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GENOMIC ORGANIZATION OF THE MOUSE
PORE-FORMING PROTEIN (PERFORIN) GENE AND
LOCALIZATION TO CHROMOSOME 10

Similarities to and Differences from C9

By JOSEPH A. TRAPANL* BYOUNG S. KWON,! CHRISTINE A. KOZAK,$
CHAYA CHINTAMANENI,! JOHN DING-E YOUNG,! anxo BO DUPONT*

From the *Laboratory of Human Immunogenetics, Memorial Sloan-Kettering Cancer Center,
New York, New York 10021, the Y Department of Microbiology and Immunology and
Walther Oncology Center, Indiana University School of Medicine, Indianapolis, Indiana 46223,
the SLaboratory of Molecular Microbiology, National Institute for Allergy and Infectious Diseases,
National Institutes of Health, Bethesda, Maryland 20892; and the \Laboratory of Cellular
Physiology and Immunology, The Rockefeller University, New York, New York 10021

The molecular mechanisms involved in the delivery of cellular injury or death
by CTL and NK cells have not been elucidated (1, 2). The granule-exocytosis model
of cellular cytotoxicity, the most closely investigated mechanism to date, postulates
that an obligate facet of the delivery of the “lethal hit” is the directional release of
cytotoxic polypeptides and other molecules (the granule contents) towards the target
cell (3-5). Key molecules in this process are a cytolytic protein termed perforin (5,
6), cytolysin (3), pore-forming protein (PFP)! (4) or C9-related polypeptide (CIRP)
(7), and a family of killer cell-specific, highly homologous serine esterases (SE) (8,
9). PFP is postulated to intercalate the target cell membrane and compromise its
osmotic stability; however, the function of SEs in the cytotoxic process is less clear.
Intriguing parallels have been drawn between this mechanism and the complement
cascade, including the close similarities between the immunological and physico-
chemical properties of PFP and C9, the ninth component of complement (7, 10-12).

Many of the granule polypeptides have been purified to homogeneity, and cDNA
clones encoding PFP (13-16) and several of the SEs (17-25) have recently been charac-
terized. To further analyze the role of PFP in the cytolytic process and the basis
for its immunological and evolutionary relationship to C9, we have investigated the
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genomic organization of the mouse gene encoding PFP (here designated Pfp) and
its chromosomal localization.

Materials and Methods

¢DNA Probes and Library Screening.  Probes used in this study were derived from two over-
lapping PFP cDNA clones, designated PFP-6 and PFP-15, which together comprise the en-
tire coding sequence for mouse PFP, including ~0.2 kb of 5’ untranslated (5'UT) sequence,
but lack most of the 3'UT region (16). PFP-6 lacks the 5'UT sequences and the first 97 bp
of the coding region, but extends ~1.3 kb further in the 3' direction (Fig. 1). The 5UT re-
gion probe used to isolate clones encoding exon I was derived from Pst I digestion of PFP-15
DNA and excision of a 0.19-kb ethidium bromide-staining band from a 1.2% low-gelling
temperature agarose gel.

Screening of Genomic Library. DNA probes were used to screen a mouse genomic library
constructed by partial digestion of high molecular weight DNA with Mbo I and ligation with
dephosphorylated Bam HI-digested EMBL 3 arms (Stratagene, San Diego, CA). This li-
brary was kindly provided by Dr. Pramod Srivastava, Mt. Sinai Medical School, New York.
Phage clones yielding positive hybridization signals were plaque purified, and the insert DNA
was subcloned into pBluescript KS* (Stratagene).

DNA Sequencing. DNA sequencing was carried out by the dideoxy chain termination method
(26), using either double-stranded plasmid templates (27) or single-stranded templates that
were generated from pBluescript phagemids after infection with VCSM13 helper phage (28).
Overlapping nucleotide sequences were derived by constructing a series of 17-base oligonu-
cleotides on a DNA synthesizer (381A; Applied Biosystems, Inc., Foster City, CA), which
were used as primers for strand extension. This strategy was applied to sequencing both the
coding and noncoding DNA strands.

¢DNA Synthesis and Polymerase Chain Reaction (PCR) Amplification. c¢DNA fragments encoding
the 3' terminus of mouse PFP mRNA were isolated as follows. First-strand cDNA was synthe-
sized from poly(A)* RNA derived from the cloned cytotoxic T cell line, CTLL-R8 (29),
using the oligonucleotide primer 5' GCGGCCGC(T),; 3, exactly as previously described
(25). cDNA/RNA molecules were then amplified into double-stranded cDNA by PCR (30),
using the above primer and a sense oligonucleotide, whose sequence was derived from the
3'UT region of the mouse Pfp genomic clone 64. For PCR, denaturation was at 95°C for
2 min, annealing at 55°C for 2 min, and extension at 74°C for 2 min. The resultant fragment
was rendered blunt ended using the Klenow fragment of Escherichia colt DNA polymerase
I, digested to completion with Not I, then subcloned into pBluescript KS*. Insert DNA was
used as a probe in DNA and RNA blotting experiments.

DNA and RNA Blotting. These procedures were carried out as previously described (25).

Chromosomal Assignment of the Mouse Pfp Gene. High molecular weight DNA was isolated
from a previously characterized panel of 18 mouse-Chinese hamster cell lines and from a
single mouse-rat hybrid cell line kindly provided by Dr. R. E. K. Fournier (F. Hutchinson
Cancer Center, Seattle, WA) (31, 32). The DNA was digested to completion with Eco RI,
subjected to electrophoresis through 1% agarose gels, and processed for hybridization as pre-
viously described (33). DNA probes were radiolabeled by nick translation to a specific ac-
tivity of >10® dpm/ug. Finally, stringent washes were carried out at 65°C in 0.03 M
NaCl/0.003 M sodium citrate/0.1% NaDodSO,.

NFSN mice were obtained from the National Institutes of Health Animal Facility. Mus
musculus musculus mice originally trapped in Skive, Denmark were provided by Dr. M. Potter
(National Cancer Institute, NIH) from his laboratory colony at Hazelton Laboratories, Rock-
ville, MD. NFS/N females were mated with musculus males, and the F, females were mated
with musculus males. DNA was extracted from the livers of backcross progeny, digested with
the restriction enzymes Sca I and Apa I, subjected to electrophoresis on 0.4% agarose gels,
and transferred to nylon membranes. The membranes were hybridized with 3?P-labeled PFP-6
or P-myb obtained from Oncor, Inc. (Gaithersburg, MD).
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Results

Isolation of the Mouse Pfp Gene. A mouse cDNA probe, designated PFP-6 (16), which
comprises the entire coding region of mouse PFP ¢cDNA, except for 97 bp at its
5’ end, was used for the initial isolation of Pfp genomic sequences from a library
constructed in the phage vector, EMBL 3. Of 5 x 10° clones that were screened,
a single reactive clone, designated A PFP-64 (clone 64), was isolated (Fig. 1). Insert
DNA derived from clone 64 was subjected to analysis by Southern blotting, using
a variety of restriction endonucleases and the PFP-6 cDNA probe. The resultant
hybridization pattern was identical in each case with that observed previously with
mouse genomic DNA (16), suggesting that clone 64 contained the entire coding se-
quence of Pfp (not shown).

Intron-Exon Organization. Sense and antisense oligonucleotides were synthesized
according to the cDNA sequence for mouse PFP (16). These were used to sequence
the exons in clone 64 in their entirety and to map intron-exon boundaries (Figs.
1 and 2). Pfp was found to consist of three exons, only two of which (exons II and
III) encode polypeptide (Fig. 2). Exon I is ~0.3 kb in length and is not translated
(see below). Exon II encodes the final 36 nucleotides of the 5" UT region and the
first 536 bases of encoding region. A second intron, ~2.3 kb in length, precedes exon
III, which contains the remaining 1,129 bases of coding sequence and the entire 3UT
region.

Protein Coding Domains of Pfp. A comparison of the nucleotide and derived amino
acid sequences of the Pfp gene revealed identity with those predicted by cDNA cloning,
as reported by two groups (13, 16). The protein sequence diverges over a stretch
of eight residues close to its 3' end from that reported by Lowrey et al. (15); however,
this appears to result from two-frame shifts in the latter cDNA sequence. As predicted
from DNA blotting experiments, the coding regions of Pfp are entirely contained
within a short stretch of the genome (13, 15, 16). The coding information is con-
tained within ~4.8 kb of DNA, a markedly different situation from that found in

Ficure 1. Organization of
\PFP-67 NPFP-84 JPCR mouse Pfp. Exons are shown as
boxes and indicated in roman
numerals; lengths of exons and
introns are shown in arabic
numerals (in kilobases). Shaded
areas of the exons indicate pro-
tein coding domains. P, Pst I;
A, a long A-rich tract in the
3'UT region. PFP-6 and PFP-
15 are cDNA probes that were
used to isolate two reactive
phage clones, designated A PFP-
64 and -67. Arrowheads indi-
cate extension of phage inserts
into the 5' intron. The extreme
3’ end of the cDNA and the
genomic sequences were deter-
Yy mined by PCR amplification

(see text).
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Baon I
A TTCTTACCT TTCTGTCT 71T ARG
AT TACAG
(at least 11kb intron)

. t tteactetet ttcatccotgtt
Exon I1
CTY T ATG GCC ACG TGC CTG TTC CTC CTG GGC CTT TTC CTG CI6 CTG CCA CGA CCT GIC CCT GCT

Met Ala Thr Cys Leu Phe leu Leu Gly Leu Phe Leu Leu Leu Pro Arg Pro Val Pro Ala -1

CCC TGC TAC ACT GCC ACT CGG TCA GAA TGC AAG CAG AAG CAC AAG TTC GTG CCA GGT GTA TGG ATG GCT GGG GAA GGC ATG GAT GTG ACT
Pro Cys Tyr Thr Ala Thr Arg Ser Glu Cys Lys Gln Lys His Lys Phe Val Pro Gly Val Trp Met Ala Gly Glu Gly Net Asp Val Thr 30

ACC CTC €GC €GC TCC GGC TCC TTC CCA GTG AAC ACA CAG AGG TTC CTG AGG CCT GAC CGC ACC TGC ACC CTC TGT AAR AAC TCC CTA ATG
Ihr leu Arg Arg Ser Gly Ser Phe Pro Val Asn Thr Gln Arg Phe leu Arg Pro Asp Arg Thr Cys Thr lLeu Cys Lys Asn Ser leu Met eo
90

AGA GAC GCC ACA CAG CGC CTA CCT GTG GCA ATC ACC CAC TGG CGG CCT CAC AGC TCA CAC TGC CAG CGT AAT GTG GCC GCA GCC ANG GTC
Arg Asp Ala Thr Gln Arg Leu Pro Val Ala lle Thr His Trp Arg Pro Eis Ser Ser His Cys Gln Arg Asn Val Ala Ala Ala Lys Val

CAC TCC ACG GAG GGT GTG GCC CGG GAG GCA GCT GCT AAT ATC AAT AAC GAC TGG CGT GIG GGG CTG GAT GTG AAC CCT AGG CCA GAG GCA
His Sexr Thr Glu Gly Val Ala Arg Glu Ala Ala Ala Asn Ile Asn Asn Asp Trp Arg Val Gly Leu Asp Val Asn Pro Arg Pro Glu Ala 120

MC ATG CGC GOC TCC GIG GCT GGC TCC CAC TCC AAG GTA GCC AAT TTT GCA GCT GAG AAG ACC TAT CAG GAC CAG TAC AAC TTT AAT AGC
Asn Met Arg Ala Ser Val Ala Gly Ser His Ser Lys Val Ala Asn Phe Ala Ala Glu Lys Thr Tyr Gln Asp Gln Tyr Asn Phe Asn Ber 150

GAC ACA GTA GAG TGT CGC ATG TAC AG ot t t t <t Tttt tCLgg. . .
Asp Thr Val Glu Cys Arg Met Tyr Se 159

{2.3kb intron)

Txon III
...ctcctctastgetotgtoctatocacag T TTT CGC CTG GTA CAA AMA CCT CCA CTC CAC CIT GAC TTC AAA AAG GCG CTC AGA GCC CTC CCC
r Phe Arg Leu Val Gin Lys Pro Pro Leu His Leu Asp Phe Lys Lys Ala Leu Arg Ala Leu Pro 180

©GC AAC TTT AAC AGC TCC ACA GAG CAT GCT TAC CAC AGG CTC ATC TCC TCC TAT GGC ACG CAC TIT ATC ACG GCT GTG GAC CTC GGT GGC
Arg Asn Phe Asn Ser Ser Thr Glu His Ala Tyr His Arg leu Ile Ser Ser Tyr Gly Thr Eis Phe Ile Thr Ala Val Asp Leu Gly Gly 210

CGC ATC TCG GTC CTT ACA GCC CTG CGT ACC TGT CAG CTG ACC CTG AAT GGG CTC ACA GCT GAT GAG GTA GGA GAC TGC CTG AAC GTG GAG
Atg 1le Ser Val Leu Thr Ala Leu Arg Thr Cys Gin leu Thr Lau Asn Gly Leu Thr Ala Asp Glu Val Gly Asp Cys Leu Asn Val Glu 240

GCC CAG GTC AGC ATC GGT GCC CAA GCC AGC GTC TCC AGT GAA TAC ARA GCT TGT GAG GAG AAG AAG AAA CAG CAC AAA ATG GCC ACC TCT
Mla Cln val ser Ile Gly Ala Gln Als Ser Val Ser Ser Glu Tyr Lys Ala Cys Glu Glu Lys Ly Lys Gln His Lys Met Ala Thr Ser 270

TIC CAC CAG ACC TAC CGT GAG CGT CAC GTC GAA GTA CTT GGT GGC CCT CTG GAC TCC ACG CAT GAT CTG CTC TTC GGG AAC CAR GCT ACA
Phe Bis Gln Thr Tyr Arg Glu Arg Ris Val Glu Val Leu Gly Gly Fro Leu Asp Ser Thr His Asp Leu Leu Phe Gly Asn Gln Ala Thr 300

CCA GAG CAG TTC TCA ACC TGG ACA GCC TCA CTG CCC AGC AAC CCT GGT CTG GTG GAC TAC AGC CTG GAG CCC CTG CAC ACA TTA CTG GAA
Pro Glu Gln Phe Ser Thr Trp Thr Ala Sar Leu Pro Ser Asn Pro Gly Leu Val Asp Tyr Ser Lleu Glu Pro leuv His Thr Lev leu Glu 330

GMCMWCCGMCGGGMGCTCTGKGACMGCT‘TCAGCCITTATATAATGMCAGAGCCCGGTGGCAGMCTGTIGCAGGCCCTGC
Glu Gln Asn Pro Lys Arg Glu Ala Leu Arg Gln Ala Ile Ser Eis Tyr Ile Met Ser Arg Ala Arg Trp Gln Asn Cys Ser Arg Pro Cys 360

AGG TCA GGC CAG CAT AAG AGT AGC CAT GAT TCA TGC CAG TGT GAG TGC CAG GAT TCA AAG GTC ACC AAC CAG GAC TGC TGC CCA CGA CAG
Avg Ser Gly Gln His Lys Ser Ser His Asp Ser Cys Gln Cys Glu Cys Gin Asp Ser lys Val Thr Asn Gln Asp Cys Cys Pro Arg Gln 390

AGG GGC TTG GCC CAT TTG GIG GTA AGC AAT TIC CGG GCA GAA CAT CTG TGG GGA GAC TAC ACC ACA GCT ACT GAT GCC TAC CTA AAG GYC
Arg Gly Leu Ala His Leu Val Val Ser Asn Phe Arg Als Glu His Leu Trp Gly Asp Tyr Thr Thr Ala Thr Asp Ala Tyr Leu lys val 420

TTC TIT GGT GGC CAG GAG TTC AGG ACC GGT GTC GTG TGG AAC AAT AAC AAT CCC CGG TGG ACT GAC AAG ATG GAC TTT GAG AAT GTG CTC
Phe Phe Gly Gly Gin Glu Phe Arg Thr Gly Val Val Trp Asn Asn Asn Asn Pro Arg Trp Thr Asp Lys Met Asp Phe Glu Asn val Lev 450
CTG TCC ACA GGG GGA CCC CTC AGG GTG CAG GTC TGG GAT GCC GAC TAC GGC TGG GAT GAT GAC CTT CTT GGT TCT TGT GAC AGG TCT CCC
leu Ser Tht Gly Gly Pro Leu Atg Vel Gln Val Trp Asp Als Asp Tyr Gly Trp Asp Asp Asp Leu Leu Gly Ser Cyn Asp Arg Ser bro 480

CAC TCT GGT TIC CAT GAG GTG ACA TGT GAG CTA MAC CAC GGC AGG GTG AAA TTC TCC TAC CAT GCC AAG TGT CTG CCC CAT CTC ACT GGA
Bis Ser Gly Phe Mis Glu Val Thr Cys Glu Lev Asn His Gly Arg Val Lys Phe Ser Tyr His Ala Lys Cys leu Pro His Leu Thr Gly 510

GGG MCC TGC CTG GAG TAT GCC CCC CAG GGG CTT CTG GGA GAT CCT CCA GGA AAC CGC AGT GGG GCT GTG TGG TAA
GLy Thr Cys Leu Glu Tyr Als Pro Gln Gly Leu Leu Gly Asp Pro Pro Gly Asn Arg Ser Gly Ala Val Trp Ter 534

CATAATAACAACAAT, TGGGT TTTAATCCCAGCATTT AGAGACAGGTGGATATCTATGAGTTCATGGCCAGCCTGGGTCTAC

TGGAATGTTCAACTGGCTTCTCCCTGGGGATCTGCAATGGCTTACTATGCATAGAGAGGCCACTAGAGTGGCTGAGTTTTT

ACA GACTTTCCCCTCCACACTSCT TGCAA AAAGCTTGGCAACTACT AGCGTAAACAT GGA AGGCCAGAC
GGTCT TTAA TTCTCCC AGCAAGATC *ATCTGT TTCCT TCCTGGGTACCTTTTGTCCCTCATTCTGCTCATGATGALTSG
AAGGCC T AN 'GTAATGGTAAGCATGCTGGTGGCCTGG AATGATGC AGATT
TTTATGTT T AAA TGTTACTGTAAGTGAA TTTTTCTAATTCTGCTAGTAATGTGGGACTGCAATCCCTTACGCTCTG

AGTCAAGAAACAGTAGCATAAATGTGGCAATAAATAATGATAGGS
—

Ficure 2. Nucleotide sequence of mouse Pfp. Exons are shown in upper case, introns (partial
sequences) in lower case. Numerals at right and in the text refer to numbered amino acid residues.
The first 396 bases of the 3'UT region were sequenced from clone 64, the final 352 bases from
a PCR product amplified from CTLL-R8 RNA (see text). Eco RV (gatatc) and Hind III (aagctt)
sites and the polyadenylation signal are underlined. An A-rich tract in the 3'UT region is shown
in bold characters. The asterisk indicates the position of the Sal I cloning site in EMBL 3 DNA,
which was used to generate a 3'UT probe for RNA blot studies (Fig. 4). Sequences that were
used to construct sense (4) and antisense (B) oligonucleotides for PCR amplifications are boldly
underlined and arrowed. These sequence data have been submitted to the EMBL/GenBank Data
Libraries.

the human C9 gene (corresponding data are not available for the mouse), which
has been shown to be spread over at least 80 kb, with its exons interspersed by several
introns as large as 20 kb (34). This radically different configuration is also reflected
in the size of the exons in the two genes. The “mosaic” nature of the C9 protein
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is more faithfully, though not exactly, represented in the domains encoded by in-
dividual exons or clusters of exons (34). The series of 11 exons in the C9 gene vary
in length from only 106 to 247 bp in length, while the two coding exons of Pfp are
572 and 1,877 bp long. In contrast to C9, the large intron in Pfp does not interrupt
protein coding sequences and is accommodated at the 5’ end of the gene (Figs. 1 and 2).

The 5 Region. Southern blotting analysis performed with a probe derived from
the extreme 5' end of the published cDNA sequence revealed that clone 64 lacked
most of the 5 noncoding regions of the Pfp gene. The probe used for this analysis
was a 192-bp fragment derived from Pst I digestion of another cDNA clone, desig-
nated PFP-15 (Fig. 1). This 5 probe was therefore used to identify reactive clones
from the same genomic library. Five independent clones (represented by clone 67
in Fig. 1) were isolated, and all five failed to hybridize with the coding region probe
(not shown). These observations were consistent with the presence of at least one
large intron at the 5' end of the gene. This contention was further supported by DNA
blot analysis of mouse genomic DNA, using 5 and coding region probes (Fig. 3).
DNA that was digested with any of eight restriction endonucleases (seven with a
six-base recognition sequence, and Taq I failed to yield a single common hybridizing
band. Identical results were obtained with enzymes that cut DNA less frequently,
such as Xho I, as well as with several other enzymes (not shown). Although similarly
sized bands were observed when the DNA was restricted with Sac I (Fig. 3, 4 and
B), these bands were found to be nonidentical in subsequent experiments (not shown).
It later became clear that PFP coding regions present in clone 64 were situated at
the extreme 3’ end of the DNA insert (see below). As clone 64 contains an insert

g"ii’?sé\'\\\ $$$¢:\\\
) > O o & 3 o * o
I A A O S &8 88
A B
kb
-23.1/—--..
- 94 — -
—-—
66—

-23 ~_
-20 —

Ficure 3. Blot analysis of mouse genomic DNA digested with the indicated restriction en-
donucleases and hybridized with a 5’ cDNA probe (4) and with a coding region probe, PFP-6
(B). (*) Though the hybridization patterns for Sac I appear similar, the bands were found to
be nonidentical (see text).
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of at least 16 kb, and the total length of exons II and III and the intron between
them is <5 kb, the 5 intron has a minimum length of 11 kb.

To verify that the 5 Pst I fragment used in the above analyses did genuinely en-
code Pfp sequences, the fragment was used to probe RNA derived from a cloned
cytotoxic T cell line, CTLL-R8 (29). The 5 probe detected an abundant RNA spe-
cies of ~2.8 kb (Fig. 4, lane I), which migrated identically with that detected by
the probe for the coding region (Fig. 4, lane 2). This result was confirmed using
RNA from three other cytotoxic and noncytotoxic cell lines (not shown).

The 3' Region.  Analysis of the genomic insert of clone 64 revealed that this clone
terminated after the first 0.3 kb of 3'UT sequence, and lacked the putative polyade-
nylation signal. As attempts at isolating this part of the gene using 3' probes were
fruitless, an alternative strategy was pursued. 3'UT sequences were amplified from
CTLL-R8 RNA, using a PCR reaction that was primed with a specific (sense) oli-
gonucleotide primer at only one end (35). This oligonucleotide (Fig. 2 4) was con-
structed from the sequence at the extreme 3' end of clone 64, while the PCR reaction
was anchored at the 3’ end using (dT)17, to which a Not I cloning site was attached
at the 5 end, in order to facilitate subcloning of the resultant DNA fragment (see
Materials and Methods). A species of ~0.4 kb resulted from this amplification. Sub-
stitution of human RNA containing Pfp transcripts resulted in no such amplification
product (not shown). The fragment was sequenced and demonstrated to encode a
classical polyadenylation signal (AATAAA) and poly(A) tail. To determine whether
the remainder of the 3'UT region was encoded on exon III or on another exon, a
further antisense oligonucleotide was synthesized immediately upstream of the poly-
adenylation signal (Fig. 2 B). Oligonucleotides A and B were then used to amplify
intervening sequences in the mouse genome (30). A DNA fragment identical in size
to that amplified from RNA resulted, excluding the possibility of an intron at the
3’ end (not shown).

Comparison of the 3UT sequence derived in this study and that presented previ-
ously (15) showed some interesting discrepancies. The 3"'UT region of PFP-6 cDNA
(16) terminates at a long poly(A) stretch commencing 127 bp beyond the termina-
tion codon (Fig. 2). This sequence is not preceded by a polyadenylation signal and
is clearly not the genuine poly(A) tail. The sequence presented by Lowrey et al.

2.8kb— - » s 3

Ficure 4. Blot analysis of poly(A)* RNA derived from the mouse cytotoxic cell line, CTLL-
R8. RNA (1 pg) was hybridized with a 5’ Pst I fragment from PFP-15 (lane ), with a coding
region probe, PFP-6 (lane 2), Eco RV-Hind III (lane 3), and Hind III-Sal I fragments (lane
4) from the 3'UT region of clone 64, with a DNA fragment amplified from mouse CTLL-R8
RNA by PCR (lane 5), and with a 0.3-kb fragment of EMBL 3 DNA (lane 6).
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(15) is virtually identical upstream of this point, but then diverges markedly from
that presented in the current study. To check that the extreme 3' portion of clone
64 (i.e., downstream of the point of divergence) did, in fact, code for Pfp exon se-
quences, three probes derived from the putative 3'UT region of the Pfp gene were
used in RNA blot analysis. The first two probes consisted of Eco RV~Hind III and
Hind I1I-Sal I fragments from the extreme 3’ end of clone 64 (Fig. 2), and the third
was the PCR product derived from amplification of mouse CTLL-R8 RNA (i.e.,
between oligonucleotides A and B in Fig. 2). Each of these probes detected a 2.8-kb
RNA species, which was identical in size to that detected with the coding region
probe, PFP-6 (Fig. 4, lanes 2-5). The reason for the discrepancy between the se-
quence presented here and that of Lowrey et al. (15) is unclear. One possibility is
a polymorphism of the Pfp gene, related to the strain of mouse studied in each case.
It is conceivable that the A-rich tract at the point of divergence of the two sequences
could predispose to an increased recombination frequency, either in vivo, or as an
in vitro cloning artifact. The possibility that the previously reported sequence
represents an intron seems unlikely, in view of the amplification of genomic sequences
presented in this study, and since a typical intron-exon splice consensus motif is not
apparent near the point of divergence of the two sequences.

Chromosomal Localization of the Pfp Gene. 'To determine the chromosomal assign-
ment of the Pfp gene, the PFP-6 probe was hybridized with DNA derived from a
panel of 18 mouse-Chinese hamster hybrid cell lines and a single mouse-rat hybrid
cell line (31, 32) (Fig. 5; data for only four hybrid cell lines shown here, two of which
hybridized positively for Pfp).

Digestion with Eco RI produced hybridizing bands of 8.2 kb in hamster DNA,
16 kb in rat DNA, and 18 kb in mouse DNA. Hybrids were scored for presence
or absence of the 18-kb band. This informative band was found to correlate exactly
with the presence or absence of chromosome 10 in each of the cell lines (Table I).
Included in this set of hybrids were two, HM45 and HM80, that were subclones
of the same primary hybrid. These cell lines were karyotypically identical, except

1 2 3 4 5 6

kb
18.0- =

: Ficure 5. Blot analysis of DNA derived from a selected set

- of mouse-Chinese hamster hybrid cell lines (lanes 3-6), hy-

8.20- “ [— u % bridized with the PFP-6 coding region probe. Lanes / and 2
contain control mouse and Chinese hamster liver DNA, respec-

tively. An informative hybridizing band for mouse Pfp is indi-
cated at 18 kb.
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TasLe I
Segregation of Mouse Chromosomes with Pfp Crosshybridizing Bands
in 19 Somatic Cell Hybrids

No. of hybrids

Mouse (DNA hybridization/chromosome) Percent
chromosome +/+ -/~ +/- -/+ discordancy
1 2 5 1 9 58
2 3 6 0 9 50
3 1 6 0 4 36
4 3 8 0 6 35
5 0 10 3 3 37
6 2 6 1 9 56
7 3 5 0 10 56
8 2 10 1 4 29
9 2 10 1 5 33
10 3 15 0 0 0
11 0 11 2 1 21
12 1 3 0 7 64
13 2 6 1 9 56
14 1 11 1 4 29
15 1 1 0 8 80
16 1 9 1 ] 38
17 2 5 1 8 56
18 1 6 0 7 50
19 1 7 1 7 50
X 3 6 0 8 47

This table is compiled from 19 cell hybrids involving either mouse-Chinese ham-
ster or mouse-rat fusions (see Materials and Methods). Symbols indicate the
presence ( + /) or absence ( - /) of mouse Pfp restriction fragments as related to
the presence (/ + ) or absence (/ - ) of a particular mouse chromosome. The num-
ber of discordant observations is the sum of the +/- and -/+ observations.
The lowest discordance is the basis for chromosomal assignment.

that HM80 contains mouse chromosome 10 and HM45 does not. Only HMB80 pro-
duced the mouse Pfp fragment (data not shown). The Pfp gene was therefore as-
signed to chromosome 10.

To confirm and extend the chromosome 10 assignment, progeny from an in-
terspecifies backcross were also typed for Pfp. Digestion with Apa I produced 17.8-
and 7.2-kb crossreactive fragments in NF&/N mice and 17.8- and 10.2-kb fragments
in musculus mice. The NFY/N 7.2-kb fragment was detected in 25 of 70 progeny of
the backcross (NF/N x musculus)F1 x musculus. Analysis of these same mice showed
linkage of Pfp to the oncogene locus Myb, which was detected by the presence of
an 8.4-kb Sca I fragment inherited from the NFS parent (recombination = 16/64
= 0.25 +/-0.054). This provides evidence for genetic linkage to Myb, which has
been mapped to the centromeric region of chromosome 10 (36, 37).

Discussion

This study reports the genomic organization of mouse Pfp, which has been found
to be surprisingly uncomplicated. The gene consists of three exons with two inter-
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vening introns, and the entire protein coding information is contained within a span
of <5 kb. This format shows close similarity with preliminary reports of the struc-
ture of human Pfp, as recently presented by Lichtenfeld et al. (38). These two studies
reveal marked differences from the intron-exon organization of human C9 (34).

With the isolation of cDNA clones encoding PFP and C9 (13-16, 39, 40), the im-
munological, physico-chemical, and functional similarities of the two molecules were
found to reside over a surprisingly small portion (about one-third) of the two mole-
cules. This dichotomy between structural analogy and overall discordance of the
amino acid sequences is extended by the comparison of the respective genes. PFP
and C9 polypeptides have two analogous domains. The first is believed to allow mem-
brane insertion and to comprise an amphipathic a-helical structure. The second
is a contiguous cysteine-rich domain that has homology to that found in the EGF
family of cysteine-rich motifs. Unlike C9 and the other members of the membrane
attack complex, C8a, C88, and C7, PFP lacks thrombospondin and LDL receptor-like
domains near its NH; terminus (41). The region of similarity between the two pro-
teins comprises amino acids 160-390 of PFP (approximately the central one-third
of the molecule) and 320-560 of C9 (the COOH-terminal one-third) (13, 15, 16).
In the C9 gene, this region is encoded on four exons (exons 7-10), three of which,
exons 7, 8, and 9, are relatively closely clustered, but separated from exon 10 by
a large intron (34). In sharp contrast, the corresponding regions of Pfp are repre-
sented in continuo in approximately the 5 half of the open reading frame of exon
II1. The PFP-specific NH;- and COOH-terminal portions of the molecule are en-
coded on exon II and on the remainder of the coding portion of exon III. These
two peripheral domains have no similarity to C9 and are presumed to confer struc-
tural and functional characteristics unique to PFP.

The marked differences between the C9 and Pfp genes have implications for their
evolutionary relationship. Though not reflected with perfect fidelity in their intron-
exon boundaries (34), the nature of the genes encoding the late complement compo-
nents seems generally consistent with the notion that domains of these mosaic pro-
teins correspond to discrete units of genetic information that may have coalesced
to form a single gene, after a series of recombinations, duplications, and deletions.
The C6, C7, C8a, C883, and C9 polypeptides all have structures consistent with
this “domain” hypothesis (39-46). It is still unclear whether this model is applicable
to PFP, as the two peripheral portions of this molecule are of unknown function
and genetic origin. Taken at the simplest level of comparison, PFP and C9 share
two domains that fulfill roles essential to their overall functions, namely those providing
for lipid insertion and polymerization. It is conceivable that these domains arose
from a primordial ancestor gene encoding a polypeptide with a more general func-
tion in immunity. A series of subsequent intron insertions (C9) and deletions (Pfp)
would then account for the present divergent configurations of the two genes. The
mechanisms responsible for these arrangements would presumably be analogous to
those responsible for generating other multigene families, such as the Ig superfamily
(47). This gene family, members of which are scattered over many chromosomes,
encodes a widely divergent group of polypeptides that display one or more copies
of a common Ig-like domain, as well as other features that define and differentiate
individual family members (47). Alternatively, the markedly differing gene organi-
zations for Pfp and C9 could suggest that their common features may have arisen
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independently, by a process of convergent evolution. Precedents for gene duplica-
tions and likely instances of convergent evolution in the complement C2 and C# genes
have previously been described in mouse and in man (48, 49). These observations
would be consistent with the clearly important biological roles played by the comple-
ment cascade proteins and by cytotoxic effector molecules.

An important feature of the Pfp gene and of other genes involved in cellular cyto-
toxicity is their inducibility as a function of T cell activation and proliferation, and
in response to a wide variety of stimuli, including antibody binding, exposure to
certain cytokines such as IL-2, and as a function of the activity of intracellular pro-
tein kinase C (50). It is anticipated that examination of 5’ controlling regions of the
Pfp gene will yield important information regarding the role played by cytotoxic
mediators in the normal immune response.

Summary

Genomic clones encompassing the entire coding region of the mouse lymphocyte
pore-forming protein gene (£fp) have been isolated and used to determine its intron-
exon organization. In contrast to C9, Pfp has a simple structure, consisting of only
three exons (two of which encode polypeptide), alarge 5' intron, and a single, smaller
intron that is situated approximately one-third of the way through the protein-coding
portions of the gene. The regions encoding the homologous domains of PFP and
C9 are encoded on exons 7, 8, 9, and 10 of C9, but form only approximately half
of the open reading frame of exon HI in Pfp. Although encoding polypeptides with
related functions, the two genes possess such sharply contrasting structures as to
suggest that their analogous regions may have risen independently, by a process of
convergent evolution. Using a panel of somatic cell hybrid cell lines, Pfp has been
mapped to chromosome 10.
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