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Macrophages secrete a wide variety of proteins that mediate many aspects of acute
and chronic inflammation (for review see reference 1) . While some of these factors
have been well characterized (e.g., IL-1 [2] and cachectin/TNF [3]), others remain
poorly defined . Recently, we described the purification and characterization ofa new
monokine found in the culture medium of an LPS-stimulated mouse macrophage
tumor cell line (RAW264.7) (4) . This protein, termed macrophage inflammatory
protein or MIP, has several properties indicative ofan endogenous mediator ofinflam-
mation (e.g ., neutrophil attraction and activation) . Since MIP represents an impor-
tant new addition to the family of activated macrophage products, it is important
to investigate its structure and regulation on the molecular level . Here we describe
the cloning and sequencing of the cDNA for murine MIP.

Materials and Methods
Construction ofthecDNA Library.

	

RAW264.7 cells were obtained from American Type Cul-
ture Collection (Rockville, MD) and grown in RPMI 1640 (Gibco Laboratories, Grand Is-
land, NY) supplemented with 20 mM Hepes and 10% FCS (HyClone Laboratories, Logan,
UT) until they reached confluency. The cells were then washed five times in HBSS (Gibco
Laboratories) and the medium was replaced with serum-free RPMI supplemented with 1
Rg/ml of LPS W (Escherichia coli 0127:B8, Difco Laboratories, Detroit, MI) . The cells were
incubated at 37°C for 2 h and total RNA was extracted by the addition of6 M guanidinium
thiocyanate (5) . Poly(A)' RNA was then isolated by two cycles of oligo-dT-cellulose chro-
matography, essentially as described by Maniatis et al . (6) . Double-stranded cDNA was pre-
pared from the poly(A)' selected RNA as described by Gubler and Hoffman (7) . After
methylation of the internal Eco RI sites and addition of Eco RI linkers, the cDNA was in-
serted into the Eco RI sites of the bacteriophage %gtl0 (8) .

Construction of the Probe Pools .

	

Oligonucleotide probe pools were synthesized as described
by Warner et al . (9) against amino acids 22-30 of a partial NH2-terminal sequence . This
portion ofthe polypeptide was selected because ofits lower degeneracy in the codon dictionary
when compared with the remainder of the sequence . The resulting probe pools are two 512-
fold degenerate pools of 26 nucleotides in length .

Screening the Library.

	

Nitrocellulose filter lifts of a low-density plating (5 x 103 PFU/plate)
of the library were hybridized using the synthetic probe pool that had been 5'-end labeled
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with [ 32P] ATP (New England Nuclear, Boston, MA) . After the hybridization, the lifts were
washed using the method of Wood et al. (10) . After several rounds of screening, 18 recom-
binant phage clones were isolated and grown in bulk for DNA isolation .
DNA Sequence Analysis.

	

The cDNA inserts to be analyzed were subcloned into the M13
phage vectors and DNA sequencing was performed by the dideoxy-chain termination method
of Sanger et al . (11) .

Blot Hybridization Analysis.

	

Northern blot hybridization was performed according to the
method of Lehrach et al. (12) . Total RNA of LPS-stimulated and nonstimulated RAW 264.7
cells were electrophoresed through 1 .2 % agarose gels and transferred to nitrocellulose filters .

Primer Extension.

	

The synthetic oligonucleotide primer was end labeled using Y-[ 32p]ATP
(3,000 Ci/mmol, Amersham Corp., Arlington Heights, IL) and the T4 polynucleotide ki-
nase . The primer extension method was a modification ofthat described by Walker et al . (13) .

Results and Discussion
To elucidate the molecular structure of murine MIP (MuMIP) a cDNA clone

was isolated containing the sequence coding for MuMIP As a first step, the mouse
macrophage cell line RAW264.7 was stimulated with LPS . Since RAW264.7 cells
have been shown to be a source of MIP protein after LPS stimulation, the MIP
mRNA was expected to be highly reiterated in these cells 2 h after LPS induction
of these cells . Poly(A)+ RNA was prepared from total RNA by two cycles of oligo-
dT-chromatography and a cDNA library was constructed in Xgt10 . The cloning
efficiency was 106 clones/gg of poly(A)+. The library was amplified and shown to
contain >1,000 by inserts in -60% of recombination plaques . Nitrocellulose filter
lifts of a low-density plating of the library were screened using two synthetic
oligonucleotide pools that were based on a partial NH2-terminal amino acid se-
quence of purified protein (4) . Each pool consisted of a 512-fold degeneracy pool
of 26 nucleotides in length (Fig. 1) . After the initial library screening, positive plaques
were streaked onto fresh bacterial lawns and a secondary screening was performed
by differential plaque hybridization . Two replicate lifts ofthe secondary streaks were
hybridized to either 32P-labeled pool 1 or pool 2 . Since the melting temperature (T,n)
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AAGCAGCAGCGAGTACCAGTCCCTTTTCTGTTCTGCTGACAAGCTCACCCTCTGTCACCTG

-23 -20
Net Lys Val Ser Thr Thr Ala Leu Ala Val Leu Lou Cys

CTCAACATC ATG MG GTC TCC ACC ACT GCC CTT GCT GTT CTT CTC TGT

1
Thr Net Thr Lou Cys Asn Gin Val Phe Ser Ala Pro Tyr Gly Ala Asp
ACC ATG ACA CTC TGC AAC CAA GTC TTC TCA GCG CCA TAT GGA GCT GAC

10

	

20
Thr Pro Thr Ala Cys Cys Phe Ser Tyr Ser Arg Lys Ile Pro Arg Gln
ACC CCG ACT GCC TGC TGC TTC TCC TAC AGC CGG MG ATT CCA CGC CM

30
Phe Ile Val Asp Tyr Phe Glu Thr Ser Ser Leu Cys Ser Gin Pro Gly
TIC ATC GTT GAG TAT ITT GM ACC AGC AGC CTT TGC TCC CAG CCA GGT

40

	

so
Val Ile Phe Lou Thr Lys Arg Asn Arg Gin Ile Cys Ala Asp Ser Lys
GTC ATT TTC CTG ACT AAG AGA AAC CGG CAG ATC TGC GCT GAC TCC AAA

60

	

69
Glu Thr Trp Val Gln Glu Tyr Ile Thr Asp Lou Glu Lou Asn Ala OP
GAG ACC TGG GTC CAA GAA TAC ATC ACT GAL CTG GAA CTG ATT GCC TGA

GAGTCTTGGAGGCAGCGAGGAACCCCCCAAACCTCCATGGGTCCCGTGTAGAGCAGGGGCTTGAGC

CGAACATTCCTGCCACCTGCATAGCTCCATCTCCTATMGCTGTTTGCTGCCAAGTAGCCACATCG

AGGGACTCTTCACTTGAAATTTTATTTAATTTAATCCTATTGGTTTAATACTATTTMTTTTGTAA

TTTATTTTATTGTCATACTTGTATTTGTGACTATTTATTCTGAAAGACTTCAGGACACGTTCCTCA

ACCCCCATCTCCCTCCCAGTTGTTCACACTGTTTGGTGACAGCTATTCTAGGTAGACATGATGACA

AAGTCATGAACTGACAATGTACAATAGATGCTTTGTTTATACCAGAGAAGTAATAAATATGCCCTT

TAACAAGTAAAAAA

194 1

FIGURE 2 .

	

The complete nucleotide sequence of
the cDNA clone for MIP is shown . The under-
lined sequence indicates the complementary se-
quence ofoligonucleotide used in the primer ex-
tension experiments . The predicted translated
molecular weight is 10,346 . The mature protein
sequence, starting at position one, is 69 amino
acids in length and has a predicted molecular
weight of 7,889 .

of DNA/DNA hybrids can be approximated by the empirical formula : Tm =

16.6(log[Na+] +0.41(%[G+C])+81.5-500/number ofby in homology, we could effec-
tively eliminate one ofthe probe pools through the differential melting temperatures
ofthe hybrids based on a 26-bp homology. By using the tetramethylammonium chloride
washing technique of Wood et al . (10), which abolishes the preferential melting of
AT vs . G-C base pairs, the Tm becomes dependent simply on the length of the
hybrid .

After several rounds of differential hybridization, probe pool 1 yielded 18 recom-
binant phage clones out of 104 screened that hybridized under maximally stringent
conditions for MIP All of the plaques were purified and DNA was prepared from
each. The recombinant phage clone 52 appeared to contain the largest cDNA Eco
RI insert of -750 by and was chosen for further characterization . The complete
nucleotide sequence of cDNA clone 52, as well as 262 by of 5' sequence of another,
partially overlapping clone, 32, have been determined and are shown in Fig. 2 . The
latter clone, which was isolated in a later screening, had a smaller Eco RI insert
than clone 52, but a larger 5'-end fragment and therefore presumably less poly(A)+
tail . The MIP nucleotide sequence of 763 by predicts a single open reading frame
starting at nucleotide 2 . The mature protein sequence, starting at position one, is
69 amino acids in length and encodes the major sequence previously defined by
NH2-terminal analysis of the purified protein (4) .
The first methionine present in the sequence is found at position -23 . We postu-

late this to be the initiating methionine for the MIP precursor based on the following
observations . Structural analysis of the putative presequence (-23 to -1) indicates
that it has features characteristic of signal sequences (i .e ., a-helix and a hydrophobic
core[14]) . The predicted initiating ATG has a purine at position -3, which has been
shown by Kozak (15) to have a dominant effect on translation initiation efficiency.
Furthermore, in a survey of the frequency of A,C,TG around the translation start
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FIGURE 3 .

	

Northern blot of total RNA from
RAW264.7 cells, a transformed murine macro-
phage cell line. The cells were stimulated with
LPS at 2 ugfml in serum-free medium for 6 h .
Control cells were also given serum-free medium
in the absence of LPS for 6 h . The amount of
total RNA loaded in each lane is indicated on the
figure.

site of 699 vertebrate mRNAs, 97% had a purine at position -3, 61% having an
A at that position (16) .
We have also performed a primer extension analysis to determine the amount

of 5' sequence lacking from the cDNA clone . A labeled oligonucleotide primer (Fig .
2) was hybridized to LPS-stimulated RAW264.7 poly(A)+ RNA and elongated with
reverse transcriptase . After hybridization, an extended primer of98 ± 2 nucleotides
was obtained (data not shown) . After subtracting out the primer length of 25 nucleo-
tides and the sequence 5' to the primer we had previously determined (61 nucleo-
tides), we can conclude that our known sequence is 10-14 nucleotides short ofa full-
length cDNA . While it is possible that an in-frame AUG is present in this unknown
region, it seems highly unlikely given that only 14 of346 sequenced vertebrate mRNAs
have 5' noncoding sequences of <19 nucleotides in length (16) . We would thus esti-
mate the 5' untranslated sequence to be -82 nucleotides, well within the 20-100
nucleotide length of most vertebrate 5' noncoding sequenced to date .
The proposed preMIP is 92 amino acids in length . There are no Asn-X-Ser,Thr

sites for N-linked glycosylation evident in the molecule . There are 7 cysteines, 3 in
the presequence and 4 in the mature sequence . The codon usage of the putative
pre-MIP agrees well with Lhat determined for 66 other sequenced murine genes (17) .
The protein has no significant sequence similarity to any protein as defined to date
by the dfast-p program homology search (18) of the Dayhoff protein data base. The
DNA sequence was also compared against the GenBank genetic sequence data with
a similar result .

In the 3'-untranslated region there is a single consensus polyadenylation site at
by 711-716 . There are also 4 sequences that have only one mismatch to the cytokine
consensus 3'-untranslated sequence defined by Caput et al . (19) . The 3'-untranslated
consensus cytokine sequence (TATT) � defined by Reeves et al . (20) is also present .
When n = 2 and one mismatch is allowed, four of these sequences are found . There
is an overlap in three of these between the sequence defined by Caput et al . (19)
and that defined by Reeves et al . (20) .

Since MIP is an inducible polypeptide, we have also studied the expression of
murine MIP mRNA by Northern blot hybridization in RAW264.7 cells . As shown
in Fig. 3, total RNA from LPS-induced cells exhibited a positive hybridization band
with an estimated size of 800 bp, while total RNA from uninduced cells showed
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Figure 4 .

	

Time-course study ofRAW264.7
mRNA induction by LPS . The time course
is measured in hours . All three probes were
plasmid cDNA clones labeled with a-112p]

dCTP.

very little of a positive signal at that or any other size . In a time-course study on
the induction ofMuMIP mRNA with endotoxin in these same cells (Fig . 4), MuMIP
mRNA exhibits detectable levels of mRNA within 1 h after LPS stimulation and
peaks between 8-16 h after LPS stimulation . This time course is quite different from
either MuTNFa/cachectin or MuIL-la mRNAs when their respective plasmid
probes were hybridized to the same blot . Further analysis is currently underway
to examine how MIP is regulated at the molecular level and how it relates to other
known inflammatory mediators .

Summary
In the course of studies on cachectin/TNF being conducted in our laboratory,

a novel macrophage product has been detected and characterized . Termed macro-
phage inflammatory protein or MIP, this protein appears to be an endogenous medi-
ator of the inflammatory events induced by endotoxin . A cDNA cloned probe for
this protein has been isolated from a Xgt10 phage library prepared from poly(A)+
RNA obtained of endotoxin-induced RAW264.7 cells . The sequence codes for a
92 amino acid-long polypeptide, of which 69 amino acids correspond to the mature
product . The sequence predicts a molecular weight of 7,889 and structural analysis
of the protein indicates a characteristic signal sequence a-helix and a hydrophobic
core . Sequence data also confirm no sequence similarity to any other protein listed
in the Dayhoff data base .

We would like to thank Dr. Pablo Valenzuela and Leslie Rall (Chiron Corp.) for their help
with the cDNA library construction ; and Dr. Donna Atherton for protein sequencing .

Received for publication 22 February 1988.

Note added in proof- We have recently become aware ofan mRNA produced by human tonsillar
lymphocytes in response to mitogen (21) . While the sequence is not listed in the Dayhoffpro-
tein data base or the GenBank genetic sequence data base, there is a 75.3% amino acid se-
quence similarity with murine MIP. The relationship between these proteins is not known.
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