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Translation in vitro of mRNA and immunoprecip-
itation with specific rabbit antisera showed that the
unglycosylated precursor polypeptides of the
mouse Mac-1 and lymphocyte function associated
antigen (LFA-1) a subunits are 130,000 M, and
140,000 M,, respectively. Furthermore, polysomes
purified by using anti-Mac-1 IgG yielded a similar
major product of translation in vitro of M, = 130,000.
The Mac-1 and LFA-1 a subunit translation products
are immunologically noncross-reactive, showing
that differences between these related proteins are
not due to post-translational processing. Mac-1 and
LFA-1 a subunits could only be in vitro translated
from mRNA from cell lines the surfaces of which
express the corresponding Mac-1 and LFA-1 a-8
complexes, showing tissue-specific expression is
regulated at the mRNA level. The glycosylation of
Mac-1 was examined by both translation in vitro in
the presence of dog pancreas microsomes and by
biosynthesis in vivo and treatment with tunicamy-
cin, endoglycosidase H, and the deglycosylating
agent triflnoromethane sulfonic acid. High mannose
oligosaccharides are added to the Mac-1 « and 8
polypeptide backbones of M; = 130,000 and 72,000,
respectively, to yield precursors of M, = 164,000
and 91,000, respectively. The « and 8 subunit pre-
cursors are then processed with partial conversion
of high mannose to complex type carbohydrate to
yield the mature subunits of M, = 170,000 and
95,000, respectively.

Mac-1 is a glycoprotein present on macrophages, mon-
ocytes, granulocytes, and large granular lymphocytes (1).
Macrophage 1 molecule (Mac-1)*> has been shown to be
the complement receptor CR3 in the mouse (2) and hu-
man {2, 3). Macrophages are able to bind, phagocytose,
and degrade particles coated with the complement com-
ponent iC3b through this receptor (4). In addition, Mac-1
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is also involved in adhesion of monocytes and granulo-
cytes to a variety of surfaces including artificial sub-
strates and endothelial cells (1). Mac-1 has been biochem-
ically defined as a heterodimeric protein composed of two
non-covalently associated subunits, aM (M; = 170,000)
and @ (M. = 95,000j (5].

Mac-1 is structurally related to two other leukocyte
adhesion proteins, lymphocyte function-associated anti-
gen 1 (LFA-1} and p150,95, which have identical 8 sub-
units and distinct « subunits (6, 7). LFA-1 is a general
leukocyte cell-cell adherence protein (8). In contrast to
Mac-1, LFA-1 is present on lymphocytes. LFA-1 is also
present on granulocytes and monocytes, and on activated
and primed but not resident or thioglycollate-elicited
macrophages (1, 9). Thus the Mac-1 and LFA-1 «-38 com-
plexes, and hence their a subunits are expressed differ-
entially on leukocytes.

Mac-1 and LFA-1 have been purified to homogeneity
(10), and their « subunits have 33% amino acid sequence
homology at their N-termini, suggesting that they could
have evolved by gene duplication (11). These glycopro-
teins appear to play a central role in the immune response
as shown in an immunodeficiency disease in which cell
surface expression of Mac-1, LFA-1, and p150,95 is de-
ficient. Granulocytes, monocytes, and lymphocytes from
patients with Mac-1, LFA-1 deficiency disease have se-
vere defects in adhesion and adhesion-dependent func-
tions (1).

We report here the translation in vitro of the murine
Mac-1 and LFA-1 « subunits, and studies on the glyco-
sylation of Mac-1, both during translation in vitro and
biosynthesis in vivo. The results show that the Mac-1
and LFA-1 « subunits have immunologically noncross-
reactive polypeptide backbones of M, = 130,000 and
140,000, respectively, and their leukocyte lineage-spe-
cific expression is regulated at the mRNA level. Rabbit
IgG against Mac-1 has been used to obtain greatly en-
riched preparations of Mac-1 mRNA by polysome immu-
noselection. Furthermore, the steps in the glycosylation
and carbohydrate processing of the Mac-1 « and g sub-
units have been defined.

MATERIALS AND METHODS

Rabbit antisera. Mouse Mac-1 and LFA-1 were purified to ho-
mogeneity by monoclonal antibody affinity chromatography (10).
Rabbit antisera were raised by intramuscular injection of 75 ug of
emulsified purified antigen in complete Freund’s adjuvant. Rabbits
were boosted intramuscularly after 2 and 4 wk with 25 gg of antigen
in complete Freund's adjuvant.

RNA. Cells were cultured to a density of 10° cells/ml in RPMI 1640
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medium containing 10% fetal calf serum (FCS) and were washed
twice in phosphate-buffered saline (PBS) at 4°C. RNA was prepared
by homogenization of the cells in guanidinium isothiocyanate fol-
lowed by centrifugation over a cesium chloride cushion (12). Poly(A)*
RNA was enriched by oligo(dT) cellulose chromatography (13).

In vitro translation and immunoprecipitation of translation
products. Poly(A)" RNA was translated in vitro by using a rabbit
reticulocyte system obtained as described by Pelham and Jackson
(14). When indicated, in vitro processing and glycosylation of the
translated polypeptides was performed by adding dog pancreas mi-
crosomes to the translation reaction (15). Both the reticulocyte lysate
and the pancreas microsomes were pretreated with micrococcal
nuclease (14). Immunoprecipitation of in vitro translation products
was performed according to Anderson and Blobel (16). In summary,
the in vitro translation reaction was stopped by adding sodium
dodecyl sulfate (SDS) to a final concentration of 4%, and the trans-
lation products were incubated at 100°C for 5 min. Ten volumes of
10 mM Tris HCI (pH 7.8), 0.14 M NaCl, 1 mM phenylmethylsulfonyl
fluoride (PMSF) buffer containing 2% Triton X-100 to bind the SDS
were added to each sample. Each sample was precleared twice with
30 ul of a 1:1 slurry of protein A-Sepharose in TSA buffer (10 mM
Tris-HCI, pH 7.8, 0.14 M NaCl, and 0.01% NaN3) for 1 hr at 4°C with
constant shaking. The protein A-Sepharose was removed by centrif-
ugation, and 7 ul of rabbit serum were added to each supernatant.
After 2 hr at 4°C, 50 ul of protein A-Sepharose slurry were added,
and the samples were incubated for 1 hr at 4°C with constant
shaking. Immune complexes adsorbed to the protein A-Sepharose
were collected by centrifugation and were washed as described (16).
The immunoprecipitated proteins were subjected to SDS 7% poly-
acrylamide gel electrophoresis (PAGE). The gels were soaked in PPO-
dimethyl sulfoxide (DMSO) (17) and were fluorographed by using
Kodak SB-5 film.

Metabolic labeling. P388D1 cells were washed and were incu-
bated at 2 X 10° cells/ml for 2 hr in methionine-free RPMI 1640
media supplemented with 10% dialyzed FCS. [**S|Methionine (NEG-
009A, 800 Ci/mmol; New England Nuclear) was added (50 xCi/ml),
and the cells were cultured for 1 hr at 37°C. The labeling was stopped
by addition of 1 mM methionine, and the cells were either collected
by centrifugation or were cultured for 6 additional hr. Cells were
washed twice with PBS at 4°C and were lysed by incubation in 10
mM Tris-HCI (pH 7.8), 0.14 M NaCl, 1 mM PMSF, and 1% Triton X-
100 at 4°C for 15 min at a concentration of 2 X 10° cells/ml. The
lysate was centrifuged at 100,000 X G for 45 min, and the super-
natants were used for immunoprecipitation experiments. When in-
dicated, tunicamycin was included at 2.5 pg/ml during preincubation
of the cells in methionine-free media and labeling. Immunoprecipi-
tation from metabolically labeled cell lysates was according to the
protocol for in vitro translation products, except that the final con-
centration of SDS in the samples was 1% (16), and only 1 ul of rabbit
serum was used for each sample.

Endoglycosidase H digestion. Inmunoprecipitated proteins were
eluted from the protein A-Sepharose beads by boiling in 50 ul of 1%
SDS and 0.1 M Tris-HCI (pH 8.0) for 5 min and were diluted with 9
vol of reaction buffer (10 mM 2-(N-morpholino)ethane sulfonic acid
(MES) pH 5.5, 0.14 M NaCl). The reaction was carried out in the
presence of 2 mU of endoglycosidase H and 1 mM PMSF at 37°C for
16 hr (18). The proteins were precipitated with acetone in the pres-
ence of 10 pg of tRNA as carrier and were resuspended in sample
buffer before SDS-PAGE.

Trifluoromethanesulfonic acid treatment. Deglycosylation with
trifluoromethanesulfonic acid was performed by a modification (19)
of the method of Edge et al. (20). Immunoprecipitated Mac-1 was
eluted from protein A-Sepharose beads, was trichloroacetic acid
(TCA) precipitated, and was lyophilized. A 2:1 mixture of trifluoro-
methanesulfonic acid:anisole (200 pl) was added to the samples. The
samples were flushed with nitrogen, were sealed, and were incu-
bated 2 hr at 4°C and then at 2 hr at —20°C. The reaction was
stopped by the addition of 500 ul of 10 mM triethanolamine (TEA),
2% Nonidet P-40 (NP-40) (pH 7.8), followed by 100 ul of 1 M TEA.
The samples were then TCA precipitated and were reconstituted in
SDS-PAGE sample buffer.

Polysome purification. Inmunoselection of Mac-1-synthesizing
polysomes was according to Shapiro and Young (21). Rabbit anti-
Mac-1 serum was made RNase free by purification on a protein A-
Sepharose column (22). P388D1 cells were washed with PBS con-
taining 1 ug/ml cycloheximide and were lysed at 2 X 107 cells/ml in
50 mM Tris-HCI, pH 7.8, 150 mM potassium acetate, 10 mM MgCl,,
1 pg/ml cycloheximide, 0.1 mg/ml heparin, and 0.35% NP-40 at 4°C
for 15 min. Nuclei were pelleted at 7,000 X G for 15 min and
microsomes were disrupted by making the supernatant to 0.35% Na
deoxycholate. Polysomes were purified by centrifugation through a
cushion of 65% sucrose (w/v) at 100,000 X G for 2 hr at 4°C. The
sucrose layer containing the polysomes was diluted to 5 Asgo units/
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ml with polysome buffer (25 mM Tris-HCI, pH 7.6, 150 mM NacCl, 5
mM MgCl,, 0.1% NP-40, 0.1 mg/ml heparin, and 1 ug/ml cyclohexi-
mide) and was incubated with RNase-free anti-Mac-1 IgG (0.3 mg/
10® cell equivalents) for 16 hr at 4°C. The incubation mixture was
passed first through a column of glycine-quenched CNBr-activated
Sepharose CL4B to remove nonspecifically binding material, and
then the IgG-polysome complexes were adsorbed to a protein A-
Sepharose column. The column was extensively washed with poly-
some buffer. The adsorbed polysomes were then eluted with 25 mM
Tris-HCI (pH 7.5) and 20 mM EDTA, were collected in 400 ul aliquots,
and were quickly ethanol precipitated.

RESULTS

Identification of Mac-1 and LFA-1 in vitro translation
products. Poly(A)* RNA was purified from the mouse T
lymphoma line EL-4 that expresses LFA-1, and from the
macrophage-like line P388D1, which expresses Mac-1
and in smaller amounts LFA-1 (10, 23). Aliquots of 1 ug
of poly(A)" RNA from these cell lines were translated in
vitro in a rabbit reticulocyte system. Translation prod-
ucts were heated at 100°C in 4% SDS and then were
diluted with 2% Triton X-100 (16) to lower the back-
ground in immunoprecipitation. The translation products
were then immunoprecipitated with rabbit antisera to
Mac-1 or LFA-1, or with nonimmune serum (Fig. 1). The
anti-Mac-1 serum specifically immunoprecipitated a ma-
jor band of 130,000 M, from translation products of
P388D1 mRNA but not EL-4 mRNA, as expected for the
Mac-1 a-chain polypeptide (Fig. 1, lane I). On the other
hand, the anti-LFA-1 serum specifically immunoprecip-

Figure 1. Immunoprecipitation of LFA-1 and Mac-1 « subunit in vitro
translation products. Poly A* RNA from the mouse macrophage cell line
P388D1 (Panel A) and the mouse T cell line EL-4 (Panel B) was translated
in a rabbit reticulocyte system in the presence of [**S] methionine. Trans-
lation products were immunoprecipitated with rabbit polyclonal antise-
rum raised against purified mouse Mac-1 (Lane 1), purified mouse LFA-
1 (Lane 2), or preimmune rabbit serum (Lane 3), and were subjected to
SDS-PAGE and fluorography. The position of the Mac-1 « subunit («M)
and LFA-1 « subunit (aL) products is indicated.
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itated a polypeptide of 140,000 M, from both P388D1 and
EL-4 mRNA translation products as expected for an LFA-
1 a-chain polypeptide (Fig. 1, lane 2). The putative M, =
130,000 Mac-1 and M; = 140,000 LFA-1 «a-chain poly-
peptides were consistently observed in many independ-
ent in vitro translation experiments. Neither a subunit
was obtained after translation in vitro of mRNA from L
cells, which are both Mac-1" and LFA-1" (not shown).
Minor bands that were observed such as a 70,000 M;
polypeptide varied between experiments. No major band
translated in vitro could be recognized as the § subunit
polypeptide common to Mac-1 and LFA-1. Furthermore,
no common band was immunoprecipitated from the
translation products of P388D1 mRNA with the rabbit
sera to LFA-1 and Mac-1. It is not clear whether this is
due to poor precipitation of 8 by the antiserum, masking
by background bands, or degradation of 3 mRNA. Mono-
clonal antibodies to the Mac-1 «, LFA-1 «, and common
§ subunit (7) did not immunoprecipitate products trans-
lated in vitro (not shown).

Immunopurification of Mac-1-synthesizing polyribo-
somes. We next examined whether anti-Mac-1 IgG could
bind to the nascent Mac-1 polypeptide chain and be used
to purify Mac-1-synthesizing polyribosomes. These ex-
periments were designed as a second method of identify-
ing the Mac-1 « chain translation product, and to exam-
ine the feasibility of immunologically purifying Mac-1
mRNA. Polysomes were purified from P388D1 cells and
were incubated with purified, RNase-free anti-Mac-1 IgG.
The mixture was passed through a pre-column to absorb
nonspecific material and then through protein A-Sepha-
rose to absorb specific Mac-1* polysomes. The polysomal
nascent polypeptide chain-mRNA-ribosome complexes
were dissociated with EDTA, and the mRNA and ribo-
somes were eluted from the column and were collected
in fractions. One percent of the mRNA from each fraction
was subjected to in vitro translation. The translation
products were directly analyzed by SDS-PAGE (Fig. 2).
The major translation product from the eluted mRNA is
a 130,000 M, polypeptide (Fig. 2, fractions 3 and 4) that
can be immunoprecipitated by the Mac-1 antiserum and
co-migrates with Mac-1 « translated from total poly(A)*
mRNA (not shown). This band represents between 10
and 50% of the total translation products in different
experiments. Quantitation of the eluted RNA has shown
that it represents ~0.1% of the RNA applied to the col-
umn, which is in good agreement with the calculated
percentage that Mac-1 represents of P388D1 total protein
(10).

Comparison and glycosylation of Mac-1 products
synthesized in vitro and in vivo. To show that the Mac-
1 a-chain polypeptide synthesized in vitro is bona fide,
two approaches were used. First, dog pancreas micro-
somes were added to in vitro translation systems to gly-
cosylate the in vitro translation product, and it was com-
pared with the in vivo glycosylated precursor; and second,
the in vivo synthesized precursors were deglycosylated
and were compared with the product translated in vitro
in the absence of added microsomes. In the course of
these experiments, we also examined the glycosylation
in vivo of the Mac-1 § subunit. In all experiments, in vitro
and in vivo synthesized products were heated in SDS at
100°C, then were cooled, and an excess of nonionic de-
tergent was added before immunoprecipitation. Under
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Figure 2. Immunoselection of Mac-1 « polysomes. Polysomes from
P388D1 cells were immunoselected by incubation with anti-Mac-1 IgG
and protein A-Sepharose chromatography as described in Materials and
Methods. Purified mRNA was eluted from the column with EDTA, was
collected in fractions, and was ethanol precipitated. One percent of the
mRNA from each eluted fraction was translated in vitro. Samples were
subjected to SDS-7.5% PAGE and fluorography. The position of the in
vitro translated « subunit polypeptide is indicated.

these conditions, the « and 8 subunits are dissociated,
and are independently precipitated by Mac-1 « subunit-
and @ subunit-specific antibodies present in the Mac-1
antiserum (7).

Dog pancreas microsomes added to in vitro translation
systems have previously been shown to catalyze cleavage
of the signal peptide from the polypeptide precursor and
the addition of N-linked high mannose-type oligosaccha-
rides (24). P388D1 mRNA was translated in vitro in the
presence or absence of dog pancreas microsomes. Com-
parison of the products precipitated by anti-Mac-1 serum
(Fig. 3, lanes 5 and 6) showed that the microsomes con-
verted approximately 50% of the polypeptide chain of M,
= 130,000 to a chain of M, = 164,000. Furthermore, this
164,000 M, chain, translated and glycosylated in vitro,
migrated identically to the Mac-1 «-chain precursor syn-
thesized in vivo (Fig. 3, lane 4). Smaller amounts of lower
M; chains variably seen in the in vitro translation prod-
ucts (compare Fig. 1) were not glycosylated and did not
appear related to the § subunit.

To isolate unglycosylated precursors synthesized in
vivo, P388D1 cells were treated with tunicamycin, an
inhibitor of N-linked glycosylation (25), and were labeled
with [**Sjmethionine. Two polypeptide chains of M, =
130,000 and 72,000 were precipitated with anti-Mac-1
serum (Fig. 3, lane 2). The 130,000 M, deglycosylated
chain synthesized in vivo migrated identically to the M,
= 130,000 product translated in vitro (Fig. 3, compare
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Figure 3. Comparison of in vitro translated and in vivo labeled Mac-
1. Glycosylated and unglycosylated forms of Mac-1 were isolated from
both in vivo and in vitro synthesized [**S]methionine labeled molecules
by immunoprecipitation with the anti-Mac-1 rabbit serum. Poly(A)* RNA
from P388D1 cells was translated in vitro either in the presence (Lane 5)
or absence (Lanes 1 and 6) of dog pancreas microsomes. The immature
form of Mac-1 was immunoprecipitated from P388D1 cells that had been
metabolically labeled 1 hr with [**S]methionine (Lane 4). Endo H digest
of this immature product is shown in Lane 3. Some P388D1 cells were
also treated with the drug tunicamycin for 2 hr before and during the
pulse labeling (Lane 2). The mature form of Mac-1 was isolated from cells
that were pulsed-labeled for 1 hr and were chased for 6 hr with cold
methionine (Lane 7). Mature Mac-1 digested with Endo H is shown in
Lane 8. Samples were subjected to SDS-7% PAGE and fluorography.
Control immunoprecipitates with normal rabbit serum had very little
background (not shown).

lanes 2 and 1), in agreement with their both being the
unglycosylated Mac-1 « subunit. The second polypeptide
of M; = 72,000 appears to be the unglycosylated 8 sub-
unit precursor, which for unknown reasons is not im-
munoprecipitated by the same antiserum from in vitro
translation products.

We next examined the glycosylation of Mac-1 during in
vivo biosynthesis. P388D1 cells were pulsed 1 hr with
[**S]methionine to obtain the precursor form of Mac-1,
and then were chased with unlabeled methionine for 6
hr to obtain the mature form (26). After the 1 hr pulse
labeling, precursors for the a-chain (164,000 M,) and
chain (91,000 M,) were immunoprecipitated (Fig. 3, lane
4). Treatment of these precursors with endoglycosidase
H (Endo H) yielded two polypeptides of M, = 133,000 and
77.000 M,, which are very similar in size to the unglyco-
sylated « and g chain precursors (Fig. 3, lane 3), and
suggests that the Mac-1 « and 8 chain precursors contain
exclusively high mannose type N-linked oligosaccharides.
N-glycosylation is known to take place on the endoplas-
mic reticulum. The small difference in M, between the
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polypeptides obtained by tunicamycin treatment and
Endo H digestion (Fig. 3, compare lanes 2 and 3) can be
due to the presence of a molecule of N-acetylglucosamine,
which is left at each glycosylation site after Endo H
digestion (27), and would not be present in the molecules
from tunicamycin-treated cells. The high-mannose oli-
gosaccharide-containing precursor synthesized in vivo
shows the same electrophoretic mobility as the molecule
glycosylated in vitro (Fig. 3, lanes 4 and 5, respectively),
suggesting that both are Mac-1 « subunit precursors
containing high-mannose oligosaccharides.

Trifluoromethanesulfonic acid treatment, which com-
pletely removes O-linked, as well as N-linked oligosac-
charides (20), was used as a second means of removing
carbohydrate from Mac-1 precursors synthesized in vivo.
Trifluoromethanesulfonic acid-treated Mac-1 « and j3 pre-
cursors (Fig. 4, lane 4) migrated identically with Mac-1
from tunicamycin treated cells (Fig. 4, lane 3), and simi-
larly to Endo H-treated Mac-1 (Fig. 4, lane 2).

Mature Mac-1 was obtained by labeling cells for 1 hr
with [**S]methionine followed by a 6-hr chase period (26).
Immunoprecipitation yielded the mature Mac-1 molecule
composed of a 170,000 M, « subunit and a 95,000 M, 3
subunit (Fig. 3, lane 7). Endo H treatment of the mature
molecule decreased the apparent molecular mass to
158,000 for the « subunit and 91,000 for the 8 subunit
(Fig. 3, lane 8). Endo H cleavage of the mature « and 8
subunits (Fig. 3, compare lanes 7 and 8) resulted in
significantly less reduction in apparent molecular mass
than Endo H cleavage of the immature « and 8 subunits
(Fig. 3, compare lanes 4 and 3). This suggests that the
majority of the high mannose oligosaccharides on the

1234
200Kd —
d
Q

Mg
9T5Kd—

.4 P
68Kd—

43 Kd— '

Figure 4. Deglycosylation of the Mac-1 precursor with Endo H, tuni-
camycin, and trifluoromethanesulfonic acid. The Mac-1 precursor was
immunoprecipitated with rabbit anti-Mac-1 serum from P388D1 cells
that were metabolically labeled 1 hr with [**S]methionine. The immuno-
precipitates were analyzed directly (Lane 1) or after treatment with Endo
H (Lane 2) or trifluoromethansulfonic acid (Lane 4). Some cells were also
treated with tunicamycin for the 2 hr prior to and during the pulse labeling
(Lane 3.) Samples were subjected to SDS-7% PAGE and fluorography.
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Mac-1 « and § subunits are converted to complex-type,
Endo H-resistant oligosaccharides (27) during maturation
in vivo.

DISCUSSION

Rabbit polyclonal antisera against purified mouse LFA-
1 and Mac-1 antigens have been obtained that recognize
the corresponding « subunits from products of mRNA
translated in vitro. The Mac-1 antiserum immunoprecip-
itates an M, = 130,000 polypeptide translated from
mRNA of the macrophage line P388D1 but nothing trans-
lated from mRNA of the T lymphoma line EL-4, whereas
the LFA-1 antiserum immunoprecipitates an M, =
140,000 polypeptide from in vitro translation products
of both mRNA. These in vitro translation results corre-
spond with previous immunofluorescence, '**I-labeling,
and biosynthetic labeling studies, which have shown that
P388D1 is Mac-1*, whereas EL-4 is Mac-1", and both
P388D1 and EL-4 are LFA-1" (10). Neither « subunit was
translated from mRNA from Mac-17, LFA-1" L cells. This
is the first demonstration that the tissue-specific expres-
sion of the Mac-1 and LFA-1 «a subunits, and hence of
the corresponding surface-expressed Mac-1 and LFA-1
a-f3 complexes, is regulated at the mRNA level. The pres-
ence of Mac-1 « subunit transcripts in P388D1 cells but
not EL-4 or L cells has recently been confirmed with
cloned DNA probes (28]. No cross-reactivity between the
mouse Mac-1 and LFA-1 « chain polypeptides translated
in vitro was detected with the rabbit antisera. This is in
agreement with the noncross-reactivity of the mature,
glycosylated « subunits with rat antisera (7), and the
distinct peptide maps and N-terminal sequences of the
Mac-1 and LFA-1 « subunits (5, 11, 29). The findings
support the notion that the Mac-1 and LFA-1 « subunits
are products of distinct genes, and are not interrelated
by processing,.

Mac-1 mRNA has been purified by immunoselection of
polysomes bearing nascent Mac-1 chains by using rabbit
anti-Mac-1 IgG. Translation in vitro of the purified poly-
somal mRNA yields an M, = 130,000 polypeptide as major
translation product that can be immunoprecipitated by
the anti-Mac-1 rabbit serum. The identification of a poly-
peptide of similar M; by two different methods, immu-
noprecipitation of in vitro translation products and po-
lysome immunoselection, additionally confirms that this
polypeptide is the unglycosylated Mac-1 a subunit.

The in vitro translated Mac-1 and LFA-1 « subunits
were both 40,000 g/mole lower in M, than the mature «
subunits of M, = 170,000 and 180,000, respectively. This
suggests that both mature « subunits are glycosylated to
a similar extent and are 22 to 24% carbohydrate as
estimated by SDS-PAGE.

We focused on Mac-1 to study the relationship of the
Mac-1 a-chains synthesized in vitro and in vivo, and to
study the glycosylation of the a and 8 subunits. Experi-
ments that made use of pulse-chase metabolic labeling
of P388D1 cells in the presence or absence of tunicamy-
cin, Endo H, and trifluoromethanesulfonic acid treat-
ments, and glycosylation in vitro were carried out. These
experiments verified the authenticity of Mac-1 « trans-
lated in vitro. The correspondence of the Mac-1 a sub-
units synthesized in vivo and in vitro rules out a model
in which the Mac-1 « and 8 subunits would be derived by
cleavage from the same polypeptide chain precursor. Pro-
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teins that are cleaved into subunits by proteolytic proc-
essing in vivo, such as the C3 and C4 complement com-
ponents, are synthesized as a single precursor polypep-
tide by in vitro translation systems (30).

In previous in vivo pulse-chase studies, the Mac-1 «
and 8 subunits were found as separate precursors that
after several hours became associated in an «-8 complex,
increased slightly in M,, and were transported to the cell
surface (26). The findings presented here allow us to
propose the following glycosylation pathway for the Mac-
1 antigen.

The Mac-1 « subunit precursor contains a polypeptide
chain backbone of M; = 130,000, which was identified
both by translation in vitro and by tunicamycin treat-
ment of cells and by deglycosylation of the in vivo pre-
cursor with trifluoromethanesulfonic acid. We have not
been able to identify g subunit in vitro translation prod-
ucts, but tunicamycin treatment and chemical deglyco-
sylation both yield an unglycosylated 8 precursor of M, =
72,000. The « and B subunits are glycosylated in the
endoplasmic reticulum to high mannose oligosaccharide-
containing glycopolypeptides of M, = 164,000 and
91,000, respectively. The 164,000 M; Mac-1 « polypep-
tide can also be obtained by translation in vitro in the
presence of dog pancreas microsomes. Endo H digestion
of the in vivo « and B8 precursors reduces their M, to
133,000 and 77,000, respectively. The number of N-
linked oligosaccharides can be roughly estimated from
the difference in molecular mass between unglycosylated
and high-mannose containing peptides, assuming a M,
of 2500 for each oligosaccharide. These calculations pre-
dict the existence of 12 to 14 N-linked glycosylation sites
for the a subunit and five to eight sites for the 8 subunit.
Approximately five N-linked glycosylation sites on the 3
precursor were estimated by digesting with graded
amounts of Endo H and counting the number of steps on
the resulting "ladder”. Partial Endo H digestion products
of the o« subunit were also obtained, but were not suffi-
ciently well resolved to count (data not shown).

During a chase period of 6 hr, the Mac-1 « and 8
subunits are converted to the mature chains of M; =
170,000 and 95,000, respectively (26), concomitant with
a decrease in the amount their molecular mass was re-
duced by Endo H cleavage. The acquisition of Endo H
resistance reflects the conversion of high-mannose oli-
gosaccharides to the complex type, a step that is known
to occur in the Golgi apparatus (25). Most but not all of
the Mac-1 « and § subunit N-linked carbohydrate was
converted to the Endo H resistant, complex type during
maturation in vivo. From the decrease in molecular mass
of the mature molecules after Endo H treatment, approx-
imately five oligosaccharides for the o and two for the 8
subunit can be calculated to still remain as high mannose
type. These studies do not exclude the possibility of the
addition of O-linked polysaccharides or other covalent
modifications of the glycoprotein subunits also taking
place during processing.

These studies provide insights into the regulation of
Mac-1 and LFA-1 « subunit expression and the steps in
the biosynthesis and glycosylation of the Mac-1 « and 8
subunits. The characterization of the Mac-1 and LFA-1
« subunits translated in vitro from mRNA is also of use
in confirming the identity of Mac-1 and LFA-1 cDNA
clones. A Mac-1 « subunit genomic clone has recently
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been shown to be authentic by hybrid selection of Mac-1
mRNA followed by in vitro translation, and by the corre-
spondence of its nucleic acid sequence with the protein
sequence (28). Northern blotting shows the Mac-1 « sub-
unit mRNA is 6 kb, and its tissue-specific expression is
in accordance with the findings here on mRNA transla-
tion. Furthermore, when a myelomonocytic cell line is
stimulated with interferon-y to differentiate along the
monocytic pathway, both the 6 kb Mac-1 transcript and
mRNA translatable in vitro into the Mac-1 « subunit are
induced. Cloned Mac-1 and LFA-1 « subunit DNA will
allow insights into how these genes are differentially
regulated in the lymphoid and the monocytic/granulo-
cytic lineages and how cytokines such as interferon-y
and colony-stimulating factors regulate their expression.

These studies also provide a model for understanding
the « subunit processing defects in Mac-1, LFA-1 defi-
ciency disease. Indirect evidence suggests that the pri-
mary defect in Mac-1, LFA-1 deficiency is in the 8 subunit
(31). In normal human cells, a-chain and g-chain precur-
sors appear to associate in an «-8 complex and undergo
an increase in M;,. Patient cells have an intracellular pool
of the a-chain precursor that never undergoes the in-
crease in M, and never is expressed on the cell surface
(31). This study indicates that this « subunit precursor
form represents the high mannose glycosylated precur-
sor, and processing to the higher M, form is due to con-
version of most of the oligosaccharide chains to an Endo
H-resistant complex form. This suggests that in Mac-1,
LFA-1 deficient patient cells, the « subunit is not trans-
ported to the Golgi apparatus, and the a-chain is highly
dependent upon its association with the g chain for trans-
port through the Golgi and eventual cell surface expres-
sion.
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