed.
teases, including members of the matrix metalloprotease fam-p-PEN was prepared fresh each day. The preparation of buffers
ily,8° which are implicated in the pathogenesis of rheumatoid and precautions used to avoid metal contamination are detailed
arthritis and cancer metastasfs. elsewheré.

Although b-PEN catalyzes release of the active site zinc(ll)  Kinetics. Enzyme assays were performed with an Applied
from metalloproteases, the apoenzyme is a strong chelator thai’hotophysics Biosequential SX-18MV stopped-flow reaction ana-
rebinds zinc(ll). Consequently, the potencyoePEN is limited lyzer. Hydrolysis of the energy-transfer based substrate DnsGGW
by the relative affinities of it and the apoenzyme for zinc(ll). \lgvggnmc()lggsgeg;%bgff(t)lilgvgcljigstirllg 'Qg%iﬁﬁ;;nvz?’géﬁshvi;ljg‘:@z(;:nce
In principle, the potency of drugs that catalyze metal removal obtained by a linear regression of no more than the first 10% of
the substrate hydrolysis. WherPEN and ZnCPD are preincubated,
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succinyl-sepharose 4B; dansyl, 5-dimethylaminonapthalene-1-sulfonyl-; x P P PR
b-Cys, b-cysteine: o-PEN, p-penicillamine; EDTA, ethylenediaminetet- whereV, is the initial velocity in the presence of inhibitor at zero

raacetic acid; MT, metallothionein: MT-2, metallothionein isoform 2; PAR,  time of incubation\V; is the initial velocity after full equilibration
4-(2-pyridylazo)resorcinol; SC, secondary chelator; T, thionein; ZnCPD, Of the enzyme and inhibitor, and is the velocity at any time. In
carboxypeptidase A. the presence of a second chelatpis essentially zero. The analysis

Materials and Methods

Vi=(V, - V) e+, 1)
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Figure 1. p-PEN catalyzes zinc(ll) removal from ZnCPB-PEN, 1.5

mM, and ZnCPD, %M, are preincubated for 200 s and mixed with
3.6 mM PAR and 1.5 mMb-PEN in the same buffer in the stopped-
flow (top line). Zinc(ll) transfer to PAR is monitored by the increase
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Figure 2. EDTA increases the potency ofPEN inhibition.p-PEN,
0.25 mM (dotted line), is preincubated in the drive syringe wigi\2
ZnCPD and mixed with 0.25 mM>-PEN and 20uM DnsGGW
substrate at the indicated times. Preincubation of ZnCPD and 1 mM

in absorbance at 500 nm. Essentially no transfer of zinc(ll) occurs when EDTA results in minimal inhibition even at the longest time studied

ZnCPD, 5uM, is mixed with 3.6 mM PAR and 3.0 mM-PEN without
preincubation (bottom line).

(m). In contrast, when ZnCPD is preincubated with 1 mM EDTA and
varying concentrations af-PEN @) and mixed with substrate, 1 mM
EDTA, and an equivalent amount @PEN, enzyme inhibition is

of such curves was performed using the Sigma Plot 4.0 program greater. The instantaneous velocit, is expressed as the percentage
for a two-parameter single-exponential decay. The concentration Of the uninhibited ZnCPD activityyc. The concentrations af-PEN

dependence of the first-order rate constanbd?PEN concentration
was fitted to a two-parameter single rectangular hyperbola.

PAR Experiments. The chromophoric chelator 4-(2-pyridylazo)-
resorcinol (PAR) was used to measure zinc(ll) transfer from ZnCPD

from top to bottom are®): 0, 0.1, 0.25, 1, and 5 mM. The solid lines
are obtained using eq 1.

cannot access the enzyme active site, and, as a result, dissocia-

to p-PEN through the increase in absorbance at 500 nm upontion of zinc(Il) from enzyme is the rate-determining step. Once

formation of the Zn(PAR)complex. Data were collected at 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 500t m—1
for the Zn(PAR) complex.

Results

D-PEN Catalyzes Zinc(Il) Removal from ZnCPD. p-Cys
andp-PEN, which differ structurally by only two methyl groups
on theB-carbon, inhibit ZnCPD by different mechanismsCys
forms a stable ternary complex by binding to the active site
metall” b-PEN on the other hand destabilizes zinc(ll) binding
leading to dissociation of zinc(ll) with a rate constant 400-fold
faster than the uncatalyzed rate consfaPteincubation of the
enzyme with 1.5 mMb-PEN for 200 s followed by the addition
of the chromophoric metal chelator PAR indicatesPEN
releases 45% of zinc(ll) in the preincubation period (Figure 1,
eq 2). Essentially no zinc(ll) is released when the enzyme is
mixed with PAR and-PEN without preincubation.

+1.5 mMb-PEN +1.8 mM PAR
ZnCPD 200 s preincubation Zn(D_F)EN)2 ZnCPD rapid reaction
(100%) (45%)  (55%)
Zn(PAR), i ZnCPD

(45%)  (55%) (@
The extent of zinc(ll) removal in the preincubation phase is
dependent on the concentrationmPEN.

Increasing the Potency ofo-PEN Inhibition. The ability
of b-PEN to catalyze zinc(ll) transfer to a metal-binding agent
of greater affinity like PAR suggests the potencyePEN could

be increased if a strong chelator is included in the preincubation

mixture. EDTA is a powerful zinc(Il) chelator that inhibits many
metalloenzymes over long time periods by scavenging zinc(ll)
that dissociates from the protein in aglSmechanism. Due to
the bulky nature of its chelating ligands, EDTA frequently

released, zinc(ll) rapidly binds EDTA to form a stable complex

that precludes zinc(ll) return to the apoenzyme. There is only
about a 5% decrease in activity over a 20 min incubation of
EDTA and ZnCPD under the chosen experimental conditions
(Figure 2). This time-dependent decrease in activity reflects the
dissociation of zinc(ll) from the protein and the subsequent
scavenging of the metal by EDTA.

Whenbp-PEN, 0.25 mM, and ZnCPD, 2V, are preincubated
in one syringe of the stopped-flow and mixed with substrate
and 0.25 mMb-PEN, the instantaneous velocity decreases to
approximately 51% of the uninhibited velocity with a first-order
rate constant of 0.016°% (Figure 2). After 200 s, no further
time-dependent inhibition occurs, suggestingZREN), and
ZnCPD reach an equilibrium governed by the affinities of
apoenzyme and-PEN for zinc(ll).

The addition of 1 mM EDTA to the 0.25 mM-PEN and
ZnCPD preincubation mixture decreases enzyme activity to 1%
within 20 min (Figure 2). EDTA displaces the equilibrium
between apoenzyme amdPEN for zinc(ll) towardp-PEN by
continually transferring the zinc(ll) bound lmyPEN to EDTA.
Increasing the concentration ofPEN progressively decreases
the time that it takes for complete inhibition. The combination
of 1 MM bp-PEN and 1 mM EDTA leads to less than 1% activity
within 8 min (Figure 2). The time-dependent increase in the
concentration of apoenzyme leads to a concomitant decrease
in enzyme activity. Inactivation is a first-order process with a
rate constant of 0.013°§ at 5 mM p-PEN that is 260 times
faster than the rate constant for the noncatalytic dissociation of
zinc(ll) from the enzyme. The enzyme activity is now decreased
to 0.1% (1000-fold) within 7 min.

The dependence of the rate constant for inactivation on the
D-PEN concentration is hyperbolic (Figure 3). This type of
kinetic behavior is indicative of a mechanism in whinfPEN
inhibition occurs in two steps. The first step is rapid formation
of an enzymep-PEN complex with an apparent dissociation
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Figure 3. Dependence of the first-order inactivation rate constant,
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Figure 4. p-PEN catalyzes zinc(ll) transfer to thionein. Thionein, 2.5

1000

onp-PEN concentration_in the presence of EDTA. _The rate constants #M, and ZnCPD, 2uM, are preincubated as described in Figure 2
are obtained as shown in Figure 2. The solid line is derived from the ‘caption with @) or without 0.25 mMb-PEN @) and mixed with 20

function: k = 0.0139 s? [p-PENJ/(0.75 mM+[p-PEN]).

constant of 0.75 mM. This is followed by a limiting first-order
decrease in activity of 0.014°% These results are consistent
with our previous studies in the absence of EDTA, indicating

thatp-PEN very rapidly binds to the enzyme and then releases

zinc(1l) in a rate-determining step with a 0.016 sate constarft.
The initial apparent binding constant of 0.75 mM compares
favorably with the constant of 1.1 mM obtained from the
preincubation studies witb-PEN alone.

In this mechanismp-PEN mediates zinc(ll) transfer to
EDTA. The zinc(ll) stability constant for EDTA is estimated
to be 1% M~1 based on the binding of the tetra-anionic species
of EDTA to zn(ll) at pH 7.5 The zinc(ll) affinity constant
for apo-ZnCPD is estimated to be %18t pH 7 (D. S. Auld,
unpublished). Because the zinc(ll) stability constant for EDTA
is about 18-fold greater than that of apo-carboxypeptidase, zinc-
(I) transfer to EDTA is essentially irreversible. As a result, the
zinc(Il) equilibrium in the presence ai-PEN and EDTA is
governed by the affinity of EDTA for zinc(Il), which in turn
drives apoenzyme formation.

T, a Physiological Chelator, Increases the Potency of
D-PEN. To investigate whether-PEN could transfer zinc(ll)
to a physiological chelator, we preincubated T vatfPEN and
ZnCPD. T, the apo-form of MT, is a protein of 60 amino acids,
20 of which are cysteine that can bind seven zinc #SnEhis

uM DnsGGW to obtain an instantaneous velociy,expressed as the

percentage of the uninhibited ZnCPD activily,. The solid line is
obtained using eq 1, using a first-order rate constant for inactivation
of 0.0039 s* and an initialVi/V. of 71.4%.

Discussion

The potency of the antiarthritis drug-PEN as a ZnCPD
inhibitor increases in the presence of a secondary chelator (SC)
that binds zinc(Il) with high affinity, such as T or EDTA.
Althoughp-PEN catalyzes zinc(ll) removal from ZnCPD, it can
only compete effectively with apoenzyme for released zinc(ll)
when the concentration ob-PEN favors the Zm{-PEN),
complex. Wherp-PEN is preincubated with ZnCPD, enzyme
activity decreases to reach a constant level, which reflects
formation of this equilibrium (Figure 2). Strong metal binding
SCs such as EDTA and T shift this equilibrium by binding zinc-
(I1) released from the enzyme

+SC
b-PEN+ ZNnCPD< Zn(p-PEN), + CPD~—— CPD+
Zn(o-PEN), + Zn(SC) (4)

Because T and EDTA bind zinc(ll) with greater affinity than
apoenzyme, zinc(ll) return to apoenzyme proceeds at a very
slow rate, making inhibition according to this mechanism
essentially irreversible, because the estimated amourfte@f
zinc(ll) present in the body is in the pM to nM rane-®

protein can also bind several other first transition and group 12  Experiments show zinc(ll) chelating agents such as Tris

elements in place of the zinc(Il). The high affinity of T for zinc-
() suggests it could augment the potencypePEN in a manner
analogous to that observed for EDTA.

T at 2.5uM does not inhibit ZnCPD instantaneously and

displays only a slight time-dependent decrease in activity upon

preincubation alone with enzyme (Figure 4), similar to that
observed for EDTA (Figure 2). Preincubation of 28 T with

2 uM ZnCPD in the presence of 0.25 mM-PEN reduces
enzyme activity to 1.5% of the uninhibited velocity in 17 min.
The first-order rate constant for this process, 0.0039is quite
similar to that when the same concentrationePEN and
ZnCPD are preincubated with 1 mM EDTA (0.0034Figure

2). Although the T concentration used in this experiment is 400-
fold lower than the EDTA concentration, the rate constant of

buffer, citrate, and glutathione mediate zinc(ll) transfer from
the zinc enzyme alkaline phosphatase t& Zinc(ll) transfer
in these experiments is not as efficient as that observed here
for b-PEN, however, s.a 2 hpreincubation is required to cause
modest amounts of inhibition. In the absenced?EN, ZnCPD
is essentially unresponsive to the presence of T due to the slow
rate of zinc(ll) dissociation from enzyme. By catalyzing zinc-
(Il) dissociation, b-PEN renders ZnCPD susceptible to T
inhibition. The rapid rates of zinc(ll) removal observed for
D-PEN also suggest a mechanism for regulating zinc proteins
that are normally insensitive to inhibition by physiological
chelators. Catalytic chelators that transfer zinc(Il) from proteins
to T could be part of a zinc(ll) recovery pathway for homeostatic
regulation.

Complications limit the number of arthritis patients who

the observed inhibition is similar because it is related mecha- benefit fromp-PEN without adverse reactions: 565% of

nistically to the concentration ob-PEN rather than to the
concentration of EDTA or T.

patients respond tpo-PEN, but side effects reduce the number
who benefit without complications to 41%Long-termp-PEN
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serum levels of 0.1 mM are reached in patients being treated (9) Norga, K.; Grillet, B.; Masure, S.; Paemen, L.; Opdenakker, G.
for rheumatoid arthritig2 Although this level may be insufficient Human gelatinase B, a marker enzyme in rheumatoid arthritis, is

. P inhibited by p-penicillamine: Antirheumatic activity by protease
to cause strong instantaneous inhibition of ZnCPD, our work inhibition. Clin. Rheumatol 1996 15, 31—34.

suggests more potent time-dependent inhibition can occur in (10) Nagase, H.; Visse, R.; Murphy, G. Structure and function of matrix
the presence of physiologic SCs like T. Remarkably, many of metalloproteinases and TIMPEardiovasc. Res2006 69, 562—

the common side effects reported BPEN are similar to those 573. o
observed for zinc deficiency in humans. These side effects (11) Auld, D. S. Removal and replacement of metal ions in metallopep-

includ b lti in tast d the i t Ki tidasesMethods Enzymoll995 248 228-242.
Include abnormalites In taste an e Immune system, skin (12) Vasak, M.; Kagi, J. H. RMetal lons in Biological System#arcel

disorders, and problems with wound healfif§ Further studies Dekker, Inc.: New York, 1983; pp 21273.
on other zinc metalloproteins will give insight on whether the  (13) Kagi, J. H.; Schaffer, A. Biochemistry of metallothioneiiochem-
ability of p-PEN to catalyze zinc(ll) removal can account for istry 1988 27, 8509-8515.

(14) Bicknell, R.; Schaeffer, A.; Auld, D. S.; Riordan, J. F.; Monnanni,
R.; et al. Protease susceptibility of zinc- and apo-carboxypeptidase

. A. Biochem. Biophys. Res. Commu®85 133 787—793.
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