
4"C], ana the flna supernatant \tias adjustea to 0.3 
M NaCl before beng mxed \tilth 1 0  k l  of packea 
ant!-(EEl prote~n G-Sepharose beaas (per m~lIl!ter of 
supernatant1 for 3 hours at i c C .  The beaas were 
washea flve tmes w~ th  y s s  buffer conta~n~ng 0 3 M 
NaCl. ana then four tmes w~ th  the same sout~on 
\!iltho~lt NP-40 and contalnlng 0.15 M NaCl and 
0.02% w f v )  Tween 20. Prote'ns viere elutea In the 
f ~ n a  \tiash buffer supplemented w~ th  eu tng  peptde 
(150 k g  m i )  (19) by v.$ashng three tnles w~ th  1 
volume (comparea wlrh packed beaas) of buffer 
(each t'me the beaas were Incubated w ~ t h  the eutng 
sout~on for 20 m n  on cel .  PAE cells \tiere trans- 
fectea by a s~mlar protocol 130 p g  of pCMV3- 
(EE)PKB(Ser"73 to Asp) vector (74) or 3.0 k g  of 
pCMV3 (myc)-PKB k~nase vector or Irrelevant DNA] 
except they were serum-starvea for 12 hours before 
s tmuaton bvith PDGF (2 ng m ' j  for 15 s: assays 
were conducted as descrbea In (Ej, In parallel exper- 
ments to'examne the effects of transent express~on 
of PKB klnase on anorher proieJn klnase cascaae, 
cells were cotransfectea w ~ t h  !myc)-ERK-2. Anti- 
(mycl-a~rected mvunopreclpltates \tiere assayed 
as aescrbea by S. Cook et a/ .  [ H L / ~ ~ O  J. 12. 3475 
(1 993)  

25. K Anaerson, unpubl~shed data. 
26. B. A. Hemmngs Soence 277, 531 11997). 
27. The assay m~xture usea to purify PKB knase actv- 

t e s  contanea 1 (11 of column fracton ;y-"PIATP 
(5 FCI,  1 FM fnal concentratoni assay buffer [0.1 
M KCI. 5 mM MgCI,, 1 mM EGTA. 30 mM Hepes 
(uH 7 . i i l :  2.5 u.M (EE)-PKB [from stock PBS con- 
t a n ~ n g  1 - m ~  d tho th re to  ( D ~ T I ,  1 mM EGTA. ana 
then mlxea 1 : 1 (vlvj w ~ t h  glycerol: the klnase was 
pur fea from SF9 cells Infected w t h  c o n a ,  recom- 
b~nant baculov~rus through t s  (EEj-tag and the 
eut,ng peptde was remove0 by gel fltrat~on]; ana 
phosphat~aylserlne. phosphat~dylchol~ne, ana 
phosphat~aylethanolam~ne \tilth or wthout D-D-S, 
A-Ptdns(3 4.5jP3 [flnal concentratons n the assay 
mxture of 100. 100, 20, ana 15 FM, respectvey; 
the ves~cles were preparea by son!cat~ng a ary f m  
of the p ~ d s  Into 25 mM Hepes (pH 7.4) ana were 
storea at i " C  for up to 3 aays]. The assays were 
run for 12 m n  at 30°C. stopped by the ada ton  of 
400 p1 of ~ce-cold 1 O6 Trton X-100. 0.3 id NaCl, 10 
mM EDTA, 1 mM soaum pyrophosphate. 10 mM 

pepstatn A, eupeptn, aprotnn,'and antpan ( a  2 
p g  m i ) .  

29. (32P]Ptdlnsi3.4,5)P3 b n d ~ n g  was assayea by proten 
~mmunoblott~ng (samples heated to 5O'C \tilth SDS 
sample buffer). The f t e r  was ncubated In phos- 
phate-bufferea sane  IPBS) contanng 1 % iuP-10. 1 
mM EGTA, and 0.01?6 azldefor 12 hours at 4°C. The 
fItev\!ias ncubatea for 30 m n  (room temperature) In 
the above solut~on, wh~ch also conta~ned 0.1?6 
cholate, phosphat!dylser~ne ana phosphat~dylcho- 
n e  at 50 k g  m i .  1 mM MgCl,. ana 1 mM DTT. 
[32P]Ptdlns13,~,5;P, (prepared from recomb~nant 
p101;p120-Pl3K, PtaIns(4.5)P2, and [y-32P]ATP 
(19)) was soncated n to  souton (10 y C  n 10 ml) 
and appea  to a flter for 20 m n  at room Temperature 
and then washea away w ~ t h  fresh souton (f~ve t~mes 
over 5 mn)  and f~nally w~ th  PBS contanng 1 % NP- 
10. The fllter was alr ared ana autoraaographed. 

30. To assay assocaton of PKB and PKB knases w~ th  
p a  vesces and the effects of afferent p l d s  on the 
pliosphoryla;on of PKB, we preparea the p ~ d  ves- 
ces by sonlcatng ary Lp~d f m s  n to  0.2 M sucrose, 
20 mM KC!, 20 mM Hepes (pH 7 i at 3OCC1. 0.01 90 
azlde (to gve 200 p M  phosphatdylcholne, 150 (IM 
phosphat~aylser!ne. 20 k M  phosphat~dylethano- 
amne.  10 (IM sph~ngomyel~nl plus the 'nacated 
concentrations of n o s t o  ; p a s  In thefnal assay m x -  
ture. These were mlxea w8th the relevant kinases 'n 
an assay buffer contanng bovne serL,m albumln 11 
mg ml-'1. 0.12 M NaC, 1 mM EGTA, 0.2 ITM cat,- 

um. 1.5 mM MgCI,. 1 mM DTT. 0.01?6 azae, 5 mM 
KCI, 20 mM Hepes (pH 7.4 at 25"C), and about 50 
nM free c a c u m  ( a  fnal concentrat'ons In the assay 
mxture) \tilth or \tithout [y-32P]ATP (1 (IM fnal con- 
centration) and (EE)-PKB (2.5 p M  f ~ n a  concentra- 
ton). If the assays were to estmate assocaton of the 
knases \tilth the I ~ p d  ves~cles. then aher 4 mln at 
30'C the assay mxtures were cenirfuged (200,000g 
for 20 mn). Po-tons of ;he supernatants were re- 
lnovea for assays or mrnunoblott~ng. The pellets 
were rnsea rapdy w t h  assay bufier, recentrfugea. 
ana a~ssolved In SDS sample buffer. Phosphoryl- 
aton of PKB or PKBs was quanttaied as descrbea 
above. 

31. Snge-etter abbrev~atons for amno aca  resaues 
are as follows~ A. Aa:.  C. Cvs: D. Asu: E. Gu :  F. Phe: 
G. Gly; H, HIS, I. Ie :  K. Lys: i, Leu; Ivi. Met; N. Asn; P. 
Pro; C. Gln; R, Arg; S, Ser. T. Thr: V, Val; W, Trp, ana 
Y, Tyr. 

32. K.A. 1s an Australan Nat~onal Health ana Medical 
Research Council C. J. Ma-tn.'R. G. Menz~es Fellow. 
P.T.H, IS a BBSRC Senor Research Fellow. Work n 
the laboratories o? C.B.R, and A.B.H, was suppo-ted 
by grants from the Wellcome Trust and the Botech- 
noogy and Bo logca  Sc~ences Research Councll. 
DNAsequenclng and ol!gonucleot~de synthess were 
superbly hanaea by the M~crochem~cal Faclty at the 
Babraham Inst~tute. 
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Role of Ceruloplasmin in Cellular Iron Uptake 
Chinmay K. Mukhopadhyay, Zouhair K. Attieh, Paul L. Fox* 

Individuals with hereditary ceruloplasmin (Cp) deficiency have profound iron accumu- 
lation in most tissues, which suggests that Cp is important for normal release of cellular 
iron. Here, in contrast to expectations, Cp was shown to increase iron uptake by HepG2 
cells, increasing the apparent affinity for the substrate by three times. Consistent with 
its role in iron uptake, Cp synthesis was regulated by iron supply and was increased four- 
to fivefold after iron depletion. Unlike other iron controllers that are posttranscriptionally 

P-gIYceroPhosphate, 50 m i  sodium fluoride' 1 regulated, Cp synthesis was transcriptionally regulated. Thus, iron-deficient cells could 
mM EGTA, 0.01?6 azde. 25 mM Hepes 1pH 7 1).  
and then 30 of antl-(EE) beaas ,4 of packed increase Cp synthesis to maintain intracellular iron homeostasis, so that defects would 
beaas per assay mxture: proten G-Sepharose CO- lead to global accumulation of iron in tissues. 
vaently crossnked to a saturatng quantty of ant -  
(EEI monoclonal ant~boavl. The tubes were mxea  
at 4'C for 25 m n  ana then viashea once w ~ t h  the 
above stop buffer ana the 32P content of each tube 
was quanttatea w t h  a Geger counter. Column 
fractions \tiere a I~ , t ed  so that a maxmum of 40 to 
15@/0 of the total [y-32P]ATP was consumed n any 
assay. In assays aeslgnea to more accurately 
quant~tate PKB k~nase activ~ty, the total volume 
was 12 F I  w ~ t h  all adatons scaled up In proporton; 
otherwse all steps were the same except the assay 
mxtures were Incubated w ~ t h  anti-(EE) beads for 1 
h o w  [result~ng In a mean of 87% of (EE)-PKB beng 
recovered on ?he anrl-(EE) beads], they were 
viashea three t~mes ana the~r "P content \tias 
deflnea by q u l a  scn t l a ton  countng. The extent 
of PKB phosphorylat~on \tias estmated by measur- 
n g  the 32P ncorporatea n t o  PKB ana knowng the 
speclf~c raaloactlvlty of ;y-32P1ATP In tl?e assay 
m x t ~ ~ r e  and the concentrat~on of PKB (determ ned 
by anayss of both Coomasse-staned gels n the 
presence of standara amounts of bovne serum 
album n ana the maxmum 32P that can be ncor- 
porated Into a kno\!in amount of PKB from 
[y-32P]ATP of def ned spec'f~c radoactv~ty  by an 
excess of PKB knase) 

28. A hlgh-performance I~qula chromatography-s~ze ex- 
c l ~ s o n  column (SEC) \tias preparea \tilth a B~oslect 
column 1% 11.6 ml, Bio-Rad). Samples 135 to i 5  (11) 
\tiere loaded, tile flo\!i \tias 1 0  F I  m ~ n - ~ ' ,  ana 8 0 - ~ 1  
fractons were colectea. The SEC buffer contanea 
0.1 5 M NaCl. 20 mM Hepes (pH 7.11. 0.5 mM EGTA 
0.1 mM EDTA 1 % betane, 0.03% T\!ieen 20. 0.01 Ob 
azae, 2 1nM P-glycerophosphate. 1 mM DTT, and 

I r o n  is essential for many different biological 
processes, often fiinctioning as a protein- 
bound redox element. However, iron in ex- 
cess of cellular needs is extremely toxic, and 
its levels are precisely regulated (1 ). Defec- 
tive regulation due to hereditary heinochro- 
inatosis or secondary iron overload leads to 
hepatic iron excess and injury, inost likely 
due to iron-stimulated free radical reactions 
(2) .  Alterations of iron pools are implicated 
in neurodegenerative disease, aging, micro- 
bial infection, atherosclerosis, and cancer 
(3).  The balance required to nlaintain appro- 
priate intracelli~lar iron concentration has 
led to the utilization of multiple mecl~anisins 
that regulate, primarily at the posttranscrip- 
tional level, the synthesis of iron transport 
and storage proteins (4) .  

Department of Cell Biology. The Lerner Research nstl- 
tute Cevelana C n c  Founaaton, Cevelana, OH i i l 9 5  
USA. 
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Ceruloplaslnin (Cp)  is a 132-kD inono- 
ineric copper oxidase implicated in iron 
rnetabolisin because of its catalytic oxida- 
tion of Fe2+ to Fe3+ (ferroxidase activity) 
(5) .  Also, copper-deficient swine develop 
anemia that is overcome by Cp injection 
(6-8). Cp  ferroxidase activity accelerates 
iron incorporation into apo-transferrin (9, 
l o ) ,  which may cause a negative concen- 
tration gradient of iron and cellular iron 
release. Patients with aceruloplasmine~nia 
have heinosiderosis characterized by low se- 
ruin iron, high serum ferritin, massive iron 
deposition in multiple organs, and neiiro- 
logical deficit and diabetes (1 1-1 3) ,  fiirther 
implicating Cp in release of iron from tissue 
(14-16). In addition, ~nulticopper oxidases 
homologous to Cp  [fet3 in Sncchm.om~ces 
ceree~isiae (14, 17, 18) and fiol in S .  pombe 
( 1  9)]  facilitate high-affinity iron uptake by 
yeast. Thus, the yeast oxidases and C p  may 
promote iron fluxes biit in opposite orien- 
tations with respect to the cell surface (15). 
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Fig. 1. Effect of Cp on iron 
flux in HepG2 cells. (A) 
Iron release 130) from con- 
fluent HepG2 cultures 
maintained in iron-suffi- 
cient Dulbecco's modified 
Eagle's medium-Ham's 
F12 fDMEIF12) tnediutn 
(C) or iron-depleted by 
treatment \ j i~th 1 mM BP 
for 12 hours 0). (B) j5Fe- 
NTA uptake (37) by 
HepG2 cells made iron- 
deficent by incubaton for Ceruloplasmin (pglml) 

control CHX ~p CHX Control Cp Fe-Tf 
+CP 

16 hours with 1 mM BP 25 
(W) or mainta~ned in Iron- 
sufiicient D ~ E ! F I ~  medl- 20 
um (Li) Inset. Iron-defl- 
cient HepG2 cells were in- S 
cubated w~th 0.01 to 10 

l 5  

p,M "Fe-NTA and with 4 
Cp (30 pg/ml) (@)or med- 8 
um alone (C) Likewise, % 
iron-sufficient cells were 5 
incubated w~th (+) orwith- g 
out (x)  Cp (C) HepG2 - o I , [  

cells were pretreated with Control Cp Fe-Tf Fe-suff~cient Fe-deficient 
cyclohex~m~de (CHX; 10 Ceruloplasmin (pglml) 

pg/ml) for 1 hour and then 
made ron-deficient by BP treatment for 12 hours, lron uptake was measured In tor (TfR) ?(2 bg/ml: Zymed, South San Francisco, California, black bars), or w~th 
the presence of pur~fied human Cp (30 bg/ml), (D) Cp or transferrin (Tf) loaded an irrelevant ant~body (2 bgiml; dense striped bars), lron uptake was measured 
with 5 T e  (32) was prencubated with rabbi ant-human IgG (1 .1000; Accurate, after 15 min (F) Iron-deficient (right) or iron-suff~c~ent (left) HepG2 cells were 
Westbury. New York: black bars) or control IgG (1 : 1000, Accurate; dense striped allowed to conditon ther medium for 4 hours (open strped bars). In some wells, 
bars) for 45 min and was added to cells pretreated w~th the same antbodies, the conditioned medum was replaced after 4 hours w~th fresh medium before 
"Fe-NTA uptake by iron-deficient HepG2 cells Incubated with medum (control) or additon of 5 F e  (dense strped bars) In other wells rabbit polyclonal anti-human 
wirh Cp (100 bg/ml). and "Fe-transferrin (30 p.g/ml) uptake, were measured after Cp IgG (1 : 500, black bars) or a control IgG (1 500: light striped bars) was added 
15 min. (E) Iron-defcent HepG2 cells were preincubated for 60 m n  In medum to theconditioned medum 1 hour beforethe completon ofthe4-hour ncubaton 
alone (ght  striped bars) w~th monoclonal ant~body (mAb) to the transferrin recep- and "Fe uptake was measured 

T h e  present studles were initiated to  deter- 
mine the  role of C p  in cellular iron efflux, 
but a c t ~ r ~ a t i o n  of iron uptake was found. 

T h e  effect of C p  o n  iron transport was 
exanlined in HepG2 cells, a human hepa- 
tocellular carclllolna line exhibiting trans- 
ferr111-independent and -dependent iron LIP- 

take (20) .  Iron release was measured from 
HepG2 cells preloaded with iron by incuba- 
tion a l t h  "Fe-nitrllotriacetic acid ( N T A ) .  
C p  did not significantly alter iron release by 
either iron-sufficient cells or by cells made 
~ron-def ic~ent  by incubation with the  Fez' 
chelator b a t h o p h e ~ ~ a n t l ~ r o l i ~ l e  dlsulfonate 
(BP) (Fig. 1A) .  In view of these negatlve 
results and the known role of the  C p  ho- 
 nol log fet3 in  ~ r o n  ~lptake by S. cerevisiae, 
rye tested whether C p  stimulated iron up- 
take rather than release. C p  did not alter 
iron uptake III ~lntreated, iro11-sufficient 
HepG2 cells, but it approximately doubled 
uptake by ~ron-deficient cells (Fig. 1B). A 
half-maximal increase in  iron uptake was 
observed a t  5 pg  of C p  per nlilliliter and a 
~naximal  increase was observed a t  1C to 30 
pg/ml, lvllich are concentrations well below 
the  normal range of 210 to 450 ~ g / m l  in 
healthy adult human plasma. This ohserva- 
t ~ o n  may account for the  apparently normal 

iron lnetabolis~n in  patients with Wilson's 
disease who have lower than normal levels 
of plasma C p  and for iron deficiency in  
patients w ~ t h  levels less than iOh  of normal 
(21 ) .  T h e  increase in iron uptake by C p  was 
rapid, was not accompanied by an  observ- 
able lag, and was linear for a t  least 40 nlin 
(22).  C p  decreased the  apparent Michaells 
constant of Iron uptake from about 1.2 p M  
to about 0.4 p,M iron without altering max- 
imal uptake (Flg. 1B, insert). 

T h e  i n a b ~ l ~ t y  of iron-sufficient cells to 
accumulate Iron, even 111 the  presence of 
Cp,  suggested that a cellular component 
induced (or activated) by Iron deficiency 
was required. Pretreatment of cells with 
cyclohexi~nlde prevented stimulation by 
Cp,  which showed that a newly synthesized 
cellular protein or proteins are needed (Fig. 
1C) .  O n e  possible nlechanis~n is that trans- 
f e r r ~ n  secreted by HepG2 cells (23)  is iron- 
loaded through C p  ferroxidase act in ty  (1 2) 
and carries iron into the  cell via the  trans- 
ferrin receptor, which is induced by iron 
deficiency (4) .  Three  experiments were 
done to show that Cp-mediated iron uptake 
did not use the  transferrin pathway. Ant i -  
body to  transferrin did not decrease Cp-  
mediated iron uptake by HepG2 cells; 111 a 

positive control, the  antibody inhibited up- 
take of exogenous j5Fe-transferrin (Fig. 
I D ) .  Sinlllar results were obtained with a 
monoclonal antibody that blocked trans- 
ferr111 receptor endocytosis (24)  (Fig. 1E).  
Finally, C p  enhanced iron uptake by iro11- 
deor~ved K562 cells (22)  that do  not  oro- 
du ie  transferrin (25)'. Thus, the  obseived 
Co-mediated iron uptake was transferrin- 
~ndependent .  Alternatively, the  need for a 
newlv svnthesiied cellular component is , , 
consistent with use of an  inducible Iron 
transporter analogous to  f t r lp  of S .  cereui- 
siae (26) .  

Because HepG2 cells secrete C p  consti- 
tutively at a high rate (27) ,  the  role of 
endogenously produced C p  in iron uptake 
was examined. HepG2 cells were allowed to 
condition their l n e d i ~ ~ m  for 4 hours to  per- 
mit extracellular accu~nulatlon of Cp. Iron 
uptake by iron-depleted cells was two times 
more than uptake by iron-sufficient cells 
(Fig. I F ) .  Removal of the  conditioned me- 
dium before lneasurelnent of iron uptake 
inhibited about 60  to  70'6 of the  increase 
i n  iron-deficient cells, which suggests a 
role for a stable secreted factor. Addi t ion 
of polyclonal rahhit anti-human C p  immu- 
noglobulin G (IgG) (bu t  not  purified IgG) 
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to the conditioned medium decreased iron 
uptake almost to the level seen when the 
conditioned medium was removed, which 
shows that cell-derived Cp was responsi- 
ble for most of the stimulatory activity 
secreted by iron-deficient HepG2 cells. 
Thus, iron uptake by HepG2 cells was 
mediated by cell-derived ,Cp in coopera- 
tion with a cell component induced by 
iron deficiency. 

We investigated whether the synthesis 
of Cp, like that of other iron controllers (4), 
was regulated by cellular iron content. Iron 
depletion of HepG2 and Hep3B (22) cells 
by treatment with ferrous (BP, Fig. 2A) or 
femc [desferrioxamine (DF), Fig. 2B] ion 
chelators increased Cp secretion four- to 
fivefold, according to immunoblot analysis 
using antibody to human Cp. Incubation of 
HepG2 cells with the copper chelator 
bathocuproine was completely ineffective 
(Fig. 2C), showing ion specificity. Going in 

the other direction, incubation of HepG2 
cells with FeC13 decreased Cp synthesis by 
up to 50% as compared with that of control 
cells (Fig. 2D). The direction of these reg- 
ulatory processes is consistent with a role 
for Cp in iron uptake and maintenance of 
cellular iron homeostasis. Based on the 
mechanisms known to regulate iron-depen- 
dent synthesis of the transfemn receptor 
and ferritin, Cp synthesis may be expected 
to be regulated by analogous posttranscrip- 
tional mechanisms (4). After a +hour lag 
period, treatment of HepGZ cells with iron 
chelators increased the steady-state level of 
the two major Cp transcripts two- and four- 
fold after 8 and 16 hours, respectively (Fig. 
3A). The lag suggested that new synthesis 
of cellular proteins was required; this was 
verified by the ability of the protein synthe- 
sis inhibitor cycloheximide to completely 
block Cp mRNA induction by iron chela- 
tors (Fig. 3B). The possibility that iron 
depletion resulted in increased Cp mRNA 

stability, analogous to the regulation of the 
transferrin receptor (4), was examined. Cp 
mRNA accumulation was induced by iron 
chelation. actinomvcin D was added to 
block new transcription, and the time 
course of mRNA decay was determined. Cp 
mRNA was extremely stable, exhibiting a 
decay of less than 15% during 10 hours (Fig. 
4, A and D). Neither BP (Fig. 4, B and D) 
nor DF (Fig. 4, C and D) significantly en- 
hanced Cp mRNA stability, which suggests 
that the effect was transcriptional. A nucle- 
ar run-on assay indicated at least a fivefold 
increase in the rate of Cp transcription by 
both chelators (Fig. 4E). 

The finding that Cp stimulates cellular 
iron influx was surprising in the context of 
recent studies of aceruloplasminemia pa- 
tients. One possible explanation is that 
defective Cp-mediated iron uptake by the 
liver results in plasma iron accumulation 
[possibly in low-molecular-weight iron 
complexes, as in hereditary (28) and sec- 
ondary (29) hemochromatosis] to a level 
that drives nonspecific uptake by most 
tissues. The stimulation of iron u~take bv 4 hours 8 hours 16 hours 

I 1 28.5 Cp in hepatic cells is consistent with the 
uptake system described in S. cerevisiae 

L i 
Med BP DF Med. BP DF Med. BP DF Trne 

(hours) 10 0 4 7 10 

28s + 

18s a 
a + 

Time 
(hours) IB 

Med. BF ' BP DF D 
+ + 

CHX Ct 

Fig. 3. Regulation of Cp mRNA steady-state lev- 
els by iron chelators. (A) Confluent HepG2 cells (5 
x 1 O6 cells) were treated for 4,8, or 16 hours with 
1 mM BP or DF or with medium (Med.) alone. Total 
RNA was ha~c?Sted with RNAzol, and equal 
amounts of RNA (20 pg) were fractionated by 
formaldehyde agarose gel electrophoresis (1 %) 
and then blotted on to nylon membranes. The blot 
was probed first with a 646-base pair fragment 
(Bst XI and Bam HI) of a Cp cDNA labeled by 
random priming (top). Subsequently, the blot was 
stripped and reprobed with a random prime-la- 
beled human GAPDH cDNA probe as a control 
(bottom). (B) Confluent HepG2 cells were pre- 
treated for 1 hour with CHX (1 0 pg/ml), then with 1 
mM BP or DF for an additional 14 hours. Total 
RNA was collected and subjected to RNA blot 
analvsis: the blot was b robed with a human CQ 

Vector - I 
GAPDH +I -- 

Fig. 2. Regulation of Cp synthesis by iron deple- 
tion. Confluent HepG2 cells in six-well tissue cul- 
ture clusters were treated with (A) BP, (B) DF, (C) 
bathocuproinedi sulfonate (BC), and @) FeCI, for 
16 hours in serum-free DMEM/F12 medium. Ali- 
quots of conditioned media [50 pl for (A) and (B), 
100 p1 for (C) and (D)] were subjected to 7% SDS 
polyacrylamide gel electrophoresis and trans- 
ferred onto Immobilon-P membranes (Millipore, 
Bedford, Massachusetts). The membranes were 
incubated with rabbit antiiuman Cp IgG 
(1 :20,000; Accurate) as primary antibody, then 
with peroxidase-conjugated secondary antibody 
(1 : 10,000; Boehringer Mannheim, Indianapolis, 
Indiana), and developed with the use of ECL (Am- 
ersham). Purified human Cp (Cp; 30 ng) was used 
as standard; the intact 132-kD protein is indicated 
by an arrow. 

Med. BP DF 

Fig. 4. Transcriptional regulation of Cp in iron- 
deficient Heffi2 cells. Confluent HepG2 cultures 
were treated for 10 hours with medium alone (A), 
with 1 mM BP (B), or with 1 mM DF (C). Actino- 
mycin D (5 d m l )  was added, and the cells were 
harvested after 4, 7, and 10 hours. Total cellular 
RNA was isolated, and 20 pg of RNA were frac- 
tionated on an agarose gel, transferred to nylon 
membrane, and hybridized with human Cp cDNA 
(top) and with a human GAPDH cDNA probe (bot- 
tom). (D) Cp mRNA was normalized to GAPDH 
after quantitation by densitometry. Control cells 
(0) and cells treated with BP (0) or with DF (A) are 
shown. (E) Confluent HepG2 cells were treated 
with 1 mM BP or DF for 8 hours, and Cp transcrip- 
tion was measured by nuclear run-on assay (33). 

CDNA (top), and equal RNA loading was shown by 
the 28s ribosomal RNA bands (bottom). 
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and S .  bombe. Those results are consistent 
with a model in  which iron depletion of 
nortnal h e ~ a t o c v t e s  causes increased tran- 
scription 07 C p  ;hat interacts with a n  iron 
transporter (also up-regulated by iron de- 
pletion),  resulting i n  increased iron influx. 
T h e  iron depletion requirement for C p -  
stimulated Fe uptake, and  t h e  inhibition 
bv cvcloheximide, are consistent wi th  a , , 

requirement for a n  inducible iron trans- 
porter. Taken  together, t he  experiments 
in yeast and hepatic cells demonstrate a 
remarkable evolutionarv conservation of 
the  mechanisms tha t  unherlie the  pathway 
controlling eukarvotic iron metabolism bv - 
copper. However, there are noteworthy 
differences: in  yeast, t he  C p  homolog is a 
membrane protein tha t  is co-transported 
to  the  cell surface and  is in  continuous 
contact  with the  iron transporter, whereas 
in  matnmalian tissues Cr, is a secreted 
protein, and any interaction with a trans- 
porter is likely to  be transient. This  differ- 
ence may be related to  paracrine require- 
ments for C p  i n  mul t i ce l l~~ la r  organisms. 
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tries. T h e  mechanisms that plants use in 
synthesis have not  yielded to biochetnistry 
or cloning by hybridization to genes encod- 
ing prokaryotic cellulose synthases (1 ). By 
cotnbining chetnical and ultrastructural 
analyses with map-based cloning, we show 
that the  Arabidopsis RSK71 locus encodes a 
glycosyl transferase that comple~nents the  
rsw1 mutant (2 ) .  T h e  temperature-sensitive 
rswl allele disassembles cellulose synthase 
cotnplexes in  the  plasma tnetnbrane ("ro- 
settes"), alters cellulose crystallinity, and 
disrupts morphogenesis. T h e  gene product, 
which is closely related to the  putative cel- 
lulose synthase catalytic s ~ b u n i t  from cot- 
ton fibers ( 3 ) ,  can therefore be used to 
manipulate the  production and physical 
properties of cellulose, while the  tnutant 
links plant rnorphogenesis and cellulose 
production. 

Mutants itnpaired in cellulose produc- 
tion were selected with the  use of a radial 
swelling phenotype (rsw), which mirnics re- 
sponses of wild-type roots to cellulose syn- 
thesis inhibitors such as dichlorobenzoni- 
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