transmitochondrial lines obtained by injec-
tion of CAP23 mitochondria into either
p®206 or 143B had low respiratory compe-
tence.

The variation in respiratory competence
observed among sets of transformants ob-
tained with different mitochondrial donors
did not correlate with the number of
mtDNA molecules per cell in the transfor-
mants (Table 1), nor did the striking devi-
ation in respiratory capacity of an occasional
cell line within each group. This intragroup
variability in respiratory competence proba-
bly reflects variation among the individual
recipient cells. Yet, the possibility that het-
erogeneity in the exogenous mtDNA popu-
lation may have contributed to the observed
variability in respiratory phenotype among
transformants obtained by injection of indi-
vidual organelles cannot be excluded.

Our results show that p® human cells can
be repopulated with exogenous human mi-
tochondria and restored to respiratory com-
petence. Cell lines differing only in their
mtDNA genotype—that is, the parental
143B.TK™ cell line and the various groups
of transformants containing mitochondria
from HT1080, HeLa S3, HeLaBU25
10B3R, or CAP23 cells—exhibited respira-
tory differences. The sequence diversity of
human mtDNA and of the mtDNA of these
cell lines (12) is probably responsible for
differences in respiratory capacity. A com-
parison of the respiratory capacities of the
various sets of transmitochondrial cell lines
with those of the mtDNA donors indicates
that nuclear background also affects the res-
piratory competence of a cell.

The genetic analysis of mitochondrial bio-
genesis applied to Saccharomyces cerevisiae (1)
can now be extended to mammalian cells.
Thus, it should be possible to select for
nuclear suppressors of mtDNA mutations
affecting mitochondrial function, or con-
versely, for mtDNA suppressors of muta-
tions of nuclear genes controlling mitochon-
drial biogenesis.

Our work is also relevant to the study of
mitochondrial neuromuscular diseases (13).
In several cases, specific mtDNA mutations
have been associated with these diseases
(14). Our results suggest that one possible
mechanism for the observed different de-
grees of penetrance of these diseases is the
existence of specific interactions of the vari-
able complements of nuclear genes present
in different individuals with a mitochondrial
genome containing a mutation. Introduc-
tion of mitochondria derived from patients
affected with these disorders into p® cells
may help distinguish whether a defect is
mtDNA- or nuclear DNA—encoded. Fur-
thermore, repopulation of p° cells by micro-
injection of single organelles could be used
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to clone the mutant mitochondrial genome
from a heteroplasmic population.
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Myristoylated and Nonmyristoylated Forms of a
Protein Are Phosphorylated by Protein Kinase C

JoNATHAN M. GRAFF, JEFFREY I. GORDON, PERRY J. BLACKSHEAR¥*

Activation of protein kinase C is thought to require association of the kinase with the
cell membrane. It has been assumed that cellular substrates for the kinase must
likewise be associated with membranes, and previous studies with membrane-associat-
ed myristoylated proteins have supported this view. It is now shown that a mutation
that prevents the normal amino-terminal myristoylation of a prominent cellular
substrate of protein kinase C, and appears to prevent its membrane association, does
not prevent the normal phosphorylation of this protein in intact cells in response to
phorbol esters. Thus, membrane association may not be required in order for protein
kinase C substrates to undergo phosphorylation.

ROTEIN KINASE C (PKC), THE DI-
acylglycerol-activated, Ca?*- and phos-
pholipid-dependent protein kinase, has
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¥To whom correspondence should be addressed.

been implicated in the regulation of many
cellular processes (1). Because the kinase re-
quires lipid cofactors for activation, it is
thought to exist in an active form only in
close proximity to the cell membrane (2, 3).
In addition, most cellular substrates for
PKC are thought to be either integral mem-
brane proteins or associated with the mem-
brane in other ways (3). One example of
such a substrate is pp60¥~*", in which NH,-
terminal myristoylation promotes mem-
brane association (4-6); a mutation that
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Table 1. In vitro myristoylation of NH,-ter-
minal MARCKS peptides. The wild-type
(GAQFSKTA) and mutant (AAQFSKTA)
MARCKS peptides and two peptides of known
affinity derived from the NH,-termini of the
catalytic subunit of cAMP-dependent protein ki-
nase (GNAAAARR) and cytochrome bs reduc-
tase (GAQLSTLG) were used as substrates for
NMT in an in vitro assay system (17, 18). All
peptides were assayed in three independent ex-
periments and the means of these values are
shown; the interassay variation was less than
15%. Vpmax data are reported as a percentage of
the velocity observed with the cAMP-dependent
protein kinase octapeptide.

K Vimax

Peptide (. I\H/.I) (%) Venax/Km
GNAAAARR* 60 100 1.7
GAQLSTLGTt 3 23 7.7
GAQFSKTA 0.12 25 20.8
AAQFSKTA ND+ ND
*See (17). 1See (14). $ND indicates that myris-

toylation of the peptide had an undetectable velocity
(Vinax Was <1%).

prevents myristoylation of the protein also
prevents its association with the membrane
and its ability to serve as a substrate for PKC
(6). We now show that a mutation prevent-
ing the myristoylation of a cellular substrate
for PKC did not affect its ability to undergo
phosphorylation by PKC in intact cells.
Thus, in contrast to the tyrosine kinase
pp60*~, myristoylation and consequent
membrane association do not appear to be
absolute requirements for phosphorylation
of this substrate by PKC.

The protein evaluated in this study is a
prominent cellular substrate for PKC, fre-
quently referred to as the 80- to 87-kD
protein because of its characteristic migra-
tion on SDS-polyacrylamide gels (7). This
protein appears to be a direct substrate for
PKC, not only in cell-free systems but also
in a variety of intact cells (3, 7-9). Although
approximately 40% of the protein was
found to be associated with a synaptosomal
membrane fraction from brain (8), most
studies in cultured cells have determined
that the protein is predominantly cytosolic
(9). In murine macrophages, the protein was
found to be myristoylated (10), a modifica-
tion that might be expected to affect the
association of the protein with lipid mem-
brane components. We recently predicted
the primary sequences of both the bovine
and chicken proteins from cloning and
cDNA sequence analysis (11, 12); because
their predicted molecular masses differed
markedly from those calculated from SDS-
polyacrylamide gels, and for other reasons,
we suggested the name myristoylated ala-
nine-rich C-kinase substrate (MARCKS) for
these proteins. We also found that the NH,-
terminal 14 amino acids were identical in
the chicken and bovine proteins, although
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Fig. 1. Expression and [*H]myris-
tate-labeling of wild-type and mu-
tant chicken MARCKS proteins in
COS cells. COS cells were trans-
fected with (A and B) the expres-
sion vector alone or the vector en-
coding (C and D) the wild-type or
(E and F) mutant MARCKS pro-
tein as described (11, 12). The cells
were labeled for 4 hours with
[9,10-3*H(N) ]myristate (Du Pont,
Biotechnology Systems; 0.3 mCi/
ml) and then fractionated into (A,
C, and E) supernatant and (B, D,
and F) particulate fractions (6).
Equal amounts of trichloroacetic
acid—precipitatable  radioactivity
from these cellular fractions were
separated by two-dimensional gel
electrophoresis (23); the gels were
treated with Enhance (Du Pont
Biotechnology Systems) and sub-
jected to autoradiography. The po-
sition of the endogenous monkey
MARCKS protein is indicated by
the arrow pointing down; the posi-
tion of the chicken MARCKS pro-
tein is indicated by the arrow point-
ing up; the positions of molecular
mass standards are indicated. (G)
An immunoblot, performed as de-
scribed (24), in which each lane was
loaded with equal amounts of tri-
chloroacetic acid—precipitable ra-
dioactivity from supernatant frac-
tions from the same [*H]myristate-
labeled COS cells described in (A)
to (F). These cells were transfected
with (lane 1) vector alone or the
vector expressing (lane 2) the wild-
type or (lane 3) mutant MARCKS
protein. The arrows indicate the
positions of the immunoreactive
chicken MARCKS proteins with
molecular masses of ~67 kD and

the gel dye front (df ). The rabbit antiserum was raised to purified chicken MARCKS protein (22, 24);
this antiserum does not cross-react with MARCKS proteins from several mammalian species tested. The
nonmyristoylated mutant protein migrates with the same apparent molecular mass as the normal

chicken protein.

the identity between the entire proteins was
only 65%. Excluding the initiator Met, the
NH,-terminus of both proteins contained
the sequence GAQFSKTA (13), which con-
forms to the proposed consensus sequence
for myristoylation and contains the required
NH,-terminal Gly residue (11, 12, 14-16).
However, there were no other regions of the
primary sequence, such as hydrophobic do-
mains, that might predispose the MARCKS
proteins to associate preferentially with
membranes (11, 12).

We first assessed the ability of two syn-
thetic peptides to serve as substrates for N-
myristoyl transferase (NMT). The first cor-
responded to the NH,-terminal eight resi-
dues of the normal protein without the
initiator -Met, and the second was identical
except for the conservative substitution of
Ala for the NH;-terminal Gly. These octa-
peptides were characterized in an in vitro
myristoylation assay, which has been used

to characterize the peptide and fatty acyl co-
enzyme A substrate specificities of yeast
and mammalian NMT (15, 17, 18). The
NH,-terminal MARCKS  octapeptide
GAQFSKTA was a good substrate for
NMT (Table 1); the enzyme exhibited a
high affinity for this peptide relative to
another well-characterized octapeptide de-
rived from the NH,-terminal sequence
(GNAAAARR) of a known myristoylated
protein, the catalytic subunit of the adeno-
sine 3',5'-monophosphate (cAMP)—depen-
dent protein kinase (18). The catalytic effi-
ciency [maximal velocity (Vmax) divided by
the Michaelis constant (K,)] of NMT for
the MARCKS octapeptide was 12 times as
great as that of the cAMP-dependent pro-
tein kinase octapeptide. The NH,-terminal
sequence of the MARCKS protein resem-
bles the NH,-terminal sequence of another
known myristoylated protein, cytochrome
bs reductase (GAQLSTLG) (19). The cata-
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lytic efficiency of NMT for the MARCKS
octapeptide was also better than that for a
peptide spanning residues 2 to 9 of this
enzyme (Table 1). As expected, substitution
of an NH,-terminal Ala for Gly in the
MARCKS octapeptide prevented it from
serving as a substrate for NMT (Table 1).

We constructed a plasmid in which the
Gly? of the chicken MARCKS protein (11)
was replaced with an Ala by in vitro muta-
genesis. On the basis of the in vitro data, this
conservative change should produce a mu-
tant MARCKS protein that is not a sub-
strate for NMT. The wild-type and the
mutant chicken MARCKS sequences were
cloned into the expression vector pBC12-
CMV (20), which we have used to express
the chicken protein in mammalian cells (11).
We transfected COS cells with either the
wild-type or mutant plasmids, incubated
the cells for 4 hours with [*H]myristate,
and then fractionated them (6) into cytosolic
and particulate components. The wild-type
MARCKS protein was myristoylated,
whereas the mutant MARCKS protein was
not; that the mutant protein was expressed
to a comparable extent was demonstrated by
immunoblotting with an antiserum specific
for the chicken protein (Fig. 1).

To determine whether the mutant
MARCKS protein could still serve as a
substrate for PKC in intact cells, we trans-
fected COS cells with either the wild-type or
the mutant MARCKS plasmids, incubated
the cells with 3?P-labeled inorganic phos-
phate, and exposed them for 15 min to 1.6
M 12-O-tetradecanoyl phorbol-13-acetate
(TPA) or vehicle. Under these conditions,
TPA causes most cellular PKC activity to
become associated with the cellular particu-
late components; however, no increase in
cytosolic Ca**- and phospholipid-indepen-
dent histone IIIS kinase activity (protein
kinase M) was noted after TPA treatment
(21). In COS cells, TPA stimulated the
phosphorylation of both the wild-type and
the mutant proteins (Fig. 2). Similar results
were obtained after transfecting the plas-
mids into mouse L cells (21).

To determine whether the sites phosphor-
ylated by PKC were similar in the mutant
and wild-type proteins, we compared tryptic
phosphopeptide maps of the phosphorylat-
ed MARCKS proteins isolated from TPA-
stimulated COS cells transfected with either
the wild-type or nonmyristoylated mutant
constructions. The phosphorylated MARCKS
proteins were isolated by two-dimensional gel
electrophoresis, localized by autoradiography,
and digested with trypsin. Analysis of the phos-
phopeptides by reversed-phase high-perform:-
ance liquid chromatography (HPLC) showed
that the wild-type and mutant MARCKS pro-
teins were phosphorylated on similar or ident-
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cal sites (Fig. 3), which have been shown to be
the sites phosphorylated by PKC (22).

Finally, to assess whether myristoylation
played a role in the association of the
MARCKS protein with the cellular mem-
branes, we compared the subcellular distri-
bution of the wild-type and nonmyristoylat-
ed mutant MARCKS proteins. Transfected
COS cells were incubated with 32P-labeled
inorganic phosphate, exposed to TPA or
vehicle, and then fractionated into cytosolic
and particulate components as described for
the pp60"~*"* proteins (6), and the radioac-
tivity incorporated into the MARCKS pro-
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Fig. 2. Phosphorylation of the
wild-type and mutant chicken
MARCKS proteins in COS cells.
COS cells were transfected with (A
and B) the expression vector alone,
or the vectors expressing the (C and
D) wild-type or (E and F) mutant c
MARCKS proteins as described
(11). The cells were incubated with
3P-labeled inorganic phosphate 83—
and then exposed to (A, C, and E)
control conditions (0.01% di-
methyl sulfoxide) or (B, D, and F)
TPA (1.6 pM in 0.01% dimethyl
sulfoxide) for 15 min. Equal
amounts of trichloroacetic acid-
precipitable radioactivity from the
total cell lysate were subjected to E
two-dimensional gel electrophore-
sis and autoradiography (23). The
position of the endogenous mon- 11§~
key MARCKS protein is indicated
by the arrows pointing down; the
positions of the (C and D) wild-
type or (E and F) mutant chicken
MARCKS proteins are indicated
by the arrows pointing up. The
positions of the molecular mass
standards are indicated.
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Fig. 3. Tryptic phosphopeptide maps of the trans-
fected wild-type chicken, mutant chicken, and
endogenous monkey MARCKS proteins. COS
cells were transfected with the wild-type or mu-
tant chicken MARCKS plasmids, incubated with
32P-labeled inorganic phosphate, and exposed to
TPA (22). The *?P-labeled (A) wild-type, (B)
mutant, or (C) endogenous monkey, MARCKS
proteins were localized by autoradiography, ex-
cised from the gel, and digested with trypsin,
and the tryptic digests of the *2P-labeled proteins
were separated on a C4 reversed-phase HPLC
column with a linear gradient of acetonitrile
(dashed line) (22). Fractions (0.2 ml) were col-
lected at 1-min intervals and the radioactivity of
each fraction was determined by Cerenkov scintil-
lation counting. The identities of the phospho-
peptide peaks have been described (22); the large
peak eluting in the isocratic portion of the gradi-
ent represents a specific phosphopeptide.

teins in each fraction was quantitated. Both
the myristoylated chicken and monkey pro-
teins associated to a greater extent with the
particulate fraction than did the nonmyris-
toylated mutant chicken protein, which was
almost completely cytosolic (Table 2). Simi-
lar studies using immunoblot analysis
showed that more than 95% of the immu-
noreactive mutant protein partitioned into
the crude cytosolic fraction (21).

We conclude that the TPA-stimulated,
PKC-mediated phosphorylation of the
MARCKS proteins was similar for both
myristoylated and nonmyristoylated forms.
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Table 2. Subcellular localization of normal and
mutant MARCKS proteins. COS cells were trans-
fected with plasmid constructs, incubated with
32P-labeled inorganic phosphate, and exposed to
control conditions or TPA (Fig. 2). The cells were
then fractionated into crude cytosol and particu-
late fractions (6). The **P-labeled MARCKS pro-
teins were identified on two-dimensional gels by
autoradiography, and the spots were excised and
counted in Biofluor (Du Pont, Biotechnology
Systems). Results are shown as the cytosolic
radioactivity in MARCKS expressed as a percent-
age of the cytosolic plus particulate radioactivity
in MARCKS; the values are from two separate
experiments (1 and 2).

Cytosolic radioactivity (%)

Treat-
ment Endogenous ~ Normal  Mutant
monkey chicken  chicken
Control
1 39 42 90
2 45 62 94
TPA
1 43 69 96
2 75 71 100

As with pp60"~", myristoylation appeared
to increase membrane association of the
MARCKS protein. However, in contrast to
pp60*~"¢, in which a Gly* to Ala? nonmyris-
toylated mutant was not a substrate for PKC
in intact cells (6), the mutated MARCKS
protein could be phosphorylated readily on
exposure of the cells to TPA. Our results
suggest the possibility that truly cytosolic
proteins can serve as substrates for PKC in
cells.
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The Nature of the Near-Infrared Features on the

Venus Night Side

D. Crisp, W. M. SinTON, K.-W. HopAPP, B. RAGENT, F. GERBAULT,

J. H. GOEBEL, R. G. ProBsT, D. A. ALLEN, K. P1ErCE, K. R. STAPELFELDT

Near-infrared images of the Venus night side show bright contrast features that move
from east to west, in the direction of the cloud-top atmospheric superrotation.
Recently acquired images of the Venus night side along with earlier spectroscopic
observations allow identification of the mechanisms that produce these features, their
level of formation, and the wind velocities at those levels. The features are detectable
only at wavelengths near 1.74 and 2.3 micrometers, in narrow atmospheric windows
between the CO, and H,O bands. The brightest features have brightness temperatures
near 480 Kelvin, whereas the darkest features are more than 50 Kelvin cooler. Several
factors suggest that this radiation is emitted by hot gases at altitudes below 35
kilometers in the Venus atmosphere. The feature contrasts are produced as this
thermal radiation passes through a higher, cooler, atmospheric layer that has horizon-
tal variations in transparency. The 6.5-day east-west rotation period of the features
indicates that equatorial wind speeds are near 70 meters per second in this upper layer.
Similar wind speeds have been measured by entry probes and balloons at altitudes
between 50 and 55 kilometers in the middle cloud layer. The bright features indicate
that there are partial clearings in this cloud deck. The presence of these clearings could
decrease the efficiency of the atmospheric greenhouse that maintains the high surface
temperatures on Venus.

revealed bright features that moved from
east to west across the night side, in the
direction of the cloud-top 4-day wind (2).
Simultaneous  spectroscopic observations
showed that this emission was most intense
in narrow spectral regions centered near
1.74 and 2.3 pm. In this report, we describe
results of a new ground-based observing
program that was designed to identify the
mechanisms that produce these features,

LLEN AND CRAWEORD (1) USED A
single-channel near-infrared (NIR)
photometer at the Anglo-Australian
Observatory 3.9-m telescope to produce the
first maps of the Venus night side at wave-
lengths between 1 and 5 wm. Their images
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determine their level of formation in the
Venus atmosphere, and measure the wind
velocities at those levels.

We conducted a coordinated NIR imag-
ing program at Kitt Peak (1.3-m telescope)
and Mauna Kea (University of Hawaii 2.2-
m telescope) observatories during May and
June of 1988, before and after Venus passed
through inferior conjunction. NIR array
cameras were used to collect hundreds of
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