sensitivity of the radioimmunoprecipitation
assay employed might be characteristic of
the development of ARC or AIDS in certain
individuals.

The possibility that antibodies to non-
envelope structures are effective in neutraliz-
ing HIV in vitro has been raised (22).
Antibody to RT similarly might interfere
with virion assembly or budding. Whether
such a mechanism is responsible for the
clinical correlations observed here is un-
known. Most likely, IgGs with anti-RT ca-
pacity are surrogate markers for protective
cellular immune responses or for other anti-
bodies with reactivity against neutralizing
envelope epitopes.

This latter area is controversial. Virus-
neutralizing factors have been found in
>50% of serum samples obtained from
ARC and AIDS patients (16), and in a
higher number of HIV-seropositive asymp-
tomatic carriers (23). Clinical correlations in
patients followed over time have been weak,
however. The assays typically involve single
HIV isolates as stock targets, although enve-
lope variability is well documented among
HIV isolates, even from a single individual
(24). We attempted to link HIV neutraliza-
tion in vitro with anti-RT activity, using
IgG from ten of the asymptomatic carriers.
We incubated 1 x 10 tissue culture infec-
tious doses of stock HIVyrpv.yy, with 1 or
10 ug of IgG for 2 hours at 25°C. Phytohe-
magglutinin-activated human peripheral
blood mononuclear cells (2 x 10°%) were
then added in RPMI-1640 containing 10%
fetal calf serum and 5% interleukin-2. Cul-
tures were maintained for 18 hours at 37°C,
the medium was changed, and HIV replica-
tion was assessed by RT determinations on
days 7 and 14 after infection. Using =75%
inhibition of enzyme activity as the criterion
for neutralization, we found most samples
effective at 10 ng, without regard to the
patient’s clinical status or the anti-RT capac-
ity of the IgG.

In conclusion, circulating IgGs from cer-
tain individuals infected with HIV can block
the catalytic activity of the viral polymerase
in vitro. This effect is specific for the RT of
HIV, although cross-reaction with HTLV-
IV might be anticipated. RT-IgG binding,
determined by radioimmunoprecipitation,
did not correlate with RT suppression. Fol-
low-up of a small cohort of asymptomatic
HIV carriers revealed loss of this inhibitory
capacity prior to development of clinical
ARC or AIDS. If these data are reproduced
in larger surveys of HIV-infected individ-
uals, the assay could serve as a marker for
disease progression, similar to the correla-
tion of anti-RT activity with clinical status
observed in other mammalian retroviral
models.
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Human CSF-1: Molecular Cloning and Expression of
4-kb cDNA Encoding the Human Urinary Protein

GORDON G. WONG,* PATRICIA A. TEMPLE, ANNE C. LEARY,

JOANN S. WITEK-GIANNOTTI, YU-CHUNG YANG, AGNES B. CIARLETTA,
MARGARET CHUNG, PATRICIA MURTHA, RONALD KRiz,

RANDAL J. KAUFMAN, CATHERINE R. FERENZ, BARBARA S. SIBLEY,
KATHERINE ]J. TURNER, RODNEY M. HEWICK, STEVEN C. CLARK,
NoBUYA YANAL, HAJIME YOKOTA, MUNEO YAMADA, MINORU SAITO,
Kazuo MoTtoyosHI, FUMIMARO TAKAKU

A 4-kilobase complementary DNA (cDNA) encoding human macrophage-specific
colony-stimulating factor (CSF-1) was isolated. When introduced into mammalian
cells, this cDNA directs the expression of CSF-1 that is structurally and functionally
indistinguishable from the natural human urinary CSF-1. Direct structural analysis of
both the recombinant CSF-1 and the purified human urinary protein revealed that
these species contain a sequence of at least 40 amino acids at their carboxyl termini
which are not found in the coding region of a 1.6-kilobase CSF-1 cDNA that was
previously described. These results demonstrate that the human CSF-1 gene can be
expressed to yield at least two different messenger RNA species that encode distinct

but related forms of CSF-1.

HE PROLIFERATION OF HEMATO-
poietic cells in culture requires the
presence of one or more hematopoi-
etic growth factors known as the colony-
stimulating factors (CSFs) (1). Four sub-
types of CSFs have been identified on the
basis of hematopoietic cell lineages observed

in colonies grown in the presence of the
different factors. In the human system, the
genes for all four of these subtypes have
been cloned, thereby permitting analysis of
the expression of these sequences in different
cell types (2-5). In analyzing the expression
of messenger RNAs (mRNAs) encoding

G. G. Wong, P. A. Temple, A. C. Leary, J. S. Witek-
Giannotti, Y.-C. Yang, A. B. Ciarletta, M. Chung, P.
Murtha, R. Kriz, R. J. Kaufman, C. R. Ferenz, B. S.
Sibley, K. J. Turner, R. M. Hewick, S. C. Clark, Genetics
Institute, Inc., 87 Cambridge Park Drive, Cambridge,
MA 02140.

N. Yanai, H. Yokota, M. Yamada, M. Saito, Morinaga

Milk Industry Company, Ltd., Bio-Medical Research
Laboratory, Meguro-Ku, Tokyo, Japan.

K. Motoyoshi, Division of Hemopoiesis, Institute of
Hematology, Jichi Medical School, Tochigi-Ken, Japan.
F. Takaku, Third Department of Internal Medicine,
School of Medicine, Tokyo University, Bunkyo-ku, To-

kyo, Japan.
SCIENCE, VOL. 235



human macrophage-specific CSF (CSF-1)
we observed that the predominant transcript
encoding this protein in several different cell
types is 4 kb in size. Because the comple-
mentary DNA (cDNA) clone for CSF-1
(pcCSF-17) described earlier (2) was de-
rived from an mRNA 1.5 to 2.0 kb in size,
we isolated cDNA clones encoding the
longer transcript to determine the basis for
this apparent size difference. We report that
the 4-kb mRNA encodes a larger CSF-1
precursor protein (61 kD) than does the
1.5- to 2.0-kb mRNA. The cDNA clone
(p3ACSF-69) encoding this 61-kD poly-
peptide, when introduced into mammalian
cells, directs high-level expression of a form
of CSF-1 that is very similar in its properties
to those reported for authentic human uri-
nary CSF-1. Subsequent determination of
the complete amino acid sequence of the
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Fig. 1. Blot analysis of CSF-1 mRNA sequences
from different cellular sources of CSF-1. Poly-
adenylated mRNA (5 pg) from each of the
following sources was analyzed: (lane 1) CCRF-
CEM cells (26), (lane 2) human peripheral blood
lymphocytes (PBL), (lane 3) lectin-stimulated
peripheral blood lymphocytes (1), (lane 7) Mia-
Paca cells (27), (lane 8) human liver, (lane 9)
TPA30-1 cells (6), (lane 10) human placenta, and
(lane 11) murine W20 cells (28). Total RNA (30
ug) from the following sources was analyzed:
(lane 4) unstimulated C10-M]J2 cells (29), (lane
5) lectin-stimulated C10-M]J2 cells (29), and (lane
6) murine L cells. The RNA blot analysis was
performed as described previously (3), with the
labeled cDNA insert fragment of p3ACSF-69 as
probe (see legend to Fig. 2). The relative mobil-
ities of the Hind III fragments of phage lambda
DNA were as indicated. C10-MJ2 cells and PBLs
were induced with phytohemagglutinin and phor-
bol myristate acetate, and RNAs were prepared as
described (3). The RNAs from all of the other cell
lines and tissues were prepared as described else-
where (30, 31). The RNAs were fractionated by
electrophoresis through a 1% agarose gel in the
presence of formaldehyde. The size-fractionated
RNA was transferred from the gel to nitrocellu-
lose and the resulting filter was probed with the 4-
kb insert of p3AACSF-69 labeled with *?P by using
the random oligonucleotide priming reaction as
described (32). The relative mobilities of the
different CSF-1 species were visualized by expo-
sure of the filter to Kodak XAR film. Similar
results were obtained with the synthetic oligonu-
cleotide probes (7).
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urinary CSF-1 revealed that it can be en-
coded by the 4-kb but not by the 1.5- to 2.0-
kb mRNA. In addition, determination of
the amino acid sequences of the amino- and
carboxyl-terminal tryptic peptides of puri-
fied recombinant human CSF-1 shows that
these peptides are structurally indistinguish-
able from those of human urinary CSF-1.
These results demonstrate that there are at
least two different CSF-1 mRNAs encoding
distinct but related forms of CSFE-1.

Analysis of the mRNA from several dif-
ferent cellular sources of CSF-1 revealed that
the most abundant form of the mRNA for
this factor in either human or murine cells is
approximately 4 kb in size (Fig. 1). Other
sizes of CSF-1-related sequences were also
detected, most notably a 2-kb mRNA found
in RNA preparations from murine stromal
cells. These studies also revealed that an
SV40-transformed trophoblast cell line
(TPA30-1) (6) is a particularly abundant
source of the 4-kb mRNA encoding CSF-1
(Fig. 1). We isolated CSF-1 cDNA clones
corresponding to the 4-kb transcript found
in TPA30-1 cells to determine the reason for
the difference in size between the two spe-
cies of CSF-1 mRNAs. These CSF-1 cDNA
sequences were isolated from libraries of
c¢DNA clones prepared from TPA30-1
mRNA (7) by use of the phage cloning
vector Agtll (8) or the plasmid cloning
vector pXM (9). Numerous overlapping
clones were identified by filter hybridization
with synthetic oligonucleotides based on
pcCSE-17, the previously reported nucleo-
tide sequence encoding human CSE-1 (7).
The nucleotide sequence of the 4-kb mRNA
deduced from these cDNA clones is depict-
ed in Fig. 2. The sequence contains a long
open translational reading frame of 1662
nucleotides encoding a 554—amino acid
polypeptide as well as 2200 nucleotides of
3’ noncoding sequence. The coding region
of this 4-kb sequence differs from the coding
region of pcCSF-17 by the insertion of 894
base pairs (indicated by the box in Fig. 2)
between nucleotides 721 and 722 of the
latter sequence. Because the 894-bp inser-
tion preserves the reading frame, the result-
ing coding region of the 4-kb mRNA en-
codes a 61-kD CSF-1 precursor which is
substantially larger than the 26-kD precur-
sor predicted from the sequence of pcCSF-
17. The nucleotide sequences of the two
different cDNAs diverge immediately after
their respective termination codons.

For initial studies of the expression of the
CSF-1 polypeptide encoded by the 4-kb
mRNA, two incomplete but overlapping
cDNA clones were introduced into the
mammalian cell expression vector pXM (9)
in such a way that the complete sequence
illustrated in Fig. 2 was regenerated. The

Table 1. Growth of macrophage colonies in the
presence of recombinant human CSF-1 (11).

Number of macrophage
colonies in the presence of

Dilution
of CSF-1 N 1:30 dilution
antib(())d of antiserum
Y to CSF-1

Murine macrophages

1:50 20 21

1:250 20 7

1:1,250 12 1

1:6,250 7 0

1:31,250 2 0
Human macrophages

1:48 7

1:144 8

1:432 4

1:1,296 1

resulting plasmid, designated p3ACSF-69,
was introduced into monkey COS-1 (10)
cells. The conditioned medium generated
was capable of supporting the formation of
murine macrophage colonies even at dilu-
tions as high as 1:6000 (11) (Table 1). As
noted by other investigators (12-16), hu-
man CSF-1 was much less effective in sup-
porting the proliferation of human macro-
phage progenitors; a final dilution of 1:432
of the same COS-1 cell-conditioned medi-
um yielded half the maximal number of
human macrophage colonies achieved with
saturation levels of CSF-1. The recombinant
human CSF-1 expressed by COS-1 cells was
completely inactivated by prior incubation
with an excess of a rabbit antiserum to
partially purified urinary CSF-1. Thus
p3ACSF-69 can, in COS-1 cells, direct the
high-level expression of biologically active
CSF-1.

To investigate the structure of recombi-
nant CSF-1, we used p3ACSF-69 to con-
struct stable cell lines that constitutively
express high levels of human CSF-1. This
was accomplished by cotransformation of
dihydrofolate reductase (DHFR)—deficient
Chinese hamster ovary cells (CHO) with
p3ACSF-69 and a plasmid that expresses
DHER [pADd26SVp(A)3] (17). One CSF-
l-expressing cell line, CHO-3ACSE-69,
which was selected for growth in 0.25 pM
methotrexate consistently generated condi-
tioned medium that was active in support-
ing murine macrophage colony formation at
a final dilution of 1:60,000. The CHO-
3ACSF-69 cells were labeled with
[>*S]methionine, and the labeled CSF-1
protein in the conditioned medium was
precipitated by incubation with antiserum
to human urinary CSF-1 (18). Analysis of
these immunoprecipitates by SDS—poly-
acrylamide gel electrophoresis (SDS-PAGE)
under nonreducing conditions revealed that
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25 b2 45 53
CGCCAGAGCC

S 15
CCTCG CTCCTCTCGG

65 75 85 95 108 s 125 135 145

CcT cC

160 175
ATG ACC CCG CCG GGC GCC GCC CCG CGC TCC CCT
MET Thr Ala Pro Cly Ala Ala Gly Arg Cys Pro

-32 263 280

CAG TAC TGT AGC CAC ATG ATT GGG AGT GGA CAC
Glu Tyr Cye Ser Wie MET Ile Gly Ser Gly Mie

370 388
GAA CAG TTG AAA GAT CCA GTG TGC TAC CTT AAG
Glu Cla Leu Lye Asp Pro Vel Cye Tyr Leu Lye

475 490

190 205 220 235 250
CCC ACG ACA TGG CTG GGC TCC CTG CTG TTG TTC CTC TCT CTC CTG CCG ACC AGG AGT ATC ACC GAG GAG GTC TCC
Pro Thr Thr Trp Leu Cly Ser Leu Leu Leu Leu Val Cys Leu Leu Ala Ser Arg Ser Ile Twr,Glu Glu Val Sar

t1

293 310 323 340 358
CTG CAG TCT CTG CAG CGG CTG ATT GAC ACT CAG ATG GAG ACC TCC TGC CAA ATT ACA TTT CAC TTT CTA GAC CAC
Leu Glun Ser Leu Gln Arg Leu Ile Aep Ser Gln MET Glu Thr Ser Cye Glan lle Thr Phe Clu Phe Val Asp Cla

400 415 430 445 460
AAG GCA TTT CTC CTGC GCTA CAA GAC ATA ATC CAG GAC ACC ATG CCC TTC AGA GAT AAC ACC GCC AAT CCC ATC GCC
Lye Ala Phe Leu Leu Val Cln Asp Ile MET Clu Asp Thr KET Arg Phe Arg Asp Aen Thr Pro Aen Ala lle Ala

50S 520 533 350 563

ATT GTG CAG CTG CAG CAA CTC TCT TTG ACC CTG AAG AGC TCC TTC ACC AAG CAT TAT GAA CAG CAT CAC AAG GCC TGC GTC CGA ACT TTC TAT GAG ACA CCT CTC CAC

Tle Vel Gln Leu Cln Glu Leu Ser Leu Arg Leu

380 395 $10
TTG CTC GAG AAG GTC AAG AAT GTC
Leu Leu Glu Lye Vel Lye Aen Vel Phe

Lye Ser Cye Phe Thr Lye Aep Tyr Glu Clu Hie Aep Lye Ala Cye Val Arg Thr Phe Tyr Glu Thr Pro Leu Gln

60 s 610 s
CA] AAG AAT CTC CTT GAC AAG GAC TGG AAT ATT TTC ACC AAG AAC TCC| GCJTTT GCT GAA YGC TCC AGC
Lye Aen Leu Leu Acp Lye Aep Trp Aen Lle Phe Ser Lye Aen Cya Phe Ala Clu.Cye Ser Ser

s
CAAJCAT CTG GTG ACC AAG CCT CAT TCC AAC TGC
GlnlAep Val Val Thr Lys Pro Asp Cye Aen Cye

803 820
CCT CTG GCT GGC TTC ACC TGG CAG GAC TCT GAG
Pro Vel Ale Gly Leu Thr Trp Clu Aep Ser Glu

189t
910

CCA CCC AGG AGC ACC TCC CAG AGC TTT GAG CCG
Pro Pro Arg Ser Thr Cye Gln Ser Phe GClu Pro

tots
CCC GGG ATG GAG CAT ATT CTT GAC TCT GCA ATG
Pro Gly MET Glu Asp lle Leu Aep Ser Als MET

1120 1138 1150

CCC TCC AGG CCA GGA GGG GGC AGC ATG CAG ACA
Pro Ser Arg Pro Gly Gly Cly Ser MET Gin Thr

1240
GAT GTA ACT GCT ACA GCC TTG CCC AGG GTG GGC
Asp Vel Thr Gly Thr Ale Leu Pro Arg Vel Gly

CCC CCG GAG CCA GGC TCT CCC ACG ATC TCA TCA
Pro Pro Glu Pro Gly Ser Pro Arg lle Ser Ser

1450 1465
AGC GTG CTG CCC CTT GGG GAG CTG GAG GGC ACG
Ser Val Leu Pro Leu Gly Clu Leu Clu Gly Arg

1558 1570
CCC CGT TTT AAC TCC GTT CCT TTG ACT CAC ACAJ
Pro Arg Phe Asn Ser Vel Pro Leu Thr Aep Thr

245
CTG TAC CCC AAA CCC ATC CCT ACC AGT GAC CCC CCC TCT CTC TCC CCT CAT CAG CCC CTC GCC CCC TCC ATGC GCC
Leu Tyr Pro Lye Ala 1le Pro Ser Ser Asp Pro Ala Ser Val Ser Pro Nis Cla Pro Leu Ala Pro Ser MET Ala

833 850 865 880
GCA ACT GAG GGC AGC TCC CTC TTG CCT GCT CAG CAG CCC CTG CAC ACA GTG GAT CCA GGC AGT GCC AAG CAC CGG
Gly Thr Glu Gly Ser Ser Leu Leu Pro Gly Glu Gla Pro Leu His Thr Val Asp Pro Cly Ser Als Lys Cln Arg

940 933 970
CCA GAG ACC CCA GTT GTC AAG GAC AGC ACC ATC GCT GCC TCA CCA CAG CCT CCC CCC TCT GTC GGG GCC TTC AAC
Pro Glu Thr Pro Vel Vel Lye Asp Ser Thr Ile Cly Gly Ser Pro Gla Pro Arg Pro Ser Vel Gly Ale Phe Aen

1045 1060 1073 1090 1108
GGC ACT AAT TCC GTC CCA GAA GAA GCC TCT GGA GAG GCC AGT GAG ATT CCC GTA CCC CAA GGG ACA GAG CTT TCC
Gly Thr Aen Trp Vel Pro Glu Glu Ala Ser Gly Glu Ale Ser Glu Ile Pro Val Pro Gln Cly Thr Clu Lev Ser

116 1180 1198 1223
CAG €CC GCC AGA CCC AGC AAC TTC CTC TCA GCA TCT TCT CCA CTC CCT GCA TCA GCA AAG GGC CAA CAG CCG GCA
Glu Pro Ale Arg Pro Ser Aen Phe Leu Ser Ale Ser Ser Pro Leu Pro Ale Ser Ale Lye Gly Gla Gla Pro Ale

1210 128 1300 1318 1330
CCC GTG AGG CCC ACT CGC CAG GAC TGG) Y CCC CAG AAG ACA GAC CAT CCA TCT GCC CTG CTC AGA CAC
Pro Vel Arg Pro Thr Gly Gln Aep Trp) Pco Gln Lye Thr Asp Mie Pro Ser Ale Leu Leu Arg Aep

1378 1390 1408 1420 1435
CTG CGC CCC CAG CGC CTC AGC ACC CTC TCT CCT CAG CCA CAG CTT TCC ACA AGC CAC TCC TCG GGC
Leu Arg Pro Gla Gly Leu Ser| Thr Leu Ser Ala Gln Pro Gla Lau Ser Arg Ser Nis Ser Ser Cly

1480 1493 1510 1525 1540
ACC AGC ACC ACG CAT CGG AGG AGC CCC GCA CAG CCA CAA GCA GGA CCA GCA AGT GAA GGG GrA GCC AGG CCC CTG
Arg Ser Thr Arg Asp Arg Arg Ser Pro Ala Clu Pro Glw Gly Gly Pro Ale Ser Glu G.y Ale Ala Arg Pro Leu

1585 1600 1618 1630 1645
CGC CAT CAG ACG CAG TCC GAG CCA TCC TCC AGC CCG CAG CTC CAC CAG TCT CTC TTC CAC CTG CTC CTG CCC AGT
Gly Wie Glu Arg Cln Ser Glu Gly Ser Ser Ser Pro Clm Leu Cln Glu Ser Vel Phe Hie Leu Leu Val Pro Ser

1660
GIC ATC CTG GTC TTG CTG GCT GTC GGA GGC CTC
Val Ile Lsu Vel Leu Leu Ale Vel Gly Gly Leu

1673 1690 1708 1720

1738 1750 1763
TIG TTC TAC AGG TGG ACG CCG CGG AGC CAT CAA GAG CCT CAG AGA GCG GAT TCT CCC TTG CAG CAA CCA GAG GGC
Leu Phe Tyr Arg Trp Arg Arg Arg Ser His Gln Glu Pro Gln Arg Ale Asp Ser Pro Leu Clu Cln Pro Glu Cly

1780 1795 1817 1827 183 1847 1887 1867 1877
AGC CCC CTG ACT CAG CAT GAC AGA CAG GTG GAA CTG CCA GTC TACAGGCALT TCTAAGCTGG ACGCACAGAA CAGTCTCTTC GTGGGAGGAG ACATTATCCG  GCGTCCACCA
Ser Pro Leu Thr Gln Asp Asp Arg Gln Vel Glu Leu Pro Vel
1887 1897 1907 1917 1927 1937 1947 1987 1967 1977 1987 1997
CCACCCCTCC  CTGGCCATCC TCCTGGAATC  TGGTCTGCCC TG CCACGACTGG CTCAACCCGC  AGACCCTTCA
2007 2017 2027 2037 2047 2087 2067 2077 2087 2097 207 a7
CIGAATGACA C TATTTATTGT GAGCCCTGGA GCGCTCCCATG  TGCTTGAGGA TT CCCTCAGGGG
un ay 287 2187 2167 an 287 2197 2207 217 2227 2237
CTGCACCCTC CTCTCACTCC CTTCCATGCC GGAACCCACC CCAGGGACCC ACCGGCCTGT  GGTTTCTGGG GGACGCTGAG GAGTGAAAGA ACCCTGCACC  CAGAGCGCCT
2247 2257 2267 2717 2287 2297 2307 217 2327 2337 2347 2337
GCCTGGTGCC  AAGGTATCCC Al CcC \GA TGAAGTTCGT C  TGATTTCCCG TAAAGGTCTG CAGCCTCACA
2367 2377 2387 2397 2407 2417 2827 30 2447 87 2467 un
GACCGGAAGA A CCTCGCCTCA  CCTAACTCC  CTCTCCTGCT
2487 2497 2507 317 2327 2537 2547 2587 2567 nn 2587 23597
CCTCAGGACC TGCCTCACCT GCCAGTCATG CCAAGAGGGG CATCAAGCAC cC T C CCAAGCAGAG  CCTCCCCTCA
2607 2617 2627 2637 2647 2687 2667 2677 2687 2697 2107 2717
TGAAGGAAGC CATTGCACTG TGAACACTGT ACCTGCCTGC TGAACAGCCT GCCCCCGTCC  ATCCATGAGC C
2727 21 214 2757 2767 21717 2787 2797 2807 2817 2827 2837
T C CCCTCAGCCC  TGACCTTCTC CTGACCTGGC CTTTCACTCC CCGCACTGGA CTGGGCTGCC  AGAACCTCCT GGCCCCCCAG  CCAGAGCCGG
2847 2837 2867 2877 2887 2897 2907 2917 2927 2937 2947 2957
TCTTTAGGCT  GTGTTCTICG CCCAGETTTC TCCATCTTGE  ACTTTGACAT  TCCCAAGAGG € TA LGS 4
2967 977 2987 2997 3007 3017 3027 3037 3047 3087 3067 3077
AGCTCTGACT GAAGATGGGC CTTTGAAATA C TG AAS CAl CTT  TCCCTGCYGC CGACAGGAAC  CTGGCCCTGA
3087 3097 oy nr 3N 3137 3147 sy 3167 un b1 Y 3197
GCAGGTTATC CCTCTCAGGA GCCCTCCACT GGGCTGCATC TCAGCCCCAC CTGCATGCTA  TCCAGCTCCC ATCCACTTCT  CACCCTTCTT C CT
3207 3217 3227 2y 3247 3287 3267 2n 3287 3297 3307 »y
TCCAACTCTC ACCCACCCCC TCTACCATCA CCTCTAACCA GGCAAGCCAG GG CAATCAGGAG A CT CACCTTCCAA T GCCTCCACTT  TGTGGCCAGC
3327 3337 3347 3387 3367 3377 3387 3397 3407 3417 3427 3437
C T AC  GAl CCTGCCAGTT  GCCCCTGCGT  TCCTTTGTGC T AACAGACCCT
347 3457 3467 un 3487 3497 3507 sy 3527 3537 3547 3587
GCCCTACCTG  GCCGCTGGGC CCCGTGACTT  TCCCTTCCTG  CCCAGGAAAG T CACCTTAGGG AAGCGCAGTG  AACTTGCATA
3567 3817 3587 3397 3607 3617 3627 3637 3647 3657 3667 3677
TCGGGCTTAG CCTTCTAGTC ACAGCCTCTA TATTTGATGC TAGAAAACAC ATATTTTTAA ATGCAAGAAA AATAAAAAGG CATTCCCCCT TCATCCCCCT ACCTTAAACA  TATAATATIT
3687 3697 3707 77 ny 3737 747 37187 3767 wmn 8y 37197
TAAAGGTCAA  AAAAGCAATC CAACCCACTG CAGAAGCTCT TTTTGAGCAC T CA AGCCACCTCT CCTGTCCCC  CAGGCTACCT  CCTCAGGAAC
3807 sty 3827 3837 3847 3837 3867 87 3887 3897 3907 B11%)
CCCTTCTGTT CTCTGAGAAG TCAACAGACG ACATTGGCTC ACGCACTGTG AGATTTTCTT TTTATACTTG GAAGTGGTCA ATTATTTTTT ATAAAGTCAT TTAAATATCT ATTTAAAAGA
3927 3937 3947 3957 3967 n
TAGGAAGCTG CTTATATATT TAATAATAAA AGAAGTGCAC AAGCTGCCGT TGACGTAGCT CGAG
1506

the conditioned medium from the CSF-1-
producing CHO cells contained two hetero-
geneous CSF-1 related species, one of ap-
parent size 70 to 90 kD and the other
greater than 150 kD (Fig. 3). The observed
size heterogeneity of these CSF-1 species is
characteristic of many glycoproteins and
most likely reflects differential glycosylation
of a common polypeptide. Analysis of the
same samples after reduction revealed that
the mobility of the 70- to 90-kD species of
CSF-1 shifted to a position consistent with a
molecular weight of 35 to 45 kD, whereas
the relative mobility of the larger species
(greater than 150 kD) appeared unaffected.
This experiment demonstrated that at least
two different forms of CSF-1 are expressed
by the CHO-3ACSF-69 cells: a 70- to 90-
kD protein (also known as CSF-69) com-
prising a disulfide-linked dimer of a 35- to
45-kD subunit and a much larger species of
indeterminate structure that may represent
an incompletely processed CSF-1 precursor.
The 70- to 90-kD recombinant CSF-1 se-
creted by CHO-3ACSF-69 had displayed
physical properties similar to those reported
for human urinary CSF-1 (13). Although
size estimates for human urinary CSF-1
range between 40 kD and 90 kD (13-15,
19) there is general agreement that all of
these forms of the native protein consist of
two identical but heavily glycosylated sub-
units.

Fig. 2. Nucleotide sequences of the 4-kb CSF-1
c¢DNA (3ACSF-69) and the predicted amino acid
sequence of prepro—CSF-1. Although none of the
clones that we isolated proved to be full length,
one of them proved to be lacking only 54 nucleo-
tides at the 5’ end; the sequence presented here
was largely derived from this clone. The remain-
ing sequence was obtained from several other
overlapping clones. The nucleotide sequences of
all of the clones were consistent with the one
shown here. The position of cleavage of the signal
peptide was determined by comparison with the
amino-terminal sequence of human urinary CSF-
1 peptide 14 (Table 2) (2) and is indicated by the
arrow. The position of the identified amino acid
nearest the carboxyl-terminal amino acid—name-
ly, leucine—is indicated by the arrow at residue
189. The positions of potential sites for aspara-
gine-linked glycosylation are indicated by the
small boxes. The coding sequences present in
3ACSF-69 but not found in pcCSF-17 (2) are
contained within the large open boxed area. DNA
sequence analysis of two additional CSF-1 cDNA
clones show that the nucleotide sequence at ami-
no acid position 59 is GAC and thus codes for
Asp, consistent with the CSF-1 genomic exon
sequence (2). This suggests that the Tyr found at
position 59 (TAC) in cDNA clone pcCSF-17 is a
reverse transcriptase error as postulated by Kawa-
saki et al. (2). At nucleotide position 1678, we
find that there is a C/T polymorphism. In two of
three CSF-1 cDNA clones thus far sequenced, aC
residue was found at this position; however, this
change does not alter the amino acid sequence of
CSF-1.
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To determine how the subunit of human
urinary CSF-1 is related to either the 61-kD
precursor encoded by p3ACSF-69 or the
26-kD precursor encoded by pcCSF-17, we
sequenced all of the major tryptic peptides
of the purified human urinary hematopoie-
tin. The human CSF-1, purified as described
(20), comprised a 70- to 90-kD dimer of a
35- to 45-kD subunit as described previous-
ly (13). The sequences of all the major
tryptic peptides determined with the gas
phase microsequenator (21) are illustrated
in Table 2. Alignment of these peptide
sequences with the sequences predicted
from p3ACSF-69 demonstrated that the
sequence of the mature human urinary CSF-
1 extended from residue 1 at least through
residue 189 of the sequence of the 61-kD
precursor encoded by this cDNA (Fig. 2).
The leucine residue at position 189 was the

last amino acid that could be positively
identified in the sequence (peptide 16 in
Table 2) but it is likely that the carboxyl
terminus of mature CSF-1 lies beyond tryp-
tophan at position 191, since peptides corre-
sponding to this region of the precursor
polypeptide show high absorbance at 280
nm. However, none of the peptides expect-
ed from the remaining 331 residues of the
precursor protein could be found in the
tryptic map of CSF-1, thus providing com-
pelling evidence that the carboxyl terminus
lies between residue 191 (tryptophan) and
residue 218 (lysine). Several peptides (7, 8,
9, and 12 in Table 2) contained sequences
that spanned the point of divergence be-
tween the coding regions of 3ACSF-69 and
pcCSF-17 (nucleotide 722 in Fig. 2). Be-
cause the sequence of these peptides precise-
ly matched the sequence of 3ACSF-69 and

Table 2. Sequences of all of the major tryptic peptides from human urinary CSF-1. The indicated
sequences, in standard single letter code, were from the peptides in the order of their elution from a
reversed-phase HPLC column (Vydac, C18). Residues in parentheses are tentative assignments while
blanks indicate that no residue could be determined from that cycle of the sequenator. A portion of the
purified CSF-1 was denatured in guanidine hydrochloride (6M), alkylated with iodoacetic acid, and
desalted by reversed-phase HPLC (Brownlee RP300 column). The alkylated CSF-1 was digested with
trypsin (Trypsin TPCK, Cooper Biomedical) at a concentration of 1% of total protein in 100 ul of 100
mM ammonium bicarbonate (pH 7.5), and the resulting peptides were fractionated by reversed-phase
HPLC (Vydac C18) by use of a 0 to 90% gradient of acetonitrile in 0.1% trifluoroacetic acid. The
sequence of each of the peptides contained within the 23 major peaks that eluted from this column was
determined with the gas phase sequenator. The standard single letter code is: A, alanine; B, aspartic acid
or asparagine; C, cysteine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G, glycine; H, histidine;
I, isoleucine; K, lysine; L, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R,
arginine; S, serine; T, threonine; V, valine; W, tryptophan; Y, tyrosine; and Z, glutamic acid or
glutamine. Dashes represent residues that are undetermined or ambiguous.

Peak no. Sequences

1 FR——

2 DYEE(H)D—-
FR—————

3 S-FTK

4 DYEEHDKA-VR

5 NVF(N)ETK

6 LK———

7 N-(N)NSFAE——(S)Q—-V——

8 N-(N)NSFAE-SSQDVV-KPD-N-LY——
AIP--DP—-VP——P-A-S—————

9 EEVSEY-———IG-—-LQ
N-(N)NSFAE-SSQDVV-KP——
AIP-SDPA-VSP——LA———

10 EEVSEY-S(H)MIG———

11 EEVSEY-S(H)MIG———

12 EEVSEY-SHMIGS-HLQSLQ-——
AIPS—DP——V-P———LA(P)———
N—(N)N-FAE——-QD——————

13 DPV-YL-

14 EE(V)SEY-SHMIGSGHLQSLQR——

15 AIP-SDPA-VSP-QPLA(MYV)

16 AIP-SDPA-VSPHQPLAP-M-PV—-L—

17 AIP——DPA-VSP-QPLA——MA—(V)—

18 NLLDKDWNIFSKN-(N)N-FAE-§——VV—

19 NLLDKDWNIFSK—-

20 FRDNTPNAIAIVQLQELLSL(R)
(D)N(T)PNAI-—VQL (E)—(S)S—

21 TFYETPLQLLEK——————-
LIDSQMETS-QITFEFVDQ-(Q)—
FR(D)N(T)(P)NAIAIVQLQELSL———

22 KAFLLVQDIM-D-M—-

23 AFLLVQDIMEDTMR-——
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diverged from the sequence of pcCSF-17,
we conclude that the human urinary CSF-1
that we purified was encoded by the 4-kb
mRNA represented by 3ACSF-69 and
could not be derived from the sequence of
the 1.5-kb mRNA represented by pcCSF-
17. In all, approximately 40 amino acids of
the mature human urinary CSF-1 encoded
by 3ACSF-69 are not found in the 26-kD
precursor encoded by pcCSF-17. We cannot
exclude the possibility, however, that other
natural forms of CSF-1 that might corre-
spond to the protein encoded by pcCSF-17
were lost during purification or that such
forms of the hematopoietin might be found
in other natural sources of CSF-1. A similar
structural analysis of the 70- to 90-kD
recombinant CSF secreted by CHO-
3ACSF-69 demonstrated that this molecule
has the same amino- and carboxyl-terminal
sequences as the form of CSF-1 we purified
from human urine (22).

Our results demonstrate that a major
form of human urinary CSF-1 is encoded by
a 4-kb mRNA, which is the predominant
form of the CSF-1 mRNA in several human
cellular sources of this factor. This mRNA
encodes a 61-kD prepro—CSF-1 which is
processed at the amino terminus by removal

3 .4 M kD

1 2
l - . — 200

i — 92

- — 69

. s — 45

“ =30

- — 13

Fig. 3. Analysis of 3°S-labeled CSF-1 expressed
by CHO-3ACSF-69 cells. The CSF-l-related
peptides secreted by CHO-3ACSF-69 cells fol-
lowing labeling with [**S]methionine were pre-
cipitated with antiserum to purified urinary CSF-
1 (33) and fractionated by SDS-PAGE. Lanes 1
and 2 represent the CSF-1 polypeptides from the
parent CHO cell line and CHO-3ACSF-69, re-
spectively, analyzed under nonreducing condi-
tions; lanes 3 and 4 represent the same samples
following reduction with 2-mercaptoethanol.
Lane M contains molecular weight standards.
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of a 32-residue signal peptide and at the
carboxyl terminus by removal of about 333
residues to yield a subunit of approximately
189 amino acids with a predicted molecular
weight of 21 kD. This subunit retains two of
the four potential sites for addition of aspar-
agine-linked carbohydrate (Asn-X-Ser/Thr)
(23) that are present in the sequence of the
61-kD CSF-1 precursor and 9 of the pre-
dicted 12 cysteine residues. We presume
that N- and O-linked glycosylation of the
21-kD polypeptide accounts for most of the
remaining mass of the 35- to 45-kD subunit
of urinary CSE-1.

In comparison to the other CSFs, CSF-1
has a complex dimeric structure maintained
by disulfide bridges. The finding that the
polypeptide is synthesized as a large precur-
sor molecule that is extensively processed to
yield the mature protein raises questions
regarding the mechanism of assembly of this
hematopoietin. Our results demonstrate
that CHO cells and monkey COS-1 cells are
capable of efficiently secreting biologically
active CSF-1 with a dimeric structure very
similar to the 70- to 90-kD urinary protein.
It will be interesting to determine the func-
tion, if any, of the 333 carboxyl-terminal
amino acids of the CSF-1 precursor.

The expression of the CSF-1 gene in both
human and murine cells is complex. Multi-
ple species of mRNA ranging in size from 1
to 4 kb have been identified (2, 16). Because
there is only one gene for CSF-1 (2), these
species must result from differential process-
ing of the primary CSE-1 transcript (2, 16).
Our results, when compared with previous
observations (2), now demonstrate that at
least two of these mRNAs encode substan-
tially different forms of prepro—CSE-1 poly-
peptides and that processing of these poly-
peptides results in related but different
forms of mature CSF-1. Our data indicate
that the largest, most abundant species of
CSF-1 mRNA encodes the 61-kD prepro—
CSF-1 and this is processed to a mature
polypeptide subunit of approximately 189
residues with a molecular mass of 21 kD.
This subunit is larger than the 14- to 17-kD
deglycosylated polypeptide subunit of hu-
man urinary CSF-1 identified by Das and
Stanley (15). The purified 45- to 60-kD
human urinary CSF-1 used in their study
was smaller than our urinary CSF-1 (70 to
90 kD), and it is possible that the smaller
species might be encoded by another form
of the CSF-1 mRNA such as is represented
by pcCSE-17. However, the answer to this
question will require the determination of
the complete amino acid sequence of the 45-
to 60-kD form of human urinary CSF-1
isolated by these authors.

CSE-1, like the other CSFs, has various
different biological activities (24). In addi-
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tion to its growth factor activity for macro-
phage progenitor cells, it is capable of stimu-
lating the various biological activities of
mature macrophages and the cells of contin-
uous macrophage-like cell lines (25). The
finding that the CSF-1 gene can express
several different but related species of ma-
ture CSF-1 raises the possibility that differ-
ent forms of the hematopoietin might medi-
ate the different biological activities reported
for natural CSF-1. The availability of two
different forms of recombinant human CSE-
1 will now permit us to begin to test this
possibility.
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