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Ti: . b electron from Hc.,a ;clls measured by ion of or difcrric in in the
presence of bathoph hroli: isulic is i b low ¢ it of adri; in and i il ji to
diferric i with the conj is b d at tenth the required for adriamycin inhibition.

The inhibitory action of the conjugate appears 1o be at the plasma membrane since (a) the conjugate does not transfer
adriamycin 10 the nuclens, (Y the inkibition is observed within three minutes of addition to cells, and (c) the inhibition is
observed with NADH dehydiogenase .nu oxidase activities of isolated plasma mcmbrancs Cy'nslanc effects of the compounds

on HeLa cells show the same

a3 for enzyme i The in-ferric

provides a mere effective tool for inhibiticn of lhc plasma membrane electron transport than is given by the free drug.

Introduction

Adriamycin is an effective antitumor drug which is
used extensively in clinical practice. Its cytotatic cf-
fects are attributed primarily te its ability to intercalaie
with DNA to prevent replication [1,2]. It has : isc been
proposed to generate free radicals {3-5] and inhibit
specific enzymes [6-8). lts effectiveness is dec-eased by
devclopment of ceflular resistance based on mecha-
nisms which include active extrusion, decreased uptake
or increased detoxificatiun [9-11].

Scvera! laboratorics have developed cvidence that
adriainycin can affect functions in the plasma mem-
br 2 in addition to interaction with DNA [12-17].
The plasma membrane electron transport system which
induces growth in ! celfs is very itive to
adriamycin and other active wnthracycline d:

munt concentration in the nucleus {20], the inhibition
of piasma mcmbrane activity must be direct. Inhibition
of todox activity in isolated plasma membranes also
shows direct action of the drug at the membrane
[21,22). Inhibition of the electroa transport by analogs
such as 9-deoxyadriamycin, which inhibit: growth but
does not intercalate with DNA, indicatcs that adri-
amycin may inhibit growth by reaction with the plasma
membrane dehydrogenase [19].

Targeting of adriamycin to actively growing cells
which liave increased transferrin receptor expression
by the use of adriamycin-transterrin conjugates was
introduccd by Faulk et al. [23] in 1980. Coigugaics of
adriamycin and diferric transferrin with glutaraldehyde
are therapeutic in ireatment of leukemia [24,25] and
znbvku growth of both transformed {24-27) and adri-

[38,19]. Since this respense is observed after ihree
minutes of incubation of cells with adriamycin and
adriamycin takes more than 90 min to reach half-maxi-
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HLAO cells. Those conjugates do not
mtroduce adriamycin into the nucleus of viable cells
since there is no quenching of adriamycin fluorescence
[28]. In this study we show that the adriamycin trans-
ferrin comugate |s even more effective than frec & ¢iri-
amycin in inhibi of i b clectron
transport in Hela cells, In addition, the vonjugate
inhibits the NADH-ferricyanide reductase and holo-
transferrin stiraulated NADH oxidase activity in iso-
lated liver plasina membrane,




Methods

HelLa cells were cultivated in aMEM media with
10% fetal calf serum, 100 U penicillin, 100 pg/ml
streptomycin (pH 7.4). Cells were harvested with trypsin
treatment followed by addition of 2% serum and pel-
leted at 150 X g [29]. | g wet weight (gww) of cells i.
equuvale-n to 200 10° cells.

Ferr duction by cells w: d using
the dual wavelength mode on the DW2a spectro-
photometer by subtracting the change in absorbance at
500 nm from the change at 420 nm (30]. Cells (0.02-0.05
gww) were suspended in 2.8 m! TD Tris buffer (pH 7.4)
(140 mM NaCl, 2.5 mM KCl. 0.5 mM Na2HPQC, and 25
mM Tris Cl (pH 7.4) [31]. NADH-ferricyanide reduc-
tase by rat liver plasma membrane was measured at e
same wavelengths, Membrane (0.05-0.2 mg proteiny
was in 2.8 ml 0.5 mM phosphate buffer (pH 7.0), with
25 uM NADH and 0.1 mM potassium ferricyanide
[21).

Reduct:on of iron in diferric transferrin by uells was

of ferrous bathoph
dlsulfonale (BPS) subtracting absorbance change at
600 nm from change at 535 nm in 2.8 ml TD Tris
buffer (pH 7.4), with 10 or 1”7 uM diferric transferrin
and 10 uM BPS [32-24]. Diferric transferrin snmu-
lated NADH oxidase in was d at
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complexes used in tiese studies had an adriamy-
cin: transferrin mofar nuo of 3:1 and were prepared
with human hol of
transferrin and laal fractions were

Iculated by successi imation from ]
<urves for transferrin and adriamycin determined at
botl: 238 anu 195 wm to give the conjugaticii number.
Concentrations uscd in experiments are based on adri-
amycin in the conjugate. Mo!s of conjugate used would
bz one-third of the adriamycin concentration shown
under conjugate.

Results

Femcyanvdc reduction by HzLa cells

in inhibits ferri reduct:in by HeLa
cells with half-maximum inhibition at 10~ M and 90%
inhibition at 107° M. Conjugates of adriamycin with
ferric transferrin inhibit at luwer concentration. Half-
maxnmun inhibition is at 10~ M and 90% mhlbmon is
at5- 10”7 M. The conj gives inhibiti
to free adriamycin at a 10-fold lower concentration
(Fig. 1). The conjugate shows simi'ar inhibition of both
the initial fast rate of ferricvanide reduction and the
slow rate.

340 minus 430 nm with .1 to 0.3 mg membrane pro-
tein in 2.8 ml 25 mM Tris chloride {pH 7.4), 1 mM
KCN, 25 «M or 50 M MADH and 17 uM diferric
iransferrin [35]. Cells and membranes were incubated
with drugs for 3 to 5 mi» before starting the rzaction
with substrate. Controls were run without cells or
membrane [19).

Stimulation of proton release by diferric transferrin
was measured by change in pH of the cell suspension
within the range of 7.4 to 7.3 in 140 mM NaCl solution
plus 100 mi TD Tris for a weak buffering effect {36),
using 0.01 gww cells and 17 uM -“ferric transferrin to
start the proten release after eq. .ibration of the cclls
in the buffer. Calibration was with 100 nmol standard
HCL

Viabiiity studies were in the standard growth media
[21,29] by eosin Y exclusion. Cells were trypsinized and
counted on a coulter counter with viability determined
by eosin Y penetratmn [29] Unaltached dead cells.
were d prior to

Plasma membrane was prepared by aqueous two
phase partition from rat liver [37]. Mouse liver plasma
membrane was prepared by sucrosc grad.ent centrif-
ugation {38}, Memb purity was llect by mor-
phometry and marker enwyme. analysis [37,38].

Transferrin-adriamyci; were p
two similar di by i i oi dri
and in with gl Idehyde and ion of

complexes with defined stoichiometry 726,39,53). The

Reduction of diferric in by HeLa cells
l'he reduction of u'on in d|fernc transferrin by
from HeLa
cells is inhibited by adri and the ferrin-

The conjugate is about t=n times
more effective as an inhibitor (Tatie 1).
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Fig. 1. Effect of diferric

coujugate on ferricyanide rtducmm by Hela cells. Spectropitotomet-
ric assay of decrease in ferricyanide starting at 0.1 mM ferricyznide
as in methods with G.02 gww cells. Concentraton of 2driamycin in
conjugate expressed on the basis of three adrismycin per iransferrin.
Blark rates without cells anc without ferricyanide have been sub-
tracted. Ervor bar for control is standard deviation for four assays.
Similar results in the 10™* 10 107* range have been observed in
three separate experiments.
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TABLE 1

Comparisn of i

tion of difesric transferrin reduction by Hela cells
Assay with 17 pM Fe,Tf in ‘D) Tris (pH 7.4). Rates shown with
standard deviation and number of assays in parenthesis bascd on
cells from four different culiures,

in conjugate inhibi-

Concn., Rate of fe1rous BPS formation

™) (amol ferrous BPS min~' (gww cells)~")
Inhibitor:  adriamycin conjugate

None 99121 (6} 9.9+2.1(6)

10 9.240.9(5) 5.14£2.4(6)

107 63+ 1.8(6) 38+0.5(5)

i 4712516} 12+0143)

TABLE I

Comparison of effecis of adrigissw and adriamycin ferric iransfezrin
conjugate on the rate of diferric transferrin stimufated proton release
from HeLa cells

17 1M Fe,Tf added 10 activate proton release in 140 mM NaCl
buffered with 100 uI TD Tris (pH 7.4} in 3.0 ml with 0.1 gww cells.
Data are 2 i i from four i The
average inhibition at 10~7 M was 38+8% with adriamycin and
70+ 6.7% with conjugate.

Concen. Proton release rate atier Fe,Tf addition
) (nequiv. min ~' {gww cells)~')

TABLE 1l

Effect of transf iamycin consiigate and adriamycin on Fe,Tf-
stimulatei NADH oxidase by rat liver plesing snembrane

Assay in 5) mM Tris Cl at pH 7.4 with 50 xM NADH, | mM KCN,
17 uM diferric transferrin and 0.2 mg membrane in 2.8 ml, Ab-
sorhance change measured at 340-430 nm (35). Rates are expressed
with standard deviation and number of assays.

Conen NADH oidation
(M) (nmo! min—! (mg protein) ™'}
Inhivitor  ADR conjugate ADR

None 3708 () 3.4+09 (@)
107 23+11(3) 31£1003)
i 0.0:108() 1.4409(4)
1077 0.5+0.05(3) 0.310.2(4)
Hi 03+02(3) 02+02(4)

Diferric transferrin induced proton release

Addition of diferric transferrin to HeLa cells in-
duces proton release from the cells. Both adriamycin
and the transferrin-adriamycin coniugate inhibit the
induced proton release. As with eleciron transport
activity the lex gives equivalent inhibition to adri-
amycin ai one-tenth the conicentration (Tabie IT).

Inhibitor  adriamycin
None 4244101 3)
10°% 330
1077 263 113
10-¢ 212 64
10°% 95 -

conjugate
424 £ 101 (3)
146

of prolife
Botk adriamycin and transferrin-adriamycin com-
plex inhibit HeLa cell growth, The decrease in viable
celi count after one day in complete media is shown in
Fig. 2. Once again the complex is at least ten times

© ADRAT CONSUGATE

3 B 0

VIABLE CELL COUNT x 10¢

more effective in control of cell growth than the free
adri in.

Diferric transferrin stimulated NADH oxidase of rat liver
plastna membrane
The plasma membrane also contains a unique
cyanide-insensitive NADH oxidase that is stimulated
by dife-ric transferrin [35,37,40,41}. This activity is in-
hibited e¢really well by adriamycis and transferrin-
adriamycin conjugate (Table 111). The equai effective-
ess of fice adriamycin and conjugate on the oxidase in
the isolated plasma membrane stands in contrast to
more effective inhibition of diferric transferrin reduc-
tase of whole cells by conjugate.

Discussion

The 1 membrane el t from
cells to exiernal electron acceptors is clearly verv sus-
ceptible to inhibitior by the transferrin-adriamycin

P 1 . L . L )
o w!h e et et g7 0t 0t
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Fig. 2. Effect of adri in and diferric
conjugate on HeLa cell growth after 24 h in aMEM culture media
with 10% FCS. Viable trypsin released cells obtained per 25 cm?
flask. Simiiar resulis have bzen obtained in one other experiment,

it is unlikely that the inhibition is based on
competiticn for the transferrin binding site on the

by the since the ibi is al
concentrations below the affinity of transferrin for the
Ligh affinity binding site [42). It is clearly effective ai
concentrations sauch below levels that would affect the




low affinity site which is involved in diferric transferrin
reduction [43,44]. Selective binding of conjugate to
cells with transferrin ¢ has been d ated
{47). Bound conjugate is 80% displaced by transferrin
at 4"C (Faulk unpublishec' data). The inhibition of
ferri duction by the plex shows that the
adriamycin in the complex acts at a site other than
directly on the transferrin i2cepior. in contrasi, th=
monoclonal 2ntibcdy B3/25 for the transferrin recep-
tor gives only 20 percent inhibition of ferricyanide
reduction [45).

The inhibition of plusma ivities with
whole cells skows a similar pattern of concentration
required far finhibition by both the conjugate and adri-
amycin, The conj jres less than tenth the
adriamycin concentration as free drug to inhibit activity
wnth whole cells, If calculated on the basis of moles of

ired for ‘nhibition, the cony is even
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cell [9,48,49]. Other forms of impernieable adriamycin
conjugates with Ligh molecular weight material have
proven active in control of proliferation and a site of
action at the L has been prop [12-
15,28,50]. These agents may also act to inhibit the
electron transport but have not becn tested in that
regard.

The basis for inhibition of the transplusma mem-
brane electron tzansport by adriamycin or the conju-
gate is unknown. It couid be based on known effects of
adriamycin on membmnes such as changes in lipid
fluidity [14.55), changes in lipid orientation {54] or
destruction of sensitive parts of the oxidoreductase
(e.g., thiols) by free radicals produced by autooxidation
of the drug [51,52). The small amount of drug required
would indicate a direct effect at a soecific site.

"

more The more effective inhibition by the
conjugate with whole cells suggests either than the
transferrin targets the rug to the transferrin recentor
site (high affinity) or that the conjugate cannot be
dilnted by penetration into the
loss of adriamycin to other sites in the cell such as the
nucleus, The failure of adri in from the conji

Bereei and Joe Sizensky in the development of cc
gate preparation procedures in Dr. Faulk’s laboratory.

to reach the nucleus of K562 cells has been demon-
strated [28). The adriamycin and conjugate inhibit the
diferric transferrin stimuiated NADH oxidase in iso-
lated plasma membrane with almost equal facility, so
the transierrin in the conjugate does not appezr to give
a strong targeting advantage with isolated plasma

A similar ival of inhibition of
NADH-ferricyanide reductase with isolated mem-
branes has been shown [47). This would argue for a
sparing effect to account for the lower concentration of
conjugate giving inhibition with cells.

The use of BPS to detect the formation of ferrous
iron from diferric transferrin by the membrane elec-
tron transpori system has becn questioned on the basis
that BPS raises the redox potential of the ferric trans-
ferrin to allow reduction at a high poteniial site on the
membrane [46]. This is correc: and me:ms that the

di observed
transport without giving evidence that transferrin is a
natural electron acceptos. The NADH oxidase can be a
physiologically significant activity [41). The stimulation
of the oxidase by transferrin does not require BPS so it
can demonstrate a natural functicn «f diferric transfer-
tin interaction with t.:e transferria receptor [45].

In related studies ‘vith adriamycin-insensitive HL60
cells (Faulk, W.P., unpublished data), the LD50 for
resistant cells was 421077 M for transferrin-
adriamycin conjugete. Under the sanic conditions free
adriamycin oniy gave 35% loss of celis. The differcnce
indicates that the conjugute can bypass the muitidrug
transport system which removes adriamycin from the
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