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SU.\ISIARY

Kyoto University,

Tine iretc’ractioni betwec-in penicillannine annd albutnnin-boutnd copper has bc-c-n-n invo’stigate-d.
The presennce of a ternan-y complex involving albumin, copper and pc’niciilamim- as an-i inter-
mediate step in tine cours- of ti-ne removal of coppc-r hnas be-c-n de-n-nonstratc-d by ge’l filtration

tecinnique with [H}penicillamine and MCu. Copper is presumed to exist in-i the complo-x
in both-n the cupric an-id cuprous states. Tinese findings suggest a mechannism for the migra-

tion of copper from ti-ne albumin-copper(II) complex to penicillamitnc-, an-nd explain-i the-
unique reductive chelating action-n of penicillamine inntine treatment of Wilsonn’s disc-asc-.

INTIODUCTIOX

Wilson-n’s tlisease is a i-nereditarv metabolic
disorden associated with abnormal storage of

copper in-n liver, brain, and kidn-ieys. Ti-nd’
pathological change-s commonly fount! in

ti-nese organ-is are relat-eti to ti-ne toxicity of

copper, at-nt! the ne-urological, hepatic, an-ic!
renal lesions cat-n be rc-versed on-ice a negative-

copper balance has be’en estabiislR-d. rfiis

effect is achnieved by the oral administration

of j)enlldillamine (fl,fl_tlinnc!tinylcystc�ine) (1,
2).

After oral or intravenous adminiistration-i
of MCu, ti-ne radioactivity is soon present inn

blood cells and plasma, where copper is
bound mait-ily to albumin at-id partly to
amino acids. Albumin-i-bound copper is trans-

ported to the liver, where some copper is
incorporated into serum protein and store-c!
as ceruloplasmin before returning to ti-ne
circulation. It is know-n tinat the concetit-ra-
tion of copper is very high it the brains,

livers, an-it!kidneys of patients of Wilson’s

disease, whereas the concentration of cerulo-

plasmin is deficient, and excessive levels of

albunin-bounnt! copper are- pre’sc’tmt in plasni-na

(3-8) . It- inas beein suggested that- the action
of pc-niicilian-n-nit-ie is attribntable tc-i its ability

to render piasn-na coppc-r more ie-adilv avail-

able for eliffusioni across the- glomentlar
membrane, witin a conseelu(-nnt fall it plasma

copper coincc-ntrat-ion and rise- in-n the re-nal

clearance- Of capper (9, 10).
Alt-inoungin 1)c’nncillan-ntt-n(’ hnas bee-nn used as a

therapeutic agent for Wilson’s disease (1 1-

13), little information has bc-c--in obtainneci on

ti-ne relationship bc-twe-eni til(- cine’latirig ability

an-nd ti-nc pinarmacolclgical activity of the
drug. \Ve i-nave studic-el cc mj )le-x ft lrmat-ion
vitln penucillanninne, vith e-nphasis on its

efficacy as a ele’toxicatinng agent against
poisoning with various i-ieavy nwtals, an-id

have clarified its mode t)f coordinnationi with

metal ion-is (14) . W’e have re-ported ti-nat in the-
reaction with copper(II) at-n oxidation-reduc-

t-ioii reaction tak-s i-lace in Parallc-l with

con-iplc-x formatiorn to form a n-c’d-vic-ilc’t

copper(I , II) mixed-vak-nce cinelate an-id a
yellow copper (I) ehelate, depcrtdinng uj)on

ti-ne reaction-i conditions. Ti-ne mixed-valence
copper ehc-late is eXCe�)t-ioflally stable in
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ien-iicihlan-nuinc- CC Inflh)at(’(i to \���]()iJ5 thiol-
containninng che-lnttinng age-nnts, iincluelitng cys-
teinne-. \Ve have- stupjose-cl timat the’ -xtrc-n�n#{128}’

c�ffeCtiVtne-ss t If pc-nicillai�innt’ in-n promoting

ti-it’ exert-tic-inn elf C ppe-r, vimenn conipntrc’cl to

ot hc-r tiniol-cotntaininng cht-latinng agen-nts, nnay
he- c-it-it’ to its ability to fe-in-n-n-ntime stable- mixe-e!-

vale-n-icc’ chc-iatc- (1 5) . I �-isacin a-i-nc! Blitnbc-rg
( I 6) also stuggc-ste-el, cn thnc- basis of ann -lc-c-

tn-c-in spiun nc-sclnanmee- study, thnat- ti-id- activity
elf pe-t-nicihlan-n-iiu-ic- is cit-it- to cine-lationi annd to

oxielationn-rc-citct ionn re-actie;nns vith copper.
On the- 0th-id-n- hanncl, \Ic(’all et al. (17) hav(-

prc-ipo-iso-t! that tine- inicrc-aso’el c-xcrc-tionn of
eeIl)l)t’1 eluring ic-nicihlaniiinne- tro’atne-nnt cIties

nB)t rc-stult sinnplv from ti-ic formation c-if a

i)e-nuiciilau-n-nin-it--ccII-iPt-r cine’latc’, at-nd that- tine
mc’chnanuism itlW)lVt’d! is c(-itnsidlerablv more
cc)n1)le-x.

It--i orele-r to (-valuate- further t-imt- n�’eh-

atnisn elf the’ re-mt)val of copper with-i j)eni-

eihlan�inne-, we’ imavc n-ii-i-n\- investigated ti-ne

innteractic)n be’twc-o’n pinicillamine and a!-
buniin-botnnncl ((Ipper, which j)lays an-n in-

pcirtannt role in-i I hit’ tran-ispont of coppc-r il-n

Vito anne! e-xists in-i abnormal (-xcess in-n iatients
wit-h Wils(Inl’s disease. \Vt’ have used gel
filtration an-id tuhtravioic-t-visibie absorption

sj�’ctra i-in this study.

SIATERIALS AND .\tETHOI)S

.1 Ialei-ials. I) L- Pe-nicillamine at-it! crvst al-
Ihne- bcivine se-run-n albumitn we-re- purcinasetl

fr -in-n-nSign-ia Che-mical Company. �Cu(I I)

witin a si)tcific activity of 175 mCi/g of

coipper was e)btainnc-d from tiw Japan Atomic
Fnne-rgy Ro-se-arcin Innstitute at-nd unset! as a
s(lltutiOn of �CuCl2 . [HJPe�miicihiamine, pre-

Parc-d by ti-ic- contact na-tinod wit-in tritium
gas, was stti)l)iied by Sin-nioihi, TAt!., ar-id ti-ne

pre-iduct was rc’crystallize’d front an-n etinanol--
wate-r mixture- -i-until its spc-cific activity be-
eane- ce)tnstannt (4 mCi/g). A solution-n of

Cu(II) pre’pare-d from reagent-grade CuC12
was stanndardizo-d with EDTA. Michaehis

buffe-r (0.033 st potassiun-i phospinatc’-O.033

SI sd)diUfli I)h-ie-isI)hate) was used te adjust ti-ne

pH. All eIther re-agents unsed were corn-
mcrcially available re-agent-grade materials.
I)o-ionized watc-r was used througinout.

Spectral -measurements. Absorption spectra
we-re measurc-d witin a Hitachi re-cording

spe-ctropl-iototi-nc-te-r, n-node-i EPS-2, at-nd all

absorption i�e-asurc-niic-nI �- �ve-n-c- n�acle’ tvith a
Shinnacizu spect n-c-i-ni-it It ( -in�c-tc-n, nncldlc-l (�V-30.
lint- st)ltttic)nI(If j)t’flicihlalflinnc-(1 .0-66 n-n-i-ni,

1.0 n-il) was atith-cl tel thue- bitte--gnc-e-nn scllution
(9.0 nl) obtainnt-ci by t hue- re-actic--inn elf --ie’run

aibttn�inn (0.5 nsi) � itlu (1u(II) (0.3-2.0 n-i-nt),
annci the’ tin-i-it’ eottrse- of tin- spc-etn-al ehnange

vas fohlcIwe’c!. ‘Flit- pH of the- s(Iiutjorn vas

n�c’asurc-(! vith n-i Flitachi-Hc-iriba pH n�e-ter,

inioc!t’1 1-,).

(;‘l/iltiati�,-i tC(/i�li(JUC. I)rv Se’pluacli-x (�-25

(S g) was allowed to svc-hl inn distilled water,

pacl�-t! inn a colt-in-n-in-i nne-asuring 2.0 X 30 en,
and (-cltiihibrattd w ith Michnac-his butifen- (pH
6.2) . Tine- ccIlun�t w as calibrate-cl isc-itopicahlv
-ivit in [t4(htnJl)enicillali-jI)c cl-it-late’ nunel �4(’u�
bovinme se-num albuminn ee-i-i-n-nj-ild’x. At ndbumhn-

ccippe-r COn�1I)le’x (2.0 i�l), i-irc-l)arc-dl by n�ixing
a sc)!utic-inn c)f albun-ninn (().5-2.0 n-n-n-nt)witlm

(‘u(II) (2.0 nnsi), with tin-\\ithnc-iut 4(u, was -

acidc-d to a solution-i cc)nntainning it-nnicihlan�inne

(2.73 nsE, 2.0 nl), vitin on- \vitine)ut [H� 1-i���-

ciliannin-ne-. Tine rt’aet-ionn n�ixt tnt-c- \\as I )lnce’c!
(:-in-itine colunnn at-id e!utc-c! ��itin btuffc-n nit PH
6.2. il-ic- radioactivity of c-ach 1 -nnl In-act ion
collected \\as clete-rninne-d, al-ic! tic- absclrb-

at-ice’ was nneasured at 278.5 urn to dc-ten-mine
ti-ne cotnc(-nt-ration of serum albumin. H

radioactivity was measured svithn a Beckman

n-node! 1.8-233 !iqunid scintillation ce-ittnnte-r ml

a l)hosPhor niixttnre of toluenne- at-nc! 2-

1)hc-n�l(-t-hY!amine (18) . �Cu rat!ic-iactivity
was nne’asured witin a 1�ujitstt we-ll�type

scintillation counte’r, model ATS-621.

RESULTS AND DiSCUSSION

Time couise of s/)ectral changes. Tine aol-

chtic)n of an approximately equirnoiar coin-
centrat-ion of penicillan-inun-ne to ti-ne albuinin-
copper con-iplex at pH 6.2 produced tine
spectral changes shown in Fig. 1. Wit-bin a
few seconds the spc-ct-rum revealed maximal
absorbaunee at 420 nnn, an-nd tine cinaracteristic
blue-green-n color of the albumin-copper corn-
plex turnned to ye!low-brown. Tine absorbance

at 420 rini decreased gradually, an-nd was

replaced by an-n ab�sorI)tion n-naximun-i at

520 nrn ti-nat became apparent with a color
chnange- cif tine so!utioni to red-violet . Inn this
spectral change, uno isosbestic point vas

obse-rved, suuggc-stinng tine prc-se-nnce- of an
intermediate-. Tine spe-ctrum (-if tine’ red-

violt-t con-ipic-x coincide-s exactly witin ti-nat- of
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Fit;. 1. Absorption spectra at various times during migration of copper front albumin-copper complex to

penicillaminc at pH 6.2
-.-. , albumin concentration, 0.5 mr�t; copper concentratic)n, 2.0 mst; pemie-illamimte cormcenntrationi,

2.5 nM. , albumin concentration, 0.5 mM; copper concentration, 2.0 mm-n�t.
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the 1)ennicil!amine-cc pper(I , II) mixed-va-

lenc(- ci-ie-late previously reported (15). Time

red-violet color J)robabl� arose from ci-narge

trainsfer transitions of tine oligomeric forms

of copper(I) and copper(II). Blun-iberg at-id
Peisach (19) indicated ti-nat the biscoppc-r

complexes of penicillarnine- and cysteine

I)reparcd at j)H 9 are virtual!y colorless
conpare-d to t�i e- ro’el coppt’r-3-ct-inoxy-

2-oxobuntvraldehvdc bistiniosc’niicarbazone

complex, whicin inas a 1)sc-UdOaromatic struc-

ture with bonncl delocalizat-ion-i throuigiuout-.
Strong absorption-i due to copper d-d cit-c-
tronic t-ransit-ie)nns from the simple coppe-r

complcxe’s of ti-no’ sat-urato-t! ligands, such as

1)t-nicillan-nind’ al-nt! cysteite-, we)u!d nncit bc
expected. Tinere’forc ti-ne’ spe-ctral change- may

be interpreted as cit-ic- to tine’ formation-n of tic

copper (I , II) nixet!-va!e-nnce coniiplcx t hrc�utgi

a ternary compit-x involving albumin, cop-
pe-r, at-ic! j)e-n-nicillannin-ne-, vitin an absorptic Itn

maximum at 420 nun. However, a sn-nail

amount of the Pennicillan-iuinc--coPPer(I , II)

mixed-valennce cl-nc-late may have bee-tn pres-
ent- from ti-ne outset, sin-icc ti-ne’ peak at ;)20 nn

was presctnt- tinre)tgilout- the tine coin-se- of

the spectra! ehatngc.
Separation ()�f ternary coin-ple.r l)y gel #{149}/iltia-

lion. Tine’ J)rc-sennce of a ternary complex
involving aibunminn, copper, atd l)e-tnicilla-
rninne was connfirmc-t! by ge-i filtration-n. The-
e!uerit-s obtainc-c! fron tine - albinnni ti-eoppe-r

( II ) -Pc-nucillami tnt- svst c-n-n-n si-nt nve-d dist-i nnet

peaks of 1-nigh-i a-intl lt)��- mole-cunlar �ve-igints
\Vhd’tI absorbance- was measured at 420 nm.

In-n an-i attempt to c(Innfirn-n tin(- pre-sence- c-if the-

tc’rnarv cOtilI)lcX t!ire-ct ly, [H]pd-niei I1at�i ne-

and �Ctn were applic-ci tc-i ti-ic ge-I filtration

colutnnn. \Vi-nen tho- albumin-coppe-r(11) corn-

I)!d�X arid [H]penniciilan-iin-ie- \\.�, flliXt’d, til(’

activity clue- to [HIpe-nnicihlatniine- appt’are-eI

it-i tine inigh n(lle-clular weigint fractic-in, as

shown in-i l’ig. 2, anne! the- activity bust-cl c-inn
FF1]penicillaninno’ inn the- aibuniin fractieon

e!ecre’ase-ei vithn tinTne. Inn the svstc-n con-
tainiing albunnin an-ic! [H]po-ticiiiaminne- with -

eli_it celppo-r(II), ti-it’ activity in-n time- fn-actie-in

(-if albumin-i was ne-giigible.

Siniiiarly, tine- j)atte-tnn of naclie-iactivitv in

tine svstc-n coinsistit-ig cf albtnmnin, coppc-n-,

and Pe-nniciIlat�ine vas cc)nnpare-ei with-i thuose

e)btainnt’d vith the- albutin-4(�n anmel i-ie-nicii-

lanninne--64Cu svstens. It. is cit-ar tint time- how

nnc)le-culai- vc-ight C()l)I)e’ clue-late- and the

albun�in-bt-itnnd coppe-r n-ire’ re-sc )lvc-d fr )nn

each ()t-hnt’rby tinis to-chnniciue- (l’ig. 3). �Fho’

chronnatc-igrapi-iy c-in-n St’plmade-x was carrie-el

e)ut 2 ti-nit-n aftc-r n-nixitng ti-ic’ re-actanuts mni tue
e-Xpe-riuTuo-nnts sinclwnn it-n l’igs. 2 anti 3. \Vhenu

cinrcln-natelgrapimy i�as carrie-c! out 20, 60, ann!
120 n�inn after mixhng time- re-actanits in tin

svsten conntainiinng ti-ic’ albtundnn-#{176}(1u cennple-x

and l)e-nicillannuine-, tine- activity basc’oi on

64Cu \vit I u t-iue- large moie-ctuiar we-igimt fraet.ion
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moved to tine low molecular weight fraction

with time. However, wit-h ti-ne system con-
taining a!bumin�MCu without penicillamin-ie,
the activity of �Cu was retained in the a!-
bumin fraction.

These result-s demonstrate the existence

of a ternary complex of albumin, copper,
and penici!larnine. This te-rnary complex
may be regarded as an intermediate in tine
removal of copper from tine albumin-copper

1.�)

3

0.1)

0.4

0.2

FIG. 2. Elutivic pattern of radioactivity of [‘H]penicillanine nilxed with albumin-bound copper (-- --)

on Sephadex G-25
The elution pat-tern of albumin (-) was measured spectrophotomet-rically at 278.5 m�t. The al-

humin concentration was 0.5 mM; copper concentration, 2.0 nM; penicillan-nine concenmtrat;on, 2.75 n-n�m.
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Ftc;. 3. Elution pattern of radioactivity of penicillaniine mixed with albumin-bound “Cu (-.-- ) on
Sephadex G-25

The elutiomn pattern-is of albumin-64Cu (-) and penicillamine-64Cu ( ) are superimposed for

Ce)mparisOfl. The concentrations of reactants were the same as those for Fig. 2.
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FIG. 4. Reaction- scheme for migration of copper from albumin-copper complex to penicillamine

complex by penicihiaminne. It may be as-
sumed ti-nat the copper in ti-ne ternary com-

plex acts as a bridge be-tween albunmin and
penicil!amine, because’ the elution pattern-i

of radioactivity from Sephadex wit-h [HJ
penicil!amine was quite- similar to ti-nat oh-

tamed witi-n �Cu witin tine albumin-copper-

penicillamine syste-m. Klotz an-id several

other investigators (20-22) inave demon-

strated that meta! ions n-nay mediate tine
binding of sn-na!! mole-cult-s to protein-is. Tine-
hypothesis of a bridge- structure involvinng

enzyme, metal, and substrate inas beet-i prc-

posed to explain ti-ne’ me-chanism of act-ion-i of
many enzymes. Recently Mi!dvan et at. (23,

24) i-nave directly investigated the mode of

interact ion bc-t-we-e-nn e’nzvme-bound metal

and substrate- an-id pelstulated a bridge struc-

t-ure by the use of proton-i and flunorine mag-
no-tic ro-sc)nance tc-cinnniques. Ternary corn-

plc-xes of this tyl)e have also been proposed

for se’runi alburnin-copper(I I) -imisti(line’ (23),

transferritn-iron(I 11)-cit-rate (26) , annel inc-mo-

globitn-me-rcury(II)-cvst.c-ine syst-e’ms (27) in-i
the counrsc c)f stuelic-s onn tine t-ratnspd)rt n�ech-

annisnis for copper, ircitn, an-nd me-rctiry, ro--
spcct-ively. Tint-re-fort- tc’rnnary cotnplexc’s may

play import-ant roic-s, nnot only inn ti-ic’ action
of enzymes, but- also imn the tratnsport of
metal it-inns in vivo.

Proposed reaction mechanism-. A pri-iposal
for ti-ne re-action mo-chnannism for tine migrationn

Albumin - Cu(Il) Comnt)ex

Pcni cillamine

Peni cillamine

di sin ifido

Albumin - Cu(I, ii)-Poniciliamiio Penicillai-ine-Cu(I, 11)

Terr.ary Coiitplcx Chelote
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Ftc;. 5. Elution pattern of radioactiri(y of a large excess of penicillaminc mixed with albumin-hound
GlCu (II) on Sephadex G-25

The- albumin conncentrationn was 0.5 IumM; copper concentration, 2.0 mM; penucillamine concentration,

66 m�i.

of copper fron-n t-iio’ albunin-coppor(II) cc-in-i-n-

plt-x to tint- po-nicihlaminne’ cin(-iatt-, base-el c-i-in

the re-suits pre-sc�nnte-cl mere, is shelwnn inn Fig.
4a. Pcnicillamine rapidly re-act-s wit-h ti-ne-
albuninimn-coppe’r complex to fornn ti-ic’ t(-rnlary
con�i)le-x as at-iin-ite-rn-ne’c!iatt-.I-inthis stage- c-if

tint’ r(-actionn, oxidatioin-rc-eittctiotn is assunme’ti

to ccctir on the- basis c-if t-ime spe-ctra! chiunge’

aloung sit-h the- conuplexitng be’two-c-n celppe’n-

( II) annei j)ennicihlanfltnt. High nnc-iiar e-xtinne-

tion at 420 n-in-i-n nuav he- e’vic!e-tnco- for time

foinuationu c-if the nuixc-d-vaienncc coppe-n ce)nTn-

1)10’X, a�s \\.�5 I)re-vi(--itsl� re-pe-irte-ci(2S-30).
line- c-xistenncc ( f unni�raleint coppe-n inn tie-

reactionn nuixture- at thuis stage- was indicate-cl
by ti-it-I(-in-natie)lnof a I)innk c(-inpie-x upotn tine’

ae!c!itic-in c-if cupre-iinn, a sp(-cific n-c-age--i-it fon-
COI)p(’n(I) . C�OI)l)en’ tiuenn ehsselciatc-s fnelnu

ti-i is in-it e-mit-chat e mixc-c! -vale-n-ice - t e-i-nnan-v

cOITnh)lf’X te -i fornu the’ nuxe-ci�va!c-nnco- pe-nnicil-
lanunne--c( )�)t� cl-ic-late-. ‘�Fh-ie’ (iisse-iciatie-inn ne--

act-ion c-if time tt-rnuarv conl)lc-x is ass-i-in-n-nec! tc-i

be- tin- iatc--!inuitinng ste-i-i in-i t-he ove-n-aii
I)roce-ss, sin�iiar tt-i tint’ ire-in(III) (-xchangc-

re-action be-t wc’enn a chne-lat-ing age-nnt annci

traniferrin (26). HcI\ve-ver, tine I)tlssibilitY t)f
ann altc-rnativc’ Pati-i\��a� (shovnn in l’ig. 4b)
canmnc -it be - ‘xclude’cI, sit-ice’ pe’n-nicillan-n-nitne- can-i

ce-in-i-ibinne--nvitii ce-ippe-r elirc-etiy tel forinn tie-

bituarv c(-ip�-ic-r-po-iniciilanune- cc nlpiox. ( )n thc

other harci, vinen a large- excess c-if pe-nicil-

lanunne’ \VII5 aeieie’cl fe-i time’ alhunin�-coppc’r(II)

conipie’x, It yt’lle)W eonni)le’x was in�nie-e!iato-ly
fornee! and its spe-ctrun agree-c! witim t-imat of

the’ j)enniciilanunt- -cc-ipper(l) cheiatt- re-I)Orttc!

u-irc-vic-ius1� (13) . l’ortuation of the’ t-crinarv
cc-in�i)le-x was n-ic-it e!cte-cte-c!. (�e-l liltratioll of

tine svste-n cc -itntaininng i)e-tnicillafline at-id
c(-ippe-r(II) in-i a mc-iiar ratio c-if 33 : 1 inndicatcs

that a large- portioin of coppe-r boutnc! tc-i

albunin iflt)Vt’5 fe-i ti-ic- ie-tnicillatninnc’ fraction-i
(i�ig. 5).

line’ re-suit -i I)It-se-tntc-(i ime--re-’ stn�)pe)t-t the-

Proi)clsal (13, iG) that tine- action of pc-tnicil-
lannine in-i f-i-it- t re-at tin-tnt c -if \Vilsot’s c!isease’

n�av ho’ attribute-ti to ifs Iunieiule reductive--
chelatinng ability witim coppc-r(II). Inn thc-s(-

e-X1)t’tino-nnts, in ��ve-vc-r, tifl- connce-nntratic -in-i of

ce���per �vas very high cc-itnI)ar(’c! to thtso- in

1)11(1. It aoichf it -i-i-i , ft Irnu-et it It-n cif t he- nn-iixc-ci-

ra1e�nnce innto-rnue-diate- nuav he- enhance-el tnncier

ti-it’e-xpe-rinuc-nntai coinclitic-itns(If this stiucly.
‘]�5i-ic- Prc)ble--i-n-n #{252}fwine-the-r tine- ternary coin-

Plt’X innve-iivinng albuninn, coppe-t, anne! penni-

ciilanuinnc- is at-n ohiigatclry inte-rmo-cliat-e- in

ti-it- tcnue-i’al elf cclppc-r ft-tIm ti-ic- albunnin-

cc)I)h)e_t celnnpie-x catnnc)t he solve-el by tle-

re-suits pr(-se-nntt-ei hero-. Non- is it cit-ar winotin-r

t I -it- i � ‘nuici hianninne--cc 11)1st- chc-late’ is the finnal

felrnn n �vinicin the copper is c-xcrc-tc-cl. Precise-

hint-tic- sttudic’s ant’ n-ic-c-cit-c! to solve the-se

l)rel1)io-n�s anne! to cit-f erininne’ tine cont ributionn

t-c-i tine’ fratnspc-irt nnc-cl-ianisn-i Of tine Ct)1)l)C�

conpie’xts dle-nn(-inst raft-el in-i t-i-iis innvestiga-

tic Inn.
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