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Blood-Brain Barrier Penetration and in Vivo
Activity of an NGF Conjugate

Phillip M. Friden,* Lee R. Walus, Patricia Watson,
Susan R. Doctrow, John W. Kozarich, Cristina Backman,
Hanna Bergman, Barry Hoffer, Floyd Bloom,
Ann-Charlotte Granholm

Nerve growth factor (NGF) is essential for the survival of both peripheral ganglion cells and
central cholinergic neurons of the basal forebrain. The accelerated loss of central cholinergic
neurons during Alzheimer’s disease may be a determinant of dementia in these patients and
may therefore suggest a therapeutic role for NGF. However, NGF does not significantly
penetrate the blood-brain barrier, which makes its clinical utility dependent on invasive neu-
rosurgical procedures. When conjugated to an antibody to the transferrin receptor, however,
NGF crossed the blood-brain barrier after peripheral injection. This conjugated NGF increased
the survival of both cholinergic and noncholinergic neurons of the medial septal nucleus that
had been transplanted into the anterior chamber of the rat eye. This approach may prove useful
for the treatment of Alzheimer’s disease and other neurological disorders that are amenable
to treatment by proteins that do not readily cross the blood-brain barrier.

The degeneration of specific neuronal cell
types during age-related neurological disor-
ders such as Alzheimer’s disease presents
opportunities for neurotrophic therapies.
For example, the degeneration of certain
cholinergic neurons in patients dying with
Alzheimer’s disease has been linked to their
memory impairment (1). If the loss of
cholinergic neurons were responsible at
least in part for the clinical symptoms of
Alzheimer’s disease, a treatment that limits
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their loss would be desirable (2). Choliner-
gic neurons of the basal forebrain, which
degenerate in the brains of patients with
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Fig. 1. Conjugation of biologically active NGF to
the antibody to the transferrin receptor OX-26.
(A) PDP-hydrazide was used to attach a thiol
reactive group to NGF by means of carboxyl
groups that had been activated with EDC.
SATA was reacted with lysine amines on the
antibody to introduce a protected sulfhydryl
group. The sulfhydryl group on the antibody
exchanged with the 2-pyridyl-sulfide group on
NGF, forming a cleavable disulfide bond be-
tween the two proteins (72). (B) The neurite
outgrowth response of PC-12 cells treated with
either unmodified NGF or OX-26-NGF conju-
gate was examined over a range of doses (74).
The response is expressed as percent of cells
extending neurites as a function of NGF dose.
Closed circles, OX-26-NGF; open squares, un-
modified NGF.
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Fig. 2. Enhanced delivery of conjugated NGF
across the BBB. Radiolabeled NGF, either as
an OX-26-NGF conjugate or as free protein,
was injected into rats intravenously. Capillary
depletion was performed on brains taken from
the animals at various times after injection (9,
16, 17). Results are expressed as the percent
of the injected dose per brain in either the
parenchyma or capillary fraction and shown as
means * SEM (n = three animals per time).
Open circles, OX-26-NGF in brain parenchy-
ma; closed circles, OX-26-NGF in brain capil-
laries; open squares, NGF in brain parenchy-
ma; closed squares, NGF in brain capillaries.
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Alzheimer’s disease, depend for their sur-
vival on the receipt of NGF through retro-
grade axonal transport from their synaptic
target areas in the hippocampal formation
and the cerebral cortex (3, 4). Exogenous
administration of NGF in animals increases
cholinergic markers in the central nervous
system (CNS), rescues degenerating cho-
linergic neurons in the forebrain, and also
leads to functional recovery after lesions of
the cholinergic pathways to the hippocam-
pal formation in rats (4, 5). Cholinergic
degeneration and impaired maze perfor-
mance in aged rats are also ameliorated by
intracerebral administration of NGF (6).
Currently, one of the primary obstacles
to clinical testing of NGF for neurodegen-
erative disorders is the lack of an efficient,
noninvasive means to deliver the peptide
across the blood-brain barrier (BBB) to the
target cells (2). The BBB, which is com-
posed principally of specialized capillary
endothelial cells joined by highly restrictive
tight junctions, prevents the passage from
the bloodstream to the CNS of proteins
with therapeutic potential (7). After intra-
venous (i.v.) administration, antibodies to
the transferrin receptor preferentially bind
to brain capillary endothelial cells (8).
These antibodies, as well as drugs conjugat-
ed to these antibodies, can cross the BBB as
a result of their interaction with the trans-
ferrin receptor, which suggests that such
conjugates may be of value in the delivery
of blood-borne therapeutic agents to the
brain (9). We now demonstrate the feasi-
bility of this approach with NGF. NGF can
be linked in a biologically active form to an
antibody (OX-26) against the rat transfer-
rin receptor and can be delivered across the
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BBB to medial forebrain tissue that has
been transplanted to the anterior chamber
of the rat eye. These transplants are respon-
sive to NGF administered into the ocular
fluid (10) but, because they retain normal
BBB properties, would not be expected to
respond to NGF administered peripherally.
However, we now report that NGF deliv-
ered by means of the antibody carrier was
able to stimulate the survival and growth of
these brain tissue transplants.

We synthesized OX-26-NGF conjugates
by a strategy that has been used extensively
in the synthesis of antibody-protein conju-
gates, primarily in the area of immunotox-
ins (11). This process involved the intro-
duction of a protected sulthydryl group onto
the antibody to the transferrin receptor
through lysine e-amines and the introduc-
tion of a heterobifunctional cross-linker
that contained a thiol reactive group onto
NGF through carboxyl groups (Fig. 1A)
(12). The advantage of using a heterobi-
functional cross-linking agent is that the
coupling is performed in a stepwise manner,
thus avoiding the formation of homopro-
tein polymers.

To ascertain the effects of both protein
derivatization and conjugation on the bio-
logical activity of NGF, we used the PC-12
cell neurite outgrowth assay. In response to
stimulation with NGF, these cells undergo
a reversible differentiation in which the
cells adopt a neuronal phenotype and ex-
tend neurites. This morphological response
to exogenous NGF can be used as the basis
for a semiquantitative assay for NGF bio-
logical activity (13). A comparison of the
OX-26-NGF conjugate with unmodified
NGEF in the PC-12 cell neurite outgrowth

Fig. 3. The intraocular growth of medial
forebrain transplants from the time of
transplantation (t = 0). (A) The sizes of
the grafts in the first experimental series.
(B) The sizes of the grafts in the second
series. In both series, OX-26-NGF con-
jugate treatment is shown by the solid
bars, and OX-26 administration alone is
shown by the bars with the narrow cross-
hatching. In (B), peripheral injection of
an equivalent dose of NGF and periph-
eral injection of an equivalent volume of
saline are shown by the bars with wide
cross-hatching and by the stippled bars,
respectively (20). Asterisk, P < 0.05. In
both (A) and (B), vertical arrows indicate
day of treatment.
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assay demonstrated that there was full re-
tention of NGF’s specific biological activity
after its conjugation to the antibody (Fig.
1B) (14).

The antibody to the rat transferrin re-
ceptor OX-26 can be detected immunobhis-
tochemically in brain vasculature after i.v.
administration (9). We performed similar
studies with the OX-26-NGF conjugate to
demonstrate the ability of the carrier anti-
body to localize NGF to the brain vascula-
ture of rats after conjugation. By using brain
sections prepared from rats killed 1 hour
after the injection of the conjugate, we
were able to detect immunohistochemically
a pattern of localization of the carrier anti-
body in the brain vasculature that was
indistinguishable from that seen with anti-
body alone (15). This result indicates that
the attachment of NGF did not appreciably
alter the targeting of the antibody to brain
capillary endothelial cells after i.v. injec-
tion. In addition, when these sections were
probed with an antibody to NGF, staining
of the vasculature was also observed, which
demonstrates that NGF was present in the
brain capillaries and localized with the car-
rier antibody.

Fig. 4. Toluidine blue staining of sections of
intraocular septal transplants in a rat host in-
jected with OX-26-NGF (A and C) and in a
control host injected with only OX-26 (B and D).
Note that there is a significant difference in size
between the two transplants in (A) and (B),
whereas the density of cells within the grafts
appears to be the same in (C) and (D). A cross
section of the host iris can be seen to the left in
each transplant in (A) and (B).

To ascertain whether the OX-26-NGF
conjugate crossed the BBB, we performed
capillary depletion experiments in which
neural tissue was separated from the brain
vasculature and the amount of NGF in each
fraction was determined (16). Experiments
such as these have shown that unconju-
gated antibody to the transferrin receptor
and antibody-methotrexate conjugates can
cross the BBB (9). The conjugated NGF
initially accumulated in the capillary frac-
tion of the brain, which is consistent with
its binding to, and internalization by, brain
capillary endothelial cells (Fig. 2) (17).
The amount of radiolabeled NGF in the
capillaries then decreased while the amount
in the brain parenchyma increased. These
results, in which the temporal pattern of
the tracer’s distribution indicates that trans-
port across the BBB occurs, are in accord
with results obtained previously with un-
conjugated antibody (9). In contrast, after
i.v. injection unconjugated NGF did not
accumulate in the capillaries, although
some radioactivity accumulated to a small
degree in the brain parenchyma (Fig. 2)
(17).

We tested the feasibility of using the
antibody carrier for the delivery to the brain
of therapeutic amounts of NGF by using
intraocular transplants of septal tissue in
rats (I18). At the time of vascularization of
the transplanted tissue (19), vessels from
the iris connect with capillary primordia in
the brain grafts. The grafts develop the
endothelial and astrocytic barrier mecha-
nisms characteristic of brain parenchyma
(18). That the BBB formed in such trans-
plants within 2 weeks of transplantation
was confirmed by dye exclusion experi-
ments (19).

Direct injection of NGF into the ante-
rior chamber of the rat eye enhances the

Fig. 5. Photomicrographs of trans-
plant tissue sections incubated
with rat antibody to ChAT and an-
tibody to rat IgG conjugated with
fluorescein. (A) and (C) demon-
strate the lack of ChAT-immunore-
active neurons in control (OX-26)
transplants, whereas (B) and (D)
show the abundance of CAT-pos-
itive neurons in two separate con-
jugate-treated grafts. Bars in (A)
and (B), 100 pm; bars in (C) and
(D), 50 wm. The host iris, contain-
ing ChAT-positive parasympathet-
ic fibers, can be seen in the con-
trol graft shown in (A). Arrows in
(B) and (D) demarcate ChAT-im-
munoreactive neurons.
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growth of septal transplants (10). Because
the growth of these transplants can be
followed noninvasively by repeated direct
measurements through the cornea, such
grafts provided an excellent model system
for evaluation of the OX-26 conjugate. The
growth curve of septal transplants, with or
without i.v. injections with the OX-26—
NGEF conjugate, is shown in Fig. 3 (20). In
one experimental series, four injections of
the conjugate, administered once every 2
weeks during the development of the septal
grafts, induced a significantly greater
growth of these transplants as compared to
transplants in a control group that received
only the carrier antibody (Fig. 3A) (20). In
a second series, the results of peripheral
injections of OX-26-NGF conjugate were
compared with the results of injections of
NGF alone, OX-26 alone, or saline. Again,
the conjugate-treated grafts showed a high-
ly significant increase in growth, which was
not seen in the three control groups (Fig.
3B) (20, 21). We intentionally chose a
fetal donor stage in rats, embryonic day 18,
that would lead to a less than optimal
growth of the control group [figure 1 of
(10)] to facilitate determination of the im-
pact of NGF on the survival and maturation
of neurons in the grafts.

Despite the marked differences in overall
graft sizes, histological examination of the
septal transplants showed no obvious differ-
ences in the density of neural or glial struc-
tures within the two groups of grafts in the
first experimental series (Fig. 4). Specifical-
ly, the density of cells and the vasculariza-
tion of grafts in the two groups appeared to
be the same. To specifically investigate the
survival of septal cholinergic neurons in
these transplants, we used immunohis-
tochemistry with a monoclonal antibody
directed against the enzyme choline acetyl-




transferase (ChAT) (22). This antibody is
reliable for the visualization of cholinergic
structures in nervous tissue (23). In compar-
ison to the control group, three and a half
times more cholinergic neurons were found
in the group of transplants injected with
OX-26-NGF (Fig. 5). Similar changes were
seen in the second experimental series. Be-
cause the transplants in the NGF conjugate
groups were significantly larger, the total
numbers of both cholinergic and noncholin-
ergic neurons surviving were larger than in
the control groups, a finding in keeping with
previous studies that used intraocular injec-
tions of NGF (10). These results further
support the concept that NGF passed
through the BBB into the grafts and en-
hanced the survival of cholinergic neurons
in the groups injected with the NGF conju-
gate (24).

In summary, we have taken a biological
approach to drug delivery by exploiting a
cellular mechanism, the transport of iron
across brain capillary endothelial cells, to
enable the large polypeptide growth factor
NGF to reach its site of action within the
brain and enhance the survival of choliner-
gic neurons. The ability to deliver proteins
to the brain will facilitate a critical exami-
nation of the efficacy of neurotrophic fac-
tors on the amelioration of neurodegenera-
tive disorders.
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tons, the size of the expected conjugate. In addi-
tion, we also used a two-site enzyme-linked im-
munosorbent assay, formated such that only con-
jugate consisting of NGF and antibody would give
rise to a positive signal, to demonstrate the com-
position of the purified conjugate [E. Harlow and
D. Lane, Eds., Antibodies: A Laboratory Manual
(Cold Spring Harbor Laboratory, Cold Spring Har-
bor, NY, 1988)].

13. S. Buxser et al., J. Neurochem 56, 1012 (1991).

14. In this assay, PC-12 cells were plated onto bovine
type IV collagen—coated 96-well microtiter plates
at a density of ~1 x 108 cells per well. Six hours
after plating, the cells were exposed to native
NGF or OX-26-NGF conjugate To generate a
dose-response curve, we diluted the samples in
duplicate in growth medium (serially, in twofold
increments) to cover a wide range of concentra-
tions. After 5 days of their exposure to the sam-
ples, we scored the plates by counting the total
number of cells and the number of cells with
neurites longer than two cell diameters in length in
two to three representative fields of view Intact
conjugate was recovered from the incubation
medium at the end of the assay, which suggests
that the observed activity was a result of NGF
linked to the antibody. These results are represen-
tative of other experiments that have been done.

156. L. R. Walus and P M Friden, unpublished data.

16. D. Triguero et al., J. Neurochem. 54, 1882 (1990).

17. For the capillary depletion experiments, OX-26—
NGF conjugate was prepared with NGF that was
radiolabeled with 3H to a high specific activity [U.
Kummer, Methods Enzymol. 121, 670 (1986)].
The radiolabeled conjugate was injected into rats
intravenously by means of the tail vein, and the
animals were killed at various times after injection
and their brains removed. Homogenization of the
brain followed by density gradient centrifugation
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19.

20.

21.

22,

through 12% dextran separated the vascular ele-
ments from the remaining brain tissue. Although
precipitable by trichloroacetic acid, the very small
amount of 3H detected in the brain parenchyma
after administration of radiolabeled NGF may rep-
resent a partially degraded form of the protein, as
intact NGF is not thought to cross the BBB.

. Intraocular allogenic transplantation was per-

formed in Sprague-Dawley rats according to the
protocol of Olson and co-workers [L. Olson et al.,
Brain Res. 119, 87 (1977)]. Fetal basal forebrain
was dissected from rat fetuses of embryonic day
18 (10) and injected into the anterior chamber of
the eye of chloral hydrate—anesthetized [300 mg
per kilogram of body weight, intraperitoneally
(i.p.)] adult rat hosts through an incision in the
cornea [A.-Ch. Granholm, Methods Neurosci. 7,
327 (1991)]. To control for small variations in the
fetal age of the donors, which would influence
posttransplantation growth, we evenly distributed
among all treatment groups brain tissue from any
given donor dam. The growth and vascularization
of transplants in hosts lightly anesthetized with
halothane was evaluated routinely with an ocular
micrometer in a stereomicroscope. The surface
area of each graft was calculated repeatedly, and
growth curves were generated. We previously
demonstrated a high correlation between graft
linear dimensions and wet weight [H. Bjérklund et
al., Environ. Res. 22, 229 (1990)].

Intraocular transplants in rats form an intact BBB.
Vessels growing into the graft from the host iris
make connections with vascular elements in the
grafted nervous tissue [R. L. Knobler et al., J.
Neuropathol. Exp. Neurol. 51, 36 (1992)]. To
determine if the BBB had formed specifically in
our transplants at the time of the first injection, 2
weeks after grafting we injected Evan's blue (20
mg/kg; i.v.) into 4wo rats with transplants in both
eyes. After 30 s, the rats were killed, and the
transplants were sectioned. This experiment dem-
onstrated that a large quantity of stain collected in
iris vessels, with iris tissue strongly stained and
with some staining in vessels in transplants but no
leakage into the brain tissue in grafts. Therefore,
we started injections of OX-26-NGF at this time
after grafting. In mature grafts, immunocytochem-
ical studies showed that blood vessels accumu-
late the OX-26 antibody after i.v. injection with a
density and intensity similar to intact brain vascu-
lature. No vascular staining was seen after i.v.
injection of control antibody [mouse immunoglob-
ulin G2a (IgG2a)].

The dose of NGF administered, either as free
protein or a conjugate with OX-26, was 6.2 pg
per injection. We calculated this dose by estimat-
ing an optimal concentration of 5 x 1010 M of
NGF at the graft neuronal receptor site. This
represents a 50-fold excess over the dissociation
constant value of 10~'" M for the high-affinity NGF
receptor in order to achieve a tissue level of NGF
on the plateau of the dose-response curve. In the
first series, five animals with transplants in both
eyes received the OX-26-NGF conjugate, and
four animals received OX-26 alone. Injections
were given in the tail vein (0.5 ml per rat) at 13, 27,
41, and 55 days after transplantation. In the
second series, 11 animals were injected in each
group with OX-26-NGF, OX-26 alone, NGF alone,
or saline at 14, 29, and 43 days after grafting. A
one-way analysis of variance (ANOVA) was used
to assess overall statistical significance of differ-
ences in growth among groups with P < 0.05. The
Bonferroni post hoc test was used to compare
means from individual groups.

The growth and survival of target-deprived basal
forebrain cholinergic neurons in the anterior
chamber of the rat eye is promoted by NGF
administered into the intraocular fluid (70), and
intraocular administration of NGF can increase
the number of ChAT-positive cells in rat basal
forebrain tissue grafts by approximately 80% over
that observed in untreated control grafts (10).
Host rats were anesthetized with chloral hydrate
(300 mg/kg i.p.), and graft tissue was fixed with a
transcardial perfusion of paraformaldehyde (2%)



and picric acid (3%) in phosphate buffer. Trans-
plants were dissected and sectioned on a cry-
ostat. Sections were washed in phosphate-buff-
ered saline (PBS) and incubated with antibody to
rat IgG for 1 hour, washed, and incubated again
with a monoclonal antibody against ChAT (Boe-
ringer Mannheim; 1:10 in PBS with 0.2% Triton
X-100) for 48 hours. They were washed and
incubated with antibody to rat IgG conjugated
with fluorescein (1:10 in PBS with 0.2% Triton
X-100). Sections were washed and mounted in
glycerin-PBS (9:1) and studied with an epi-illumi-
nation Nikon fluorescence microscope. With the
use of a nonparametric measure of cholinergic
neuron density (0 to 4) and ratings by a blinded
observer, cholinergic neuron density in the con-
jugate group was determined to be 3.65 * 0.71.
There were no significant differences in the con-
trol groups; the average cholinergic neuron den-
sity was 1.14 = 0.22.

23. B.H. Wainer et al., Neurochem. Int. 6, 163 (1984);
J. Rossier, ibid., p. 183.

24. Consideration of the role of transport of NGF from
the circulation to the graft via the vasculature of
the ciliary epithelium, with subsequent diffusion
through the aqueous humor, is very relevant be-
cause the ciliary epithelium has been shown to
possess several properties of brain blood vessels
[S. I. Harik et al., Proc. Natl. Acad. Sci. U.S.A. 87,
4261 (1990); G. Raviola, Exp. Eye Res. (suppl.)
25, 27 (1977); G. Raviola and J. Butler, Invest.
Opthalmol. Visual Sci. 25, 827 (1984); M. Kuper-
smith and M. Shakib, in Implications of the Blood-
Brain Barrier and its Manipulation, E. A. Neuwelt,
Ed. (Plenum, New York, 1989), pp. 369-390],
although the existence of transferrin receptors on
ciliary vessels has not been examined. Several
considerations suggest this mechanism is less
likely than direct delivery through the brain graft
vasculature. First, as shown by direct measure-

ment [M. Kottler et al., Invest. Ophthalmol. 9, 758
(1970); F. J. Macri and J. O'Rourke, Arch. Oph-
thalmol. 83, 741 (1970)], the aqueous humor turns
over rapidly, with a half-life of substantially less
than 1 hour. Thus, this route would be an ineffi-
cient means to deliver materials to the brain
transplant, considering the rapid loss of the con-
jugate from the bloodstream. Second, as shown
by direct histological examination, the transplants
also develop a pia mater and glia limitans surface
covering like intact brain. These membranes
would further constitute diffusional barriers from
the aqueous humor to the transplant. Third, in
order to achieve trophic effects on the survival of
medial septal brain transplants (70) direct in-
traocular administration of approximately 1 uwM
doses of NGF were required. In our experiments,
the NGF conjugate concentration in the blood was
in the range of only 10 to 100 nM, and our direct
measurements of NGF brain levels after systemic
administration of the conjugate only approximate
a 20to 40 pM level. Thus, greater than 1000 times
more NGF was required for comparable effects
when placed directly into the anterior chamber,
which further supports the conclusion that within
the anterior chamber a diffusional barrier exists for
large molecules to pass into the transplant and
that specific transport of the NGF conjugate
across the BBB via the transferrin receptor is a
much more efficient process. Still higher doses of
NGF were required for medial septal neuron res-
cue in vivo after intracerebroventricular adminis-
tration (4, 5).
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Retinal Degeneration in Choroideremia: Deficiency
of Rab Geranylgeranyl Transferase

Miguel C. Seabra, Michael S. Brown, Joseph L. Goldstein

Rab geranylgeranyl transferase (GG transferase) is a two-component enzyme that at-
taches 20-carbon isoprenoid groups to cysteine residues in Rab proteins, a family of
guanosine triphosphate-binding proteins that regulate vesicular traffic. The mutant gene
in human choroideremia, an X-linked form of retinal degeneration, encodes a protein that
resembles component A of rat Rab GG transferase. Lymphoblasts from choroideremia
subjects showed a marked deficiency in the activity of component A, but not component
B, of Rab GG transferase. The deficiency was more pronounced when the substrate was
Rab3A, a synaptic vesicle protein, than it was when the substrate was Rab1A, a protein
of the endoplasmic reticulum. The data imply the existence of multiple component A
proteins, one of which is missing in choroideremia.

Choroideremia (CHM) is an X-linked
form of retinal degeneration that is sub-
sumed under the broad classification of
retinitis pigmentosa (I). Affected males
experience night blindness in their teens,
which usually progresses to tunnel vision or
complete blindness by middle age. Histo-
logically, there is degeneration of the reti-
nal pigment epithelium and its two adja-
cent cell layers, the choroid which contains
the blood vessels, and the retinal photore-
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ceptor cells. Which of these three layers is
the primary site of the disease is not known.
Carrier females are generally asymptomatic,
but they have patchy pigmentation and
degeneration of the pigment epithelium
and choroid consistent with the presence of
clonal areas of disease attributable to ran-
dom X-inactivation.

The defective gene in CHM was local-
ized initially by linkage analysis and identi-
fied by positional cloning on the basis of
information on deletions and translocations
surrounding the locus at the chromosome
Xq21 band (2, 3). Analysis of a partial
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cDNA encoded by the CHM gene isolated
from a retinal cDNA library (2, 3) revealed
that the CHM mRNA is expressed in cell
types other than those of the retina, includ-
ing Epstein-Barr virus—immortalized B lym-
phoblasts. The CHM 5.4-kb mRNA en-
codes a protein of more than 395 amino
acids (2, 3) whose function has heretofore
been unknown. The sequence of the CHM
protein from the human and the mouse
resembles that of the bovine protein desig-
nated smgp25/Rab3A GDI (4, 5), which
was identified and purified (6) on the basis
of its ability to inhibit the exchange of
guanosine triphosphate (GTP) for guano-
sine diphosphate (GDP) bound to Rab3A,
a low molecular weight guanine nucleotide-
binding protein present in synaptic vesicles
(7).
The Rab family includes more than 20
sequence-related proteins (~25 kD) that
are bound to the cytoplasmic surfaces of
specific membranous organelles in all eu-
karyotic cells (7). By analogy to other
guanine nucleotide-binding proteins, the
Rab proteins are considered inactive in
their GDP-bound form (7). When activat-
ed, the GDP is exchanged for GTP, and the
Rab proteins then participate in the process
by which membranbus vesicles fuse with
each other in a highly selective and unidi-
rectional fashion. The Rab proteins become
inactivated when they hydrolyze the bound
GTP to GDP, allowing the cycle to be
repeated (7).

In order for Rab proteins to bind to
membranes, they must contain a covalently
bound hydrophobic prenyl group, generally
the 20-carbon isoprenoid geranylgeranyl
(GG) (8, 9). Shortly after Rab proteins are
translated, one or more GG groups are
attached in thioether linkage to cysteine
residues at or near the COOH-terminus
(8). Rab3A, which terminates in Cys-Ala-
Cys, contains GG groups on each of these
cysteines (8). RablA, a protein of the
endoplasmic reticulum, contains at least
one GG group on its COOH-terminal Cys-
Cys sequence (8).

Prenylation of Rab3A and RablA is
catalyzed by a two-component enzyme
called Rab geranylgeranyl transferase (GG
transferase) that has been purifted from rat
brain (10, 11). Component B of this en-
zyme consists of two (60 and 38 kD) (10)
tightly associated polypeptides whose ami-
no acid sequences resemble those of the «
and B subunits, respectively, of p21™° far-
nesyltransferase, another prenyltransferase
(12). Component A of Rab GG transferase,
which has no counterpart in the farnesyl-
transferase, is a 95-kD polypeptide (11).
Component B has little, if any GG trans-
ferase activity in the absence of component
A (10, 11).

Although the sequences of six peptides
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