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Isotypic Variants of the Interferon-Inducible Transcriptional Repressor IFI 16 Arise
through Differential mRNA Splicing
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ABSTRACT:. We recently demonstrated that IFI 16, a human member of a family of interferon-inducible
nuclear proteins, can function as a potent repressor of transcription. All members of this family are
found in the nucleus and contain 1 or 2 copies of a conserved 200 amino acid repeat domain. IFl 16
migrates on SDSPAGE as three distinct protein species (IFI 16A, 16B, 16C) clustered-a®8%Da,

and we therefore set out to determine the molecular mechanisms underpinning the production of these
different isoforms. In the present report, we have used thermal cycling amplification of reverse-transcribed
MRNA (RT-PCR) and Southern blotting of genomic DNA to show that the three protein isoforms result
from translation of three separate mRNA species produced by differential mMRNA splicing. This differential
splicing gives rise to variability in the central (“hinge”) domain of the molecule which separates the two
200 amino acid repeats. The longest mRNA2(7 kb) encodes an open reading frame of 2355 bp and
generates the IFI 16A isoform of 785 amino acids. It contains sequences from 11 exons, including a
newly identified exon (7a) which appears to have arisen by tandem duplication of exon 7. The second
isoform (IFI 16B, corresponding to the form reported previously) is the most abundantly expressed, and
results from deletion of exon 7a (168 bp) to encode a protein of 729 amino acids. The smallest mMRNA
encodes the IFI 16C isoform (2019 bp), has deleted both exon 7 and exon 7a, and shortens the protein by
a further 56 amino acids. Culture of IFI 16-expressing cells with tunicamycin and incubation of cellular
lysates with endoglycosidase H suggested that neither IFI 16A nor IFI 16B is glycosylated; however,
some IFI 16C molecules showed a minor degree of complex carbohydrate addition. Furthermore,
immunoprecipitation and Western blotting indicated that all three IFI 16 isoforms are phosphorylated on
serine and threonine residues, but not on tyrosine. Thus, the three IFI 16 protein isoforms arise due to
alternative RNA splicing and not due to differential glycosylation or phosphorylation. Finally, IFI 16
isoforms can homo- and heterodimerize, and we have mapped the dimerization domain to the amino
terminus which contains an imperfect leucine zipper domain.

IFI 16 belongs to a family of interferon (IFRjnducible In normal human bone marrow, IFl 16 expression is found
human and mouse proteins known as the HIN-200 family in CD34+ pluripotent myeloid cell precursors and in their
(Hematopoietic IFN-inducible Nuclear antigens with 200 daughter cells destined for monocytic differentiation; how-
amino acid repeats)l). IFI 16 nucleoprotein has been ever, expression is rapidly and completely down-regulated
characterized using specific monoclonal and polyclonal when CD34+ cells differentiate into neutrophils, eosinophils,
antisera and reduced SBBAGE as a closely migrating or erythroid cells 4). On the basis of this restricted
cluster of three proteins of 835 kDa @, 3); however, the expression, together with IFI 16’s nuclear localization and
molecular basis of the three protein isoforms has not beenits ability to bind to DNA @), it has been suggested that IFI
explained. Expression of IFl 16 protein is restricted to the 16 may function as a transcription factor involved in
nuclei of hematopoietic cell subsets and fibroblasts, and bothcontrolling differentiation in the myeloid lineage. IFI 16
the mRNA and protein are strongly induced from very low shares a high degree of sequence homology with two other
basal levels in immature myeloid cell lines such as HL-60 human genes: the myeloid cell nuclear differentiation antigen
and U937, when these cells are exposed to differentiating (MNDA) (5) and the recently identified AIM-26], which
agents such as dimethyl sulfoxide and retinoic aid3}. have also been implicated in growth regulation and dif-

ferentiation of myeloid cells and melanoma cells, respec-
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c-Fos, and NFkB 11). Its binding to p53, E2F, and to  dimerize through the amino-terminal region of the molecule.

members of the AP-1 family prevents cognate DNA binding This raises the possibility that a complex containing different

of these transcription factors, resulting in a loss of their combinations of IFI 16 isoforms may have distinct molecular

transcriptional activity&, 10, 11). Thus, p202 can modulate  or biological functions.

transcription in a ‘passive’ manner by preventing the action

of transcription factors. In contrast, we have recently shown MATERIALS AND METHODS

that IFl 16 can actively repress transcription, and we have

mapped the repression domains to regions outside of its DNA

binding domain. In addition, we have demonstrated that IFI

16 can also bind to p53 and pRb both in vitro and in vivo

and thus, like p202, may also affect the transcription function . _

of these molecules (manuscript in preparation). streptomycin. Human peripheral b!ood leukocytes from
Like many transcription factors and transcriptional modu- normal donors were sep.arated on Ficoll-Hypague.

lators, this family of proteins appears to be organized into RT-PCR and SubcloningTotal cellular RNA was pre-

modular functional units. All HIN-200 mouse and human Pared using RNA-zol (Biotecz Laboratories, Houston, TX)

proteins share a high degree of sequence homology in aaccording to the manufact_urer’s recommendauons. First-

characteristic 200 amino acid repeat region present either asStrand cDNA was synthesized from 1@ of RNA in 25

a single copy (e.g., D3, MNDA) or in duplicate, as is the uL using 200 units 01_‘ murine leukemia virus reverse

case in both IFI 16 and p202,(7). The function of these  transcriptase (BRL, Gaithersburg, MD), 0.25 mM each of

domains is unknown; however, both the A and B domains dATP, dCTP, dGTP, and dTTP, and Qg of random

of IFI 16 are independently capable of transcriptional hexamer oligonucleotidesifd h at 37°C. PCR reactions

repressor function1@), and one short, highly conserved Were performed with 0.25 unit of Tag polymerase (Boe-

subregion is permissive for binding of p202 to p53, through hringer Mannheim), &L of first-strand cDNA, 0.2 mM each

the intermediary p53 binding proteiB)( Other domains of ~ ©f dATP, dCTP, dGTP, and dTTP, and«M exon-specific

IFI 16 include a basic amino-terminal domain which we have ©ligonucleotides. For amplification of the full-length coding

shown to subserve both nuclear localization and DNA egion of IFI 16, oligonucleotides to exon 2'{GTTAT-
binding functions 2), and a shorter “hinge” domain separat- GTCTGTAAAGATG-3) and exon 10 (SATCGTCAAT-

ing the “A” and “B” 200 amino acid repeat regions, which GACATCCAG-3) were used. To amplify the’®nd, the
is unique to IFI 16, and whose function is unknown. We Middle portion and the'®nd of the IFI 16 coding region of
previously reported the organization of th@ 16 gene, and the following oligonucleotides were used: énd, exon 2

showed that the domain organization of the protein is closely (5"CTTATGTCTGTAAAGA_‘TG_'3 ) and exon 4 (5TC-
mirrored in its intror-exon boundariesl@). The amino- ~ CATTGAATTTCTCCTT-3); middle portion, exon 4 (5

terminal domain is represented on exons 2 and 3, while theGAGACCCCAGAAATGGA(?‘?’) and exon 8 (SCTGT-
A and B repeats are encoded on exons 4/5 and 8/9,TGCGTTCAGCACCA73)' 3 end, exon 8 (SCCAAG-
respectively 13). IFI 16 appears to have arisen by a series ACTGAAGACTGAA-3) and exon 10 (BATCGTCAAT-

of exon duplications followed by mutation, as exons 4/8 and GACATCCAG-3).  For amplification of genomic DNA,
5/9 are almost identical in length and encode exactly ©ligonucleotide primers corresponding to exon 6Q&T-
corresponding portions of the 200 amino acid domalis.( ~ CAGAGCCATCTTCGG-3 and exon 8 (SCTGTTGCGT-

We also found that exons 6 and 7, representing the hinge T CAGCACCA-3) were used in PCR reactions using Expand
region, are imperfect repeats of identical length, each thermostable polymerage (Boehrmger Mannheim) according
encoding 56 amino acids of the predicted 729 amino acid to the manufacturer’s instructions. PCR products were

protein represented in the “full length” cDNA that had been ligated into the pMosBlue vector as per manufacturer's
identified at that time 13). instructions and sequenced using the dideoxy mettd (

In the present study, we were interested in determining 1he original full-length IFI 16 cDNA was ligated into the
the molecular basis for the three closely migrating protein XPa8 site of the pRCCMV (Invitrogen) expression vector.
species representing IFl 16 in SBBAGE analysis, and GST-IFI 16(+-729) was produced by transfecting full-
ultimately to ascertain whether they have different functions. length IFI 16 cDNA in-frame into the pGex4T1 vector
We had previously postulated that the isoforms may arise (Promega). GST-IFI 16(127729) and IFI16(478729)
from alternatively spliced mRNAs, especially given the Were produced by digesting full-length IFI 16 cDNA with
degree of exon dup"ca’[ion present in tie 16 gene, and Sad and Puull, respectively, and subcloning in-frame into
the appearance of a broad band of mMRNA species seen oPGex4T1. Production of GST-IFI 16(1159) was described
Northern blots, rather than a sharply defined single speciespreviously @).

(14). Moreover, due to the presence of long introns in the  In Vitro Transcription/Translation and Expression in
central portion of the gene, we were unable to define the Eukaryotic Cells In vitro transcription/translation reactions
exact length of the gene, and to determine whether other(Promega, Madison, WI) containing®g]methionine (1175
copies of exon 6/7 might exist. Here we report that the Ci/mmol) were programmed with pMOS-IFI 16A, -B, and
protein isoforms do indeed arise because of alternative -C, encoding the three identified mRNA splice variants or
mMRNA splicing that involves the hinge domain, and further with pRcCMV-IFI 16. For expression in eukaryotic cells,
that a hitherto undetected exon (7a) contributes to this 293 cells were transfected with 2@ of either pRcCMV-
variation in size of the gene transcript and the resultant IFI16 or pMOS-IFI 16A, -B, or -C, by the calcium phosphate
protein. The functional role of the different protein isoforms precipitation method1). Cells were harvested 48 h after
is unknown; however, we show that the isoforms can addition of the precipitate.

Cells and Cell Lines Hela, Daudi, or 293 cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% heat-inactivated fetal calf serum, 2
mM glutamine, 100 units/mL penicillin, and 100 units/mL
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Western Blotting/Immunoprecipitatiorf-orty-eight hours
after transfection, cells were lysed in lysis buffer [25 mM
HEPES (pH 7.0), 0.25 M NaCl, 2.5 mM EDTA, 0.5 mM A
DTT, 10 ug/mL leupeptin, lug/mL pepstatin A, 2 mM
phenylmethanesulfonyl fluoride, and 0.1% NP-40] for 30 min
on ice. Proteins were separated by electrophoresis through
a 10% polyacrylamide gel, transferred onto Immobilon 94 —
PVDF membrane (Millipore, Bedford, MA), and probed with
monoclonal IFI 16 antibody3). Blots were incubated with 67 —
HRP rabbit-mouse antibody (DAKO, Glostrup, Denmark), 1 2 3
and immunoreactive proteins were visualized by chemilu- Western with MaIFI 16
minescence (Amersham, Buckinghamshire, U.K.).

For immunoprecipitation analyses, extracts were incubated
with antibody overnight at £4C, and immune complexes .
were collected with protein ASepharose beads af@ for B g 2 & :
1 h. Antibodies used were rabbit anti-IFI 16 polyclonal
serum B8) and monoclonal antibodies against phospho- -s:ﬁ:] IF1 16
tyrosine, -serine, and -threonine (Sigma, St. Louis, MO) —C
residues. The beads were washed 8 times with lysis buffer. P \ )

GST-Based Assays of IFl 16 Dimerizatio®ST fusion Ficure 1: ldentification of IFl 16 protein isoforms. (A) Whole

proteins were purified as describeti7), and the yield of cell lysates from Daudi (lane 2) or HeLa (lane 3) cells were run on

each protein was determined by SBIBAGE analysis and 109 SDS-PAGE with a rabbit reticulocyte lysate programmed
Coomassie blue staining. GST proteins bound to glu- with pRcCMV-IFI 16 (lane 1). Proteins were separated and probed
tathione-agarose beads (Sigma) were washed twice in NET- with an anti-IFI 16 monoclonal antibody. The IFI 16A, -B, and -C
50 (20 mM Tris, pH 8.0, 1 mM EDTA, 50 mM NaCl) for isoforms are indicated by arrows on the right, and molecular mass
15 min at t ) t d ' bated in 200 mL markers (kDa) are on the left. (B) HeLa cells were transfected with
min at room temperature and were incubated in m pRcCMV-IFI 16 (lanes 2 and 4) or with pRcCMV alone (lanes 1
of binding buffer [25 mM HEPES, pH 7.5, 12.5 mM MgCl  and 3), whole cell lysates were prepared, and IFI 16 protein isoforms
20% glycerol, 0.1% NP-40, 150 mM KCI, 1 mM dithio- were detected as above. The IFl 16C isoform was present in all
threitol (DTT), 150ug/mL bovine serum albumin (BSA)]  lysates upon longer development of the Western blot (data not
for 10 min at room temperature. Five microliters 86- shown).
labeled, in vitro translated protein was incubated with . . .
immobilized GST fusion proteins fd. h atroom tempera- product comigrated with the most abundant IFI 16B isoform

ture. The beads were washed 5 times with 1 mL of washing identified in the nuclear lysates of Daudi and HelLa cells by
buffér (20 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA Western blotting (Figure 1A). To examine whether over-
0.5% NP-40) Bofmd prbfeins were eIutéd with Laemr'nli expression of this isoform in mammalian cells could result

sample buffer, separated on a 10% S@Blyacrylamide gel, in production of the oth_er isoforms, we then transiently
and ?/isualized b;)autoradiographf;/. yacry ¢ expressed the IFI 16B isoform in HelLa cells, under the

Tunicamvein and Endoalvcosidase H Treatmerfor control of a CMV promoter (Figure 1B). As Hela cells
y gl . e constitutively express all three isoforms, we compared the
endoglycosidase H treatment, IFI 16 immunoprecipitates

were resuspended in 50 mM potassium acetate. oH 5. an xpression levels of each isoform with those in cells
treated withpluL of endoglycosri)daseH(Sigma) fdrF)16 h'at ransfected with vector DNA alone. In each of two
37°C. 293 cells transfected with pMOS-IFI 16A, -B, or -C independent experiments (lanes 1/2 and 3/4), the nuclear

were cultured in the presence of gy/mL tunicamycin lysates showed a clear increase of the IFI 16B isoform,
(Sigma) for 24 h until harvested for Western blotting. without any appreciable effect on the quantities of IFI 16A

(the slowest migrating species) and IFl 16C (the fastest).
RESULTS This showed that one mMRNA species, in this case IFI 16B,
could encode only the corresponding protein isoform, and
IFI 16 antigen expressed in the nucleus of myeloid cell suggested that posttranslational modification of IFI 16 was
lines and primary human cells consists of three protein not a major contributor to protein heterogeneity.
species at 8595 kDa; however, the reason for this dif- Multiple Copies of Exon 7 Account for IFl 16 Heterogene-
ferential migration on SDSPAGE is unknown. Among the ity. We used RT-PCR to identify whether IFI 16 mRNA
possibilities we considered were that IFI 16 protein is transcripts are heterogeneous. Initially, primers flanking the
differentially and variably glycosylated (unusual for a nuclear entire IFI 16B open-reading frame were used to amplify IFI
protein), that the apparent size differences arise due t016 cDNA derived from human peripheral blood mononuclear
phosphorylation, and finally that the different sized molecules cells. We identified three major species of cDNA clustered
arise from different mRNA transcripts generated by dif- at approximately 2.2 kb (data not shown). We then used
ferential pre-mRNA splicing. oligonucleotides spanning various portions of the IFl 16
Previously Described IFI 16 mRNA/cDNA Accounts for transcript to map the heterogeneous region. Oligonucleotides
Only the 16B Protein IsoformWe have previously described corresponding to the'§exons 2-4) and 3 (exons 8-10)
“full length” IFI 16 mRNA and protein as encoding 729 ends produced only single species; however, primers span-
amino acids on an open-reading frame of 21871. (When ning the central region (exons-8) that encodes the hinge
we translated this cDNA in vitro, we found that the protein domain reproduced a similar pattern as the full-length RT-
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A IFL16 A exon 6

. .. .CTTCACCAAG
7 [ AAAAGTGAAGACACAATCTCCARAATGAATGACTTCATCAGGATCCAGATACTCAAGGARGGGAGTCAT TTTCCAGGACCGTTCATGACT
exon GCATAGGCCCAGCTGAGAGCCATCCCCACACTCCTCAGATGCCTCCATC AACACCAAGCAGCAGTTTCTTAACCACG
AAAAGTGAAGACACAATCTCCARAATGAATGACTTCATGAGGATGCAGATACTGAAGGAAGGGAGTCATTTTCCAGGACCGTTCATGACT
AGCATAGGCCCAGCTGAGAGCCATCCCCACACTCCTCAGATGCCTCCATCAACACCAAGCAGCAGTTTCTTAACCACG
TTGAAACCAA. . . .

exon 7

exon 8

IFI16 B

exon 6

... .CTTCACCAAG

exon 7 AAAAGTGAAGACACAATCTCCAAAATGAATGACTTCATGAGGATGCAGATACTGAAGGAAGGGAGTCATTTTCCAGGACCGTTCATGACC
AGCATAGGCCLCAGCTGAGAGCCATCCCCACACTCCTCAGATGCCTCCATCAACACCAAGCAGCAGTTTCTTAACCACG
TTGAAACCAA. ...

exon 8

IF116 C exon 6

... .CTTCACCAAG TTGAAACCAA....

exon 8

IF1 16C

B 1F1 16B

IFI 16A

DNA Binding 200 AA repeat Hinge 200 AA repeat

IFI 16A

IFI 16B

IFI 16C

Ficure 2: Cloning and sequencing of IFI 16 splice variants. (A) Nucleotide sequences of IFI 16A, -B, and -C splice variants were identified

by RT/PCR using paired oligonucleotide primers corresponding to exons 2 and 10, and to exons 4 and 8. The exon structure and nucleotide
sequences of IFI 16A, -B, and -C are identical except for the region between the end of exon 6 and the start of exon 8. The last 10 bp of
exon 6 and the first 10 bp of exon 8 are shown as well as the full nucleotide sequences for exon 7 and exoRudl Jites within exons

7 and 7a are underlined. (B) Schematic representation of the three different IFI 16 mRNA (top) and protein (bottom) isoforms that arise due
to RNA splicing. IFI 16A contains exons 1 through 10 including the newly identified exon 7a. IFI 16B arises due to a loss of exon 7a, while

IF1 16C is produced after a loss of exons 7 and 7a. The protein products from the different splice variants are shown on the bottom. The
amino-terminal DNA binding domain (white box) is shown with the nuclear localization signal sequence (black bar); the two, 200 amino
acid repeats (A and B) are shaded and separated by a hinge region of variable length encoded by exons 6 (black box), 7 (wavy box), and
7a (striped box).

PCR reaction (data not shown). We then isolated, subcloned,isoforms arise from three differentially spliced mRNA
and sequenced all three species (Figure 2A), and found thatspecies with either 1, 2, or 3 copies of a modular 56 amino
IFI 16B was encoded by the centrally migrating cDNA acid “hinge unit” encoded on a single copy of exon 6 and 2
molecule. The smallest cDNA encoded a putative protein copies of exon 7 (Figure 2B).

with a deletion of 56 amino acids, corresponding exactly = To investigate this possibility further, and to define the
with sequences encoded on exon 7. The largest cDNA wasexact number of copies of exon 7 present in the genome,
identical with IFI 16B, but additionally contained an in-frame we amplified genomic DNA using primers corresponding
168 bp duplication of exon 7, resulting in a protein predicted to exons 6 and 8. We isolated a fragment of genomic DNA
to contain an additional 56 amino acids in the hinge region of approximately 10 kb, and confirmed that it hybridized
(Figure 2B). These findings strongly suggested that IFI 16 specifically with an exon 7 cDNA probe (data not shown).
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different RNA splice variants. IFI 16A, -B, and -C protein isoforms
were expressed either as transfected products in 293 cells or as in
vitro translated products in rabbit reticulocyte lysates. Proteins were
23 — = separated by 10% SDFAGE and probed with an anti-IFI 16
20 — ”" monoclonal antibody. A control lysate from Daudi cells is shown
5 : on the left, and the position of the IFl 16A, -B, and -C protein
t" isoforms is indicated on the right.

] in transient transfection assays in human 293 cells, which
do not express endogenous IFI 16. As was seen previously
with the IFI 16B isoform (Figure 1A), we found that the

protein encoded by the largest mRNA species corresponded
closely with the largest (IFI 16A) isoform seen in Daudi

nuclear lysates (Figure 4). In contrast, however, the protein
encoded by the smallest mMRNA showed a minor degree of
1 2 3 4 heterogeneity which was not evident in molecules expressed

Ficure 3: Multiple copies of exons 6 and 7 in the IFI 16 gene. in the Ce”'fre_e system (Se.e below). . .
Genomic DNA was extracted from peripheral blood lymphocytes ~ Glycosylation May Contribute to the Minor Heterogeneity
from two donors. DNA was digested wifvull and transferred to of IFI 16C. Incubation of transfected cells in medium

a nylon membrane. The blot was probed with an exon 7-specific containing tunicamycin produced no change in the apparent

probe (lanes 1 and 2), then stripped and reprobed with an exonygiecylar sizes of either IFI 16A or IFI 16B isoforms,

?ﬁzﬂggﬁc probe (lanes 3 and 4). Size markers (kbp) are shown Or'indicating that both these isoforms are not glycosylated

(Figure 5A). However, the heterogeneity of IFI 16C proteins

When aPuull digest of the 10 kb fragment was hybridized was reduced to a single sharp band by tunicamycin treatment,
with the same probe, three hybridizing bands of ap- indicating the addition of carbohydrate. In contrast, digestion
proximately 5.5, 3.5, and 1.5 kb were identified, and of nuclear lysates with endoglycosidase H, followed by
corresponded closely with the pattern of hybridizing bands immunoprecipitation and Western blotting with anti-IFI 16
seen with aPwull digest of whole genomic DNA (Figure  antisera, resulted in no appreciable change in the migration
3). As both copies of exon 7 found in the 16A transcript of any of the isoforms, confirming that high-mannose glycans
include a singldPuull site (Figure 2A), the presence of three  do not contribute appreciably to molecular mass for any of
hybridizing bands in both the PCR and genomic DNA the species (Figure 5B). Taken together, these results
samples indicated that there are two copies of exon 7 in theindicate that a minor degree of complex carbohydrate
normal haploid genome. WheRuwull-digested genomic  addition takes place, specifically on the IFI 16C isoform.
DNA was probed with an exon 6 probe (which does not Differential Phosphorylation of IFI 16 IsoformsWe
cross-hybridize to exon 7/7a sequences under the stringentonsidered the possibility that phosphorylation might alter
hybridization and washing conditions used), we were sur- the migration of IFI 16 isoforms (Figure 6). Daudi nuclear
prised to find two hybridizing bands. One corresponded with cell lysate was immunoprecipitated with mouse monoclonal
the 3.5 kb band seen with the exon 7-specific probe, antibodies specific for phosphoserine, phosphothreonine, and
indicating that both exon 6 and exon 7 are present on this phosphotyrosine and with a control monoclonal antibody,
3.5 kb Puull genomic fragment. We have digested the 10 followed by Western blotting with anti-IFI 16 monoclonal
kb PCR fragment spanning exons & with Poull and will antiserum. We found that all three IFI 16 isoforms are
subclone and sequence the DNA fragments in order to verify phosphorylated on serine and threonine, but not on tyrosine.
the length and nucleotide sequence of the intervening introns.Interestingly, an additional species highly phosphorylated on
A second, fainter band was observed at approximately 6 kb serine was also identified as a band migrating slower than
(Figure 3), indicating the likelihood that like exon 7, exon 6 the IFlI 16A isoform (designated IFI 16D, Figure 6). The
has undergone duplication. To date, however, we have notrelationship of this isoform to A, B, and C is as yet undefined.
identified an mMRNA or protein isoform with duplication of = Reciprocal immunoprecipitation/Western experiments using
exon 6-encoded sequences. polyclonal anti-IFI 16 as the immunoprecipitating antibody,

We next expressed each of the three mRNA/cDNA and anti-phospho-tyrosine, -serine, and -threonine antibodies
sequences as in vitro transcription/translation products andfor Western blotting, gave similar results (data not shown).
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FIGURE 7: Alternative IFI 16 isoforms can form heterodimers. GST
fusion proteins containing (lane 1) full-length IFlI 16B isoform
consisting of amino acids-1729, (lane 2) amino acids 12729,
(lane 3) amino acids 478729, (lane 4) amino acids—1159, or

of IFI 16C. (A) 293 cells were transfected with plasmids expressing (lane 5) GST alone were mixed with in vitro translaté$-labeled

IFl 16A, -B, and -C isoforms in the presence (lanes 2, 4, 6) or
absence (lanes 3, 5, 7) of g/mL tunicamycin. Proteins were
separated by 10% SDSAGE and probed with an anti-IFl 16
monoclonal antibody. A control lysate from Daudi cells is shown
in lane 1, and the position of the IFlI 16A, -B, and -C protein
isoforms is indicated on the right. (B) IFI 16 was immunoprecipi-

IFI 16A (top panel), IFI 16B (middle panel), and IFI 16C (bottom
panel). Beads were washed and bound proteins separated on 10%
SDS-PAGE. Half the amount of in vitro translated product used

in the binding reactions is shown in lane 6.

DISCUSSION

tated from a Daudi cell lysate using a rabbit polyclonal antibody

raised to the amino-terminal region of IFl 16. Immunoprecipitates . . L
were washed and incubated in buffer with (lane 2) or without (lane The data presented in this paper clearly indicate that the

3) endoglycosidase H. The control Daudi lysate is in lane 4, and Observed heterogeneity of IFI 16 protein isoforms results
the immunoprecipitate not incubated in endoglycosidase H buffer principally from alternative mRNA splicing. As a result,

is in lane 1. Western blots were performed as in panel 5. the three principal forms on SBDSPAGE differ from one
another in the size of their hinge domain, which can consist
of one, two, or three multiples of a 56 amino acid motif
encoded by a single copy of exon 6, or two reiterated copies
of exon 7 (now designated 7 and 7a). We have found
) evidence for a second copy of exon 6 (tentatively designated
D exon 6a), but as yet we have no evidence that it is transcribed.
:_—( IFI 16 In addition, we have found that, as expected for a nuclear
-::g antigen, carbohydrate addition has little or no bearing on
the apparent molecular size of IFI 16, as only the IFI 16C
2 3 4 5 isoform contained minor quantities of complex carbohydrate
Western with MoIFI 16 addition. In contrast, IFI 16A and IFI 16B appear to lack
FIGURE 6: IFI 16 protein isoforms are phosphorylated on serine carbohydrate totally and are more abundant than IFI 16C in
and threonine residues. Immunoprecipitations were performed onmost cells and cell lines tested. In addition, all three isoforms

Daudi whole cell lysates with monoclonal antibodies against gre constitutively phosphorylated on serine and threonine,
phosphorylated tyrosine (lane 1), serine (lane 2), and threonine (Ianebut not on tyrosine

3) residues, or with a control antibody against the yeast GAL4 DNA X T ) ]
binding domain (lane 4). Inmunoprecipitates were washed, proteins  The functional significance of the isoforms of IFI 16 is

separated by 10% SDSAGE, and Western blots performed as yet to be defined. It is noteworthy that the hinge regions
in Figure 1A. The position of IFI 16A, -B, and -C and the newly encoded by exons 6, 7, and 7a are rich in serine, threonine,
identified D isoforms is indicated on the right. and proline residues, and that all three isoforms show

Alternative IFI 16 Isoforms Can Form Heterodimers evidence of serine and threonine phosphorylation. The IFI
Previously, it had been shown that the related human protein,16C isoform that appears to have the least degree of
MNDA, can homodimerize via its amino-terminal domain phosphorylation also lacks both exon 7 and exon 7a. Itis
containing an imperfect leucine zipper and a basic region thus tempting to speculate that the sites for seftheconine
(18). As IFI 16 also contains an imperfect leucine zipper phosphorylation map principally to exon 7/7a sequences, and
and basic regions within its amino terminus, we tested for that the “IFI 16D” isoform may represent a hyperphospho-
homo- and heterodimerization of IFl 16 protein isoforms. rylated form of IFI 16A which arises due to its “double dose”
As shown in Figure 7, using GST-IFI 16B and in vitro of critical serine residues mapping to exons 7/7a. However,
transcribed/translateiS-labeled IFI 16A, -B, and -C protein,  no formal evidence exists to support this hypothesis at this
IFI 16B isoform can homodimerize and can also form stable time, and the functional significance of phosphorylation is
complexes with the A and C isoforms. unclear.

Immunoprecipitating
Antibody

i Phospho Y
Phospho S
Phospho T
GAL4
lysate

1
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One possibility is that serine/threonine phosphorylation for this interaction {8). The first region contains an
may play a crucial role in nuclear localization of IFI 16. imperfect leucine zipper, and a comparison of the amino
Nuclear import for molecules larger than approximately 40 acids forming this motif in MNDA with a similar region in
kDa is normally dependent on a stretch of basic amino acid IFI 16 (amino acids 5282: MEKKFRGDAGLGKLIKIFE-
residues analogous to the nuclear localization signal (NLS) DIPTLEDLAETL) shows that although the two molecules
of SV40 large T antigen1©). In addition, neighboring  share only 45% identity within this domain, three of the four
phosphorylation sites that are substrates for casein kinase lleucine residues implicated by Xie et algj in forming the
(CK II) or p34*“2may modulate the rate of uptake into the zipper are the same, and the fourth has a conserved
nucleus, either in a positive or in a negative fashion. As all isoleucine-leucine change. The second region identified as
three IFI 16 isoforms including IFI 16C are present in the necessary for MNDA oligomerization is highly basic, and a
nucleus and none is found in the cytoplasm in appreciable comparison between MNDA and IFI 16 reveals a similarly
quantities, it is unlikely that exons 7/7a encode phosphory- basic amino terminus (33 basic residues within the first 143
lation sites that are crucial for this function. Indeed, this amino acids) for IFI 16. Removal of the putative imperfect
region is not a strong candidate to regulate nuclear import, leucine zipper of IFl 16 greatly reduced the ability of IFl 16
as it encodes no appreciable stretches of basic residues thab dimerize; however, like MNDA, IFI 16 has two regions
could act as an NLS. Exon 6 encod®3KKTNPR, but within the amino terminus capable of dimerization. Thus,
this is not close to CK Il consensus sites. The most likely IFI 16 can also form multimeric complexes, and we have
NLS we have identified to date is the sequeHéRQKRKK, evidence to suggest that IFl 16 can interact with MNDA
which is encoded on exon 3. This region is strongly and with the other human family member, AIM 2, thereby
conserved in all members of the family which are constitu- adding another level of complexity to the possible functions
tively present in the nucleus, but is absent from p202, whoseof this family of proteins. It has yet to be determined if
entry into the nucleus is cell cycle dependent. We have heterodimerization of different IFI 16 isoforms results in a
shown that the adjacent sequené®STKE) is a site of  change in repression function or if the presence of MNDA
phosphorylation by CK Il and, in conjunction with a second and/or AIM 2 modulates the transcriptional activity of IFI
stretch of basic residues #8KGSK, combines to modulate  16.
the rate of nuclear uptake (manuscript in preparation).
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folding of the molecule as a whole, and determine the spatial
relationship of the A and B 200 amino acid repeats. Partof We thank Lisa McDonald and Kylie Browne for technical
the first Ser-Thr-Pro-rich domain (residues 44814, map- assistance and Drs. Mark J. Smyth and Sarah M. Russell
ping to exon 6) has strong similarity to residues 4301, for helpful comments.
which map to exon 7. The identical amino acid sequence is
then reiterated in the IFI 16A isoform at residues 5367, REFERENCES

encoded on exon 7a. These regions are similar to other Ser- . .
g 1. Dawson, M. J., and Trapani, J. A. (1996)Leukocyte Biol.

Thr-Pro-rich regions found in the membrane proximal 60 1—7

domain of CD& (20) and CD46 21), and between domains ’ i . .

1 and 2 of CD522). Itis believed that the high content of 2. F?g\s,\.lsggh,\r/l{uiif ggﬁ)q%gérlnég.. A. (19%8pchem. Biophys.
these residues confers rigidity to the sequence, to separate 3. Dawson, M. J., and Trapani, J. A. (199E) Cell Biol. 57

flanking domains from one another. If this is the case for 39-51.

IFI 16, it might pe expected that the spatial reIationship; of 4, Dawson, M. J., Elwood, N. J., Johnstone, R. W., and Trapani,

the two 200 amino acid domains to one another would differ J. A. (1998)J. Leukocyte Biol(in press).

appreciably between the three isoforms. 5. Briggs, J. A., Burrus, G. R., Stickney, B. D., and Briggs, R.
We have shown previously that either the A or the B 200 C. (1992)J. Cell. Biochem. 4982—92.

amino acid repeat of IFI 16 is sufficient and necessary for 6. peYoung, K. L., Ray, M. E., Johnstone, R. W., Su, Y. A.,

transcriptional repression mediated by IFI 16. However, Anzick, S. L., Meltzer, P. S., Trapani, J. A., and Trent, J. M.

these studies also showed the conformation of the molecule ~ (1997)Oncogene 15453-457.

may be important for the repression function of IFI 16 as 7. Lengyel, P., Choubey, D., Li, S.-J., and Datta, B. (158&hin.

deletion of the amino-terminal DNA binding domain (shown Virol. 6, 203-213.

to be transcriptionally inert) results in a loss of transcriptional 8. Datta, B., Li, B., Choubey, D., Nallur, G., and Lengyel, P.

repression2). Thus, an increase or decrease in the distance ~ (1996)J. Biol. Chem. 27(44), 27544-27555.

between the A and B 200 amino acid repeats might regulate 9- Choubey, D., and Lengyel, P. (1995)Biol. Chem. 27(11),

the relative strength of transcriptional repression by IFI 16. 6134-6140. _

Studies are currently underway to determine the repression 10- €houbey, D., Li, S.-J, Datta, B., Gutterman, J. U., and

. \ : . Lengyel, P. (L996EMBO J. 1%20), 5668-5678.
properties of the A and C isoforms relative to the previously , ,
characterized B isoform. The fact that the hinge domain is 111“6'(?)\/%59(32%? S., and Lengyel, P. (19989l Cell. Biol.

unique to IFI 16 and is also of a varla_ble Ieng_th sugggsts it 12. Johnstone, R. W., Kerry, J. A., and Trapani, J. A. (1988)
specifically confers a molecular function that is peculiar to Biol. Chem.(in press).

thls_famlly member. . . 13. Trapani, J. A., Dawson, M. D., Apostolidis, V. A., and Browne,
Finally, we have shown that IFI 16 can dimerize and that K. A. (1994) Immunogenetics 40+15-424.

all three isoforms can interact with each other. 'The' related 1, Trapani, J. A., Browne, K. A., Dawson, M. J., Ramsay, R.

protein, MNDA, has also been shown to homodimerize, and G., Eddy, R. L., Shows, T. B., White, P. C., and Dupont, B.

two distinct regions within the amino terminus are required (1992) Immunogentics 36369-376.



MRNA Splice Variants of IFI 16 Biochemistry, Vol. 37, No. 34, 19981931

15. Sanger, F., Nicklen, S., and Coulson, A. R. (19970c. Natl. 20. Kavathas, P., Sukhatme, V. P., Herzenberg, L. A., and Parnes,

Acad. Sci. U.S.A. 746463-5467. J. R. (1984)Proc. Natl. Acad. Sci. U.S.A. 87688-7692.
16.3S7h7|,_\£éss.eto, E., Chang, L. S., and Shenk, T. (135d) 67, 21. Russell, S. M., Sparrow, R. I., McKenzie, I. F. C., and Purcell,
17. Kaelin, W. G., Jr., Pallas, D. C., DeCaprio, J. A., Kaye, F. J., D. F. J. (1992)ur. J. Immunol. 221513-1519.

and Livingston, D. M. (1991Fell 64, 521-531. 22.Jones, N. H., Clabby, M. L., Dialynes, D. P., Huang, H. S.,
18. Xie, J., Briggs, J. A., and Briggs, R. C. (1997§BS Lett. Herzenberg, L. A., and Strominger, J. L. (198&ture 323

408 151—-155. 346—349.

19. Jans, D. A., Ackermann, M. J., Bischoff, J. R., Beach, D. H.,
and Peters, R. (1991) Cell Biol. 115 1203-1212. BI981069A



