
Thorpe, T. J. N. Carber, L. Groucutt, L. J. Kricka, 
Nature 305,158 (1983)] with the use of a chemilu-
minescence kit (Amersham) according to the ven­
dor's instructions. In resting cells, a total of 41 
distinct bands were recognized, ranging from 17 
to 200 kD. IL-1 induced an increase in phosphor­
ylation of a select subset within 5 min, including 
proteins with the following molecular weights: 27, 
44, 78, 101, 110, 122, and 160 kD. Sphingomy­
elinase and C8-cer similarly induced phosphory­
lation of this set of proteins. 

30. Incubations were terminated with CHCI3: 
CH3OH:HCI (100:100:1) containing 15 mM EDTA. 
Lipids in the organic-phase extract were dried under 
nitrogen and subjected to mild alkaline hydrolysis 
(0.1 M methanolic potassium hydroxide for 1 hour at 
37°C) to remove glycerophospholipids. Sphingo­
myelin was resolved by thin-layer chromato­
graphy (TLC) with CHCI3:CH3OH:CH3COOH:H20 
(60:30:8:5) as solvent, identified by iodine vapor 
staining, and quantified by liquid scintillation 
spectrometry [R. N. Kolesnick and A. Paley, J. 
Biol. Chem. 262, 9204 (1987)]. 

31. J. Preiss et al., ibid. 261, 8597 (1986); K. A. 
Dressier and R. N. Kolesnick, ibid. 265, 14917 
(1990). 

32. After treatment with IL-1, cells were homogenized 
at 4°C with a Dounce homogenizer in buffer [25 
mM Hepes (pH 7.4), 5 mM EGTA, 50 mM NaF, 
leupeptin (10 |xg/ml), and soybean trypsin inhibi­
tor (10 n-g/ml)]- Homogenates were centrifuged at 
500g for 5 min to remove nuclei and at 200,000g 
for 30 min to prepare microsomal membranes. 
Membranes were resuspended in homogenizing 
buffer (2.2 |xg of membrane protein per microli­

ter). For assay of kinase activity, the reaction 
mixture contained 20 JJLI of microsomal mem­
brane, 40 n-l of EGFR peptide [4 mg/ml in 25 mM 
Hepes (pH 7.4)], and 100 \L\ of buffer [50 mM 
Hepes (pH 7.4) and 20 mM MgCI2] (3). Phospho­
rylation was initiated at 22°C by the addition of 40 
\L\ of [7-32P]ATP (100 M-M final concentration) and 
terminated at the indicated times by the addition 
of 40 MJ of 0.5 M ATP in 90% formic acid. 
Phosphorylated peptide was eluted from a C18 

Sep pak cartridge (Millipore), lyophilized, and 
resolved by C18 reversed-phase high-pressure 
liquid chromatography with a linear gradient of 
acetonitrile. The peptide eluted at 30% acetoni-
trile, as determined by measurement of Cerenkov 
radiation in 1-ml fractions. Baseline kinetic analy­
ses revealed a maximum reaction velocity (Vmax) 
of 12.5 pmol min - 1 mg~1 of microsomal mem­
brane protein and Michaelis constants (Km) of 70 
H-M for ATP and 0.15 mg/ml for EGFR peptide. For 
most studies, 100 \iW\ ATP was used to maintain a 
high 32P-specific radioactivity (4000 dpm/pmol), 
although qualitatively similar results were ob­
tained with 500 n-M ATP. Ceramide and sphin-
gosine (10 nM to 1 JJLM) enhanced kinase activity 
to 1.4- to 2.5-fold of control values. 
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Regulation by Heme of Mitochondrial Protein 
Transport Through a Conserved Amino Acid Motif 

Julia Tait Lathrop and Michael P. Timko* 
A conserved motif, termed the heme regulatory motif (HRM), was identified in the pre-
sequences of the erythroid 8-aminolevulinate synthase precursors and was shown to be 
involved in hemin inhibition of transport of these proteins into mouse mitochondria in vitro. 
When the HRM was inserted into the presequence of the ornithine transcarbamoylase 
precursor, a normally unregulated mitochondrial protein, it conferred hemin inhibition on 
the transport of the chimeric protein. The conserved cysteine within the HRM was shown 
by site-directed mutagenesis to be required for hemin inhibition. 

H e m e has a variety of catabolic and regu­
latory functions within cells. It serves as a 
prosthetic group or cofactor for numerous 
hemoproteins and coenzymes (1, 2), main­
tains the initiation of translation of certain 
eukaryotic mRNAs (3, 4), and controls the 
DNA binding capabilities of some tran­
scription factors (5). Heme also regulates its 
own synthesis through feedback inhibition 
of transcription and transport of 8-aminole-
vulinic acid synthase " (ALAS; E.C. 
2.3.1.37), the first enzyme of the heme 
biosynthetic pathway. ALAS catalyzes the 
condensation of glycine and succinyl-coen-
zyme A to form the first intermediate of the 
pathway, 8-aminolevulinic acid, a reaction 
that is localized to the mitochondrial ma-

Department of Biology, University of Virginia, Char­
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trix in all animal cells. Murine ALAS is 
synthesized as an approximately 70-kD cy-
tosolic precursor (preALAS) that is post-

translationally transported into the mito­
chondrial matrix, where it is proteolytically 
processed to form a 65-kD mature enzyme. 
Three isoforms of ALAS are expressed in 
animals. A housekeeping form, generally 
referred to as the hepatic form (ALAS-H), 
is in the biosynthetic pathway of heme for 
basic cellular functions and is regulated by 
heme in response to changing cellular heme 
requirements. Two developmentally regu­
lated erythroid forms, ALAS-E major and 
ALAS-E minor, are involved in the forma­
tion of heme for hemoglobin. The ALAS-E 
minor form, which accounts for 15% of the 
total ALAS-E mRNA, arises from an alter­
native splicing event that deletes 45 bp in 
exon 3 (6). The deletion alters neither the 
translation frame nor the catalytic domain 
of the protein but eliminates 15 amino acids 
that are present in 4:he NH2-terminus of the 
mature ALAS-E major protein. 

Exogenous hemin can regulate the 
amount of preALAS-H mRNA (7). High 
hemin concentrations can also inhibit the 
transport of preALAS-H into mitochondria 
both in vivo (8, 9) and in vitro (10). The 
developmentally regulated ALAS-Es are 
expressed exclusively in differentiating 
erythroid tissue, and their translation is 
coordinated with cytosolic iron levels 
through an iron responsive element (IRE) 
in the 5' untranslated region of the mRNA 
(11). Studies of differentiation-inducible 
cell lines and human reticulocytes have 
implicated heme in posttranscriptional reg­
ulation as well (12). We describe here the 
identification and characterization of a 
heme regulatory motif (HRM) in the mouse 
ALAS-E precursors (preALAS-E major and 
preALAS-E minor) that confers sensitivity 
to feedback inhibition by hemin of mito­
chondrial transport of these preproteins. 
We demonstrate that this HRM could con­
fer hemin inhibition of transport on a mi­
tochondrial protein that is normally unreg­
ulated. 

Most precursors of mitochondrial pro­
teins destined to be transported from the 
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Fig. 1 . Comparison of the amino acid composition of chick, human, and mouse erythroid (CE, HE, 
and ME) and chick, human, and rat hepatic (CH, HH, and RH) ALAS presequences (29). The 
conserved motifs (HRMs) are boxed. The arrowheads indicate the processing site within the various 
precursors. 
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cytoplasm into the matrix are synthesized 
with NH2-terminal amphiphilic prese- 
quences that direct the protein into the 
mitochondrion (1 3). Although the prese- 
quences of the housekeeping or erythroid 
forms of preALAS from chick, human, 
mouse, and rat are greater than 80% iden- 
tical, the preALAS-E and preALAS-H pre- 
sequences are only 24% identical when 
compared to each other (Fig. 1). The ami- 
no acid residues in common among the 

preALAS-H and preALAS-E presequences 
are contained primarily within two copies 
of a conserved motif. This motif ((Arg, Lys, 
or Am)-Cys-Pro-, either Lys or a hydropho- 
bic residue, Leu or Met, where the cysteine 
and proline are invariant], we term the 
HRM. PreALAS-E major contains a third 
copy of the HRM in the NH2-terminus of 
the mature protein (Fig. 1) that is eliminat- 
ed from the preALAS-E minor form by 
differential splicing (Fig. 2A). The HRM 

A preALAS-E major A 
Afl II Nco l preALAS-E majordTC 
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Fig. 2 (left). Hemin inhibition of preALAS-E transport into mouse mitochondria. (A) Structure of the 
coding sequences for the three precursors used in these experiments. In preALAS-E major and 
minor, the coding sequence for the mature protein is indicated by a white box, the presequence by 
light gray, the HRM by black, and the IRE by a thick black line. The location of the 15amino acid 
deletion in preALAS-E minor is indicated by the bent line. In the preOTC, the coding sequence for 
the mature protein is indicated by vertical hatches, and the presequence is indicated by a dark gray 
box. (B) Representative autoradiograph of [35S]methionine-labeled proteins after transport in the 
absence or presence of added hemin. The cDNAs for the various constructs were transcribed, and 
the mRNA was translated in vitro (16). Transport reactions were done in the presence of the 
indicated hemin concentrations for 1 hour at 25°C (30), the mitochondria were precipitated, and half 
of each sample (+) was incubated for 10 min at room temperature with TPCK-treated trypsin (5 
pglml) (Sigma; TPCK, L-1-tosylamido-2-phenylether chloromethyl ketone). Both treated and untreat- 
ed samples were subjected to 7.5% SDS-polyacrylamide gel electrophoresis, dried, fluorographed 
with 1 M salicylic acid, and exposed to preflashed Kodak-XAR film. Shown are transport reaction 
products before (-) and after (+) treatment with TPCK-treated trypsin. Precursor protein, p; mature 
protein, m. (C) Quantitation of hemin inhibition of transport for the various proteins in the experiment 
shown (30); 0, preALAS-E major; ., preALAS-E minor; and e, preOTC. Fig. 3 (right). Hemin 
inhibition of the transport of chimeric proteins into mouse mitochondria. (A) Structure of the coding 
sequences for the precursors of the chimeric proteins used in these experiments. Structural 
designations are the same as those in Fig. 2. (B) Representative autoradiograph of [35S]methionine- 
labeled proteins after transport in the absence or presence of added hemin; p and m are as in Fig. 
2. (C) Quantitation of hemin inhibition of transport for the various proteins; 0, preALAS-E 
major-OTC; W, preALAS-E minor-OTC. Transport assays and quantitation were conducted as in 
Fig. 2. 

present in the preALASs is similar to a 
consensus sequence required for heme acti- 
vation of the yeast transcription factor 
HAP1 (5) and to sites present in other 
hemoproteins, including hemopexin and 
catalase (14, 15). 

To investigate the potential role of the 
HRMs, we cloned the cDNAs that encoded 
the preALAS-E major and preALAS-E mi- 
nor proteins into pBluescript plasmids, and 
the cDNAs were transcribed in vitro and 
the mRNAs were translated in cell-free 
wheat germ extracts that had been opti- 
mized to control hemin concentrations in 
our mitochondrial transport reactions (1 6). 
Transport of the preALAS-E major and 
preALAS-E minor proteins into isolated 
mouse mitochondria was inhibited 99% and 
91%, respectively, in the presence of 25 
FM exogenous hemin (Fig. 2, B and C). 
The transported mature proteins were prop- 
erly compartmentalized because externally 
added protease did not degrade them (Fig. 
2B). In contrast, transport of the precursor 
to human mitochondrial ornithine trans- 
carbamoylase (preOTC) (1 7), assayed un- 
der identical reaction conditions, was not 
inhibited at low hemin concentrations and 
was inhibited less than 20% by 25 p,M 
hemin (Fig. 2, B and C). In experiments 
where the preALAS-E and preOTC were 
translated and transported in the same re- 
action, the response of the respective pre- 
cursors to hemin inhibition was maintained 
(18), which suggests that the sensitivity of 
transport to the amount of hemin was a 
property inherent to the individual protein. 

To investigate the role of the pre- 
ALAS-E presequence in hemin inhibition 
of transport, we constructed chimeric pro- 
teins that linked the presequence and a 
portion of the mature peptide (encompass- 
ing the region containing the 15-amino 
acid deletion in the preALAS-E minor 
form) to the mature OTC protein (1 9) (Fig. 
3A). Transport of preALAS-E major-OTC 
(which contains three copies of the HRM) 
and preALAS-E minor-OTC (which con- 
tains two HRMs) was inhibited 89% and 
87%, respectively, by 25 p,M hemin (Fig. 
3, B and C), an inhibition similar to that 
observed for the native preALAS-Es. 

Internal deletions made within the pre- 
sequence of the chimeric proteins were used 
to identify the sequences involved in the 
observed hemin inhibition. These deletion 
studies revealed that a region of the prese- 
quence that contained a single HRM (that 
most proximal to the NH,-terminus) was 
sufficient to mediate hemin inhibition of 
transport (1 8). It was not possible, howev- 
er, for us to unambiguously distinguish be- 
tween loss of hemin inhibition and loss of 
transport capability by deleting this HRM 
because of its location within the first 15 
amino acids of the presequence (residues 11 
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to 15). This region of the presequence is 
generally required for transport into the 
mitochondrial matrix (20). We therefore 
used site-directed mutagenesis to define the 
specific amino acids required for HRM 
function. 

Conserved cysteine residues are often 
involved in the coordination of heme to 
its apoprotein (2). To  explore the involve- 
ment of the cysteines in the HRMs in 
hemin inhibition. we mutaeenized the ., 
cysteines to serines by a single nucleotide 
change (1 9) (Fig. 4A). Replacement of 
cysteine in either the proximal or distal 
HRM resulted in a 75 to 82% inhibition of 
transport by 25 p M  hemin (Fig. 4, B and 
C). Replacement of both cysteines by 
serines eliminated the hemin inhibition of 
transport (Fig. 4, B and C). To  determine 
whether a single HRM could confer 
hemin-regulated transport to a normally 
unregulated protein, we synthesized an 

Barn HI B,, HI p, IIOTC(Ser'O) 
S10 

Amino acid: I L I L P v L I s 

Insert 5'- WTC-CTG-TTA-T~T-CCA-GTG-crc-TCT AG -3' 
3'- GAC-AAT-AEA-GGT-CAC-GAGGAGA-TCC-TAG -5' 

B 

OTC(Cysl O) O T C ( S ~ ~ ~  O) 

Hemin (kM) 0 12.5 25.0 0 12.5 25.0 

Trypsin.. . + - +  - + - + - +  

P - 
rn- 

B 6327 6328 6329 C 
Hemin (kM) o 12.5 25.0 o 12.5 25.0 o 12.5 25.0 

Trypsin - + - + - +  - + - + - + -  + - + - +  :::pT;i 
Fig. 4. Hemin inhibition of the transport of chimeric proteins 40 
containing mutagenized HRMs. (A) Structure of the coding m 

sequences for the mutant proteins 6327.6328, and 6329 used ' 20 

in these experiments. The structural designations are the same 
as in Fig. 2, except that the mutant HRM is indicated by 0 

0 10 20 30 
diagonal hatches. The nucleotide sequence of the oligonucle- Hernin (pM) 
otides used to mutagenize the cysteines within the proximal 
(HRM 1) and distal (HRM 2) HRMs are shown. S11 and S38 
indicate the position of the altered amino acid residue [Cysl1 or Cys38 (C11 or C38) to Serl' or Sep8, 
respectively]. (B) Representative autoradiograph of [35S]methionine-labeled proteins after transport 
in the absence or presence of added hemin; p and m are as in Fig. 2. (C) Quantitation of hemin 
inhibition of transport for the various proteins in the experiment shown; 0, 6327; ., 6328; and 0, 
6329. Transport assays and quantitation were conducted as in Fig. 2. 

HRM that contained either cysteine or 
serine and inserted it into the human 
preOTC presequence (Fig. 5A). Transport 
of preOTC(Cys'O) was inhibited 86% by 
25 p M  hemin, whereas preOTC(SerlO) 
showed the same insensitivity to hemin 
inhibition observed in the native preOTC 
(Fig. 5, B and C) . 

Thus, our data suggest that feedback 
inhibition operates at two different points 
after transcription to regulate ALAS-E ac- 
tivity. Translation of the ALAS mRNA 
amears to be cou~led to the concentration 
dfAfree iron throigh the action of an IRE 
(I 1). We show that exogenous hemin reg- 
ulates transDort of D~~ALAS-E into the 
mitochondrion and identify a conserved 
amino acid motif (HRM) as the element 
mediating this feedback inhibition. A sin- 
gle HRM can regulate the transport of 
preALAS-E or a normally unregulated pro- 
tein into the mitochondrion. 

Cytosolic free heme concentrations 
have been estimated to rise to 100 p M  
during the early stages of erythroid differen- 
tiation (2 1 ) . Thus, the relatively high con- 
centrations of hemin required for nearly 

Fig. 5. Hemin inhibition of transport of preOTC 
containing an HRM insertion. (A) Structure of 
the coding sequences for the mutant proteins 
used in these experiments. The structural des- 
ignations are the same as in Fig. 4, except that 
the insert containing the HRM is indicated by a 
white box. The nucleotide sequence of oligonu- 
cleotides used to create the insert containing 
the synthetic HRM with either a Cys10 (C10) or 
a Serlo (S10) residue is shown. The amino acid 
sequence of the synthetic HRM is boxed (29). 
(B) Representative autoradiograph of [35S]me- 
thionine-labeled proteins after transport in the 
absence or presence of added hemin; p and m 
are as in Fig. 2. (C) Quantitation of hemin 
inhibition of transport for the various proteins in 
the experiment shown; 0, preOTC(CyslO); ., 
preOTC(SerlO). Transport assays and quantita- 
tion were conducted as in Fig. 2. 

complete transport inhibition in vitro are 
within physiological levels for a developing 
erythrocyte. As globin synthesis is induced 
by heme (22) through its general effect on 
translation (3, 4), heme feedback inhibi- 
tion of ALAS-E transDort and therefore 
activity could serve as a mechanism to 
fine-tune the very tight coordination of 
heme synthesis with globin apoprotein pro- 
duction during erythropoiesis. 

The conserved cysteine residue within 
the HRM appears to be required for its 
function. The mechanism of interaction of 
heme with preALAS-E at these residues is 
unknown. Non-HRM cysteines present in 
the presequences of the preOTC and the 
chimeric proteins 6329 and preOTC(SerlO) 
are not capable of mediating hemin inhibi- 
tion of transport. Because mitochondrial 
precursors must be unfolded to be compe- 
tent for transport (23), direct interaction of 
preALAS-E with heme through the HRM 
could alter the conformation of the protein 
or its interaction with the transport ma- 
chinery, rendering it incapable of moving 
through the outer membranes. The conser- 
vation of the HRM in the highly diverged 
presequences of both the erythroid and 
hepatic isoforms of the ALAS precursors 
suggests that transport inhibition of the 
hepatic isoform may be mediated through 
the HRM in a manner similar to that of 
preALAS-E. The presence of the HRM in 
other proteins (5, 14), in particular the 
heme-activated transcription factor HAPI, 
suggests that HRM-mediated heme interac- 
tion with proteins may be a general mech- 
anism for the control of synthetic and 
regulatory processes within the cell. 
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Identification of the SH3 Domain of GAP as an 
Essential -Sequence for Ras-GAP-Mediated 

Signaling 

Marc Duchesne,* Fabien Schweighoffer,* Fabienne Parker, 
Fran~ois Clerc, Yveline Frobert, Ming Nguy Thang, 

Bruno Tocque? 
Guanosine triphosphatase activating protein (GAP) is an essential component of Ras 
signaling pathways. GAP functions in different cell types as a deactivator and a transmitter 
of cellularRas signals. A domain (amino acids 275 to 351) encompassing the Src homology 
region 3 (SH3) of GAP was found to be essential for GAP signaling. A monoclonal antibody 
was used to block germinal vesicle breakdown (GVBD) induced by the oncogenic protein 
Ha-ras Lys12 in Xenopusoocytes. The monoclonal antibody, which was found to recognite 
the peptide containing amino acids 275 to 351 within the amino-terminal domain of GAP, 
did not modify the stimulation of the Ha-Ras-GTPase by GAP. Injection of peptides 
corresponding to amino acids 275 to 351 and 31 7 to 326 blocked GVBD induced by insulin 
or by Ha-Ras Lys12 but not that induced by progesterone. These findings confirm that GAP 
is an effector for Ras in Xenopus oocytes and that the SH3 domain is essential for signal 
transduction. 

R a s  proteins are required for the function- protein that can stimulzite the intrinsic 
ing of the signal transduction pathways that GTPase activity of Ras (3). A -complex 
regulate cell growth and differentiation (1, between Ras and GAP is responsible for 
2). The function of Ras in mammalian cells interrupting muscarinic atrial Kf channel 
depends on its interaction with GAP, a currents (4, 5 ) .  In Chinese hamster ovary 

cells Ras induces transcription from the 
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Ras (in the so-called effector domain be- 
tween amino acids 30 and 40) block biolog- 
ical activity and GAP-stimulated GTP hy- 
drolysis (7, 8). GAP binds to a number of 
proteins in vitro. The COOH-terminal do- 
main is sufficient for binding to cellular Ras 

'Contributed equally to this manuscript. proteins (9). The NH,-terminal domain 
tTo whom correspondence should be addressed. contains SH2 and SH3 domains that allow 

SCIENCE VOL. 259 22 JANUARY 1993 525 


