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Abstract. Mammalian MACF1 (Macrophinl; previously named tified three isoforms of mouse ACF7 with different N-termini
ACFT7) is a giant cytoskeletal linker protein with three known (Bernier et al. 1996). Full-length cDNAs of one of these isoforms
isoforms that arise by alternative splicing. We isolated a 19.1-kkhave been cloned subsequently in human and mouse and given
cDNA encoding a fourth isoform (MACF1-4) with a unique N- different names, e.g., macrophin (Okuda et al. 1999), trabeaulin-
terminus. Instead of an N-terminal actin-binding domain found in(Sun et al. 1999), and MACF_(Mrotubule Actin Cross-linking
the other three isoforms, MACF1-4 has eight plectin repeats. Thé&actor; Leung et al. 1999). As with plectin and BPAG1n (Brown
MACF1 gene is located on human Chr 1p32, contains at least 1028t al. 1995; Fuchs et al. 1999), alternative splicing and promoter
exons, spans over 270 kb, and gives rise to four major isoformsisage appear to result in the multiple MACF1 isoforms. MACF1
with different N-termini. The genomic organization of the actin- isoforms 1 and 2 (MACF1-1 and MACF1-2; Bernier et al. 1996;
binding domain is highly conserved in mammalian genes for both_eung et al. 1999) have identical ABDs, but different 5IRs and
plectin and BPAGL1. All eight plectin repeats are encoded by oneéN-terminal sequences preceding the ABD. Isoform 3 (MACF1-3),
large exon; this feature is similar to the genomic structure of plecin contrast, contains a unique€ IR, a longer N-terminal se-
tin. The intron positions within spectrin repeats in MACF1 are quence, and just the second half of the ABD (Bernier et al. 1996).
very similar to those in the dystrophin gene. This demonstrates thathe sequences following the ABD appear to be otherwise identi-
MACF1 has characteristic features of genes for two classes ofal, but have not been characterized completely.
cytoskeletal proteins, i.e., plectin and dystrophin. In this report we present the molecular cloning of MACF1-4,

a fourth isoform of MACF1. The 19.1-kb full-length human

MACF1-4 cDNA did not encode an ABD, but instead contained
The plakins, a family of large structural proteins that organizeplectin repeats at the N-terminus. The N-terminus of this isoform
cytoskeletal elements, include plectin, dystonin/bullous pemphiis clearly distinct from any of the three mammalian MACF1 iso-
goid antigen 1 (BPAGL1), desmoplakin, envoplakin (Ruhrberg andorms cloned previously. However, the remaining 13 kb of the
Waitt 1997), periplakin (Ruhrberg et al. 1997), and macrophin119.1-kb cDNA was virtually identical to the previously character-
(MACF1), which was previously named ACF7 for actin cross- ized full-length human MACF1 cDNAs (Okuda et al. 1999; Sun et
linking protein family 7 (Bernier et al. 1996). These proteins haveal. 1999) and was highly homologous to the mouse ortholog Macfl
similar modular structures composed of globular N-terminal and(Leung et al. 1999). Analysis of a BAC/PAC contig covering the
C-terminal domains that are connected by a centehelical, MACF1 gene identified exons encoding all four isoforms and pro-
coiled-coil, rod-like domain. Both plectin and dystonin/BPAG1n vided insight into mechanisms that direct production of alternative
(the neural isoform of BPAGL1) contain an N-terminal actin- N-terminal sequences of MACF1. The MACF1 gene appears to be
binding domain (ABD), whereas desmoplakin, envoplakin, anda hybrid derived from ancestral genes for plectin and dystrophin.
periplakin do not. Since these proteins provide structural supportin
epidermal cells and neurons, loss of plakin function often results i .
diseases of the skin as well as neural tissues (Fuchs et al. 199 ;aterlals and methods
Mahoney et al. 1998). For example, mutations in the human plectin
gene cause epidermolysis bullosa simplex with muscular dystroMaterials. Routine restriction and modifying enzymes were obtained
phy (EBS-MD; McLean et al. 1996). Mutation of the mouse genefrom _commercial sources and used acg:ording to the m{anufacturer’s _in—
for dystonin/BPAG1 weakens mechanical integrity of the stratifiedstructions. SuperScript Il reverse transcriptase was from Life Technologies
epithelium, resulting in dystonia musculorum with severe neuronaf&aithersburg, Md.). Advantage cDNA Amplification System, the human

Do . : . NA master dot blot, and the human cDNA library screening panel were
degeneration in mice (Brown et al. 1995; Dalpe et al. 1999; DOWl'from Clontech (La Jolla, Calif.). Human pituitary and HepG2 cDNA li-

ing et al. 1997; Guo et al. 1995). i ) braries in\Zap were from Stratagene (Catalog No. 936309; La Jolla,
MACFL1 is classified as a member of the plakin family becausecaiit.), and a human heart cDNA library was from OriGene (Rockville,
its N-terminal ABD is more similar to the ABD in plectin and Md.). The pGEM-T EASY Cloning and In Vitro Transcription Systems
dystonin/BPAG1n than that im-actinin-spectrin/dystrophin  were from Promega (Madison, Wis.). Strip-EZ RNA probe synthesis and
(Bernier et al. 1996; Byers et al. 1995). MACF1 was first identified removal kit was from Ambion (Austin, Tex.). Human and mouse IMAGE
as a partial human cDNA and named ACF7 by Kunkel and col-clones, human CITB BAC DNA Pools (combined B and C libraries derived
leagues in a search for new types of actin-binding proteins relatefom 987SK cells and sperm; release 1V, Cat. No. 96011) and individual
to dystrophin (Byers et al. 1995). In a similar screen for actin-clones in the pADSacBII vector were from Research Genetics (Huntsville,
bindi teins related to dvstonin. Kothary and colleagues iden'—a‘la')' Two P1 artificial chromosome (PAC) clones in the pADSacBII
Inding pro Yy ! y g vector derived from male foreskin fibroblasts were from Genome Systems
(St. Louis, Mo.).

MACF1 for macrophinl is an approved symbol by the Human and Mouse

Nomenclature Committees. The nucleotide sequence data reported in thigglecular cloning of human MACF1-4 cDNA chick partial
paper have been submitted to GenBank and have been assigned the acegsna, KH124, was isolated in a differential display experiment designed
sion numbers AF317696 (human MACF1-4 cDNA) and AF325326-, jgentify genes differentially expressed during regeneration of the audi-

AF325343 (genomic sequences of human MACF1). tory epithelium after noise trauma (Gong et al. 1996). A BLAST (Altschul
Correspondence tavl.l. Lomax; E-mail: mlomax@umich.edu et al. 1997) search of dbEST with KH124 identified several overlapping




T.-W.L. Gong et al.: MACF1 gene structure 853

human and mouse ESTs and subsequently KIAA0O465 (GenBanlavailable on The Jackson Laboratory web page (http://www.jax.org/
AB007934). We obtained four human and mouse cDNA clones for furtherresources/documents/cmdata).

analysis: two human IMAGE clones KH327 (IMAGE ClonelD 198389)
and KH362 (ClonelD 594081) overlapped and generated a 3-kb conti
corresponding to the most @nd of cDNA. Five additional MACF1 cD-
NAs were obtained by screening®ihage clones from a human pituitary
gland cDNA library (Stratagene), initially with the’ fend of KH327
(KH408 and KH418), then with the'%nd of each longer human cDNA
(KH442, KH454, and KH478). These additional cDNAs extended the,aq 1y pridized with and->2PJUTP-labeled anti-sense riboprobe derived
MACF1 contig to 13.4-kb. RT-PCR was performed on total RNA of hu- ¢qn 337 (1339-bp insert corresponding to thelBTR of the mouse
man EBV-transformed lymphoblastoid cells to show that the contig up to acfL cDNA) at 65°C for 22 h. The most stringent post-hybridization
this point was indeed derived fro_m the_ same trans_cript. As no additionajxash was in 0.2x SSC—0.5% SDS at 65°C. RNA sizes were based on
cDNAs could be isolated from this pituitary gland library, we screened agyirapolated estimates from RNA molecular weight markers (size ranges of
human heart cDNA library with the’Send of KH478, which identified 1 5 k,_6.9 kb) and a 10-kb KifLbp204 transcript studied previously (Gong
KH515 and extended the contig by an additional 2.8-kb to a total of 16.2t 5/, 1999). The KH331 anti-sense riboprobe was labeled wiff#PJUTP

kb. The remaining Send of the MACF1-4 cDNA was cloned from a  and modified CTP (StripEZ RNA synthesis kit) for analysis of a master dot
genomic BAC clone (CITB-372N10) with a continuous ORF. blot (Clontech) containing poly(A)+ RNA from 50 different human tissues.
Hybridization conditions were similar to those used for the mouse tissue
Northern blot, but the most stringent wash was in 0.5x SSC-0.5% SDS at
MACF1 genomic clones were isolated, starting at thed of the gene 60°C to allow for cross-species hybridization. Membranes were exposed to

(Fig. 2A). PCR assays were used to identify genomic PAC and BAC clone;(odak X-Omat films with intensifying screens at —80°C for 2 days (human
for human MACF1 gene. Gene-specific primers were designed to théjOt'blm) or 3 days (mouse Northern).

MACF1 cDNA sequences. Two PAC clones (clones 144E1 and 180I11)

corresponding to the’2nd of human MACF1 gene were identified by Van Results

Camp’s group as part of a contig for the DFNA2 candidate gene region. By

using primers from the '5ends of MACF1 cDNAs, we identified at least

14 MACF1 BAC clones and obtained and sequenced 9 of these: 157P1Qolecular cloning of MACF1-4We have identified and cloned a
(KH526), 336H16 (KH527), 372N10 (KH528), 51908 (KH530), 210A12 cpNA encoding a new isoform of MACF1 that lacks an actin-
(KHE74), 367P6 (KH675), 409D1 (KH676), 461A22 (KH677), and 540L7 binding domain (ABD). The cDNA sequence was generated by
(KH678). DNA was prepared from 0.5-1 L saturated liquid cultures with screening human pituitary and heart cDNA libraries (Fig. 1A),

KB-100 Magnum Purification kit (Genome Systems) or Qiagen Plasmid - f .
Maxi Kit with an additional treatment with RNaseA (1@/ml) to remove starting with a probe from the'@ntranslated region (UTR), as well

trace amounts of RNA. Purified BAC/PAC DNAs were subjected to se-aS by sequencing the large N-terminal exon from a BAC clone.
quencing and PCR analysis. The composite 19.1-kb cDNA sequence contained a 0.1-kb
5'UTR, 17.8-kb ORF, and a 1.2-kb TR (Fig. 1A), and pre-
dicted a protein of 670 kDa. This isoform of MACFL1 is one of the

DNAs were sequenced, initially with vector primers, then with gene- Iarge_st protelns_ldentlfled to (_:Iate. Pfam anaIySIS_ predlcted_elght
specific primers, at the University of Michigan DNA Sequencing Core on PIECtin repeats in the N-terminus and 27 spectrin repeats in the
an automated DNA sequencer by using ABI Tag DyeDeoxy terminatorc€ntral region, followed by two putative Ca-binding EF hands, a
cycle sequencing. A few intronic regions that were difficult to sequencedistinctive Gas2 homology domain, and a serine/glycine-rich C-
directly from BAC/PAC clones were PCR amplified, subcloned, and se-terminus. The 3end 13 kb of the MACF1-4 sequence, encoding
quenced. If sequencing difficulty persisted, size estimates of these regior6 of 27 spectrin repeats and the C-terminal regions, was virtually
were obtained, based on PCR. DNA sequences were aligned to form lentical to full-length sequences of human MACF1-2, macrophin
cDNA contig and 19 genomip contigs with the SEQMAN program 'of E]OKUda et al. 1999), and trabecutin{Sun et al. 1999), and was
:;;‘\ls:rgre”;tg?nNsAeSE’zﬁée'\:ﬁ;g”’e"#g%eDda\}v?&atsﬁeSgl"_"gcshfssxﬁzhe't:‘; ighly similar to its mouse ortholog, Macf1 (Leung et al. 1999).
p d p PIo“rhe first 5 kb of the cDNA, however, was unique and shared no

gram (Altschul et al. 1997) on NCBI databases (http://ncbi.nlm.nih.gov). .~ f . .
Protein structure analysis for domain matches, e.g., plectin repeat, spectrfignificant homology with any mammalian MACF1 cloned previ-

repeats, GAR/GAS domain, and EF hands, was performed with Pfanusly (Bernier et al. 1996; Byers et_al. 1995; Leung et al. 1999;
(release 5.4) (http://pfam.wustl.edu/hmmsearch.shtml). Okuda et al. 1999; Sun et al. 1999; Fig. 1B). The MACF1-4 cDNA

does not contain any sequence for the ABD present in the other
three isoforms despite many attempts by RT-PCR to link'isril

RNA blot hybridizationsolation of total RNA from 4-week-old mice
(strain C57BL/6J), electrophoretic separation, transfer to Nytran mem-
branes, preparation of an anti-sense riboprobe, and the hybridization con-
ditions were as described previously (Gong et al. 1999). Agarose (1%)-
formaldehyde gels were runif8 h at 57 V. The muse tissue Northern blot

Isolation of genomic DNA for human MACF1 gertuman

DNA and protein sequence analysRurified plasmid and BAC/PAC

SSCP analysisOne pair of primers (8622F and 64411) corresponding to .
the 3UTR of the mouse Macfl cDNA was used to amplify by PCR sequence to the ABD sequence. Instead, MACF1-4 has a unique

genomic DNA from mouse strains C57BL/6J avids spretusNucleotide N-termlnys Contalnlng. 8 plectin repeats a.nd a spectrin repeat not
sequencing identified a single-base-pair mismatch as well as size diffePresent in the other isoforms. The plectin repeat, defined here
ence in amplified products between these two strains (261 bp in C57BL/6based on the Pfam algorithm, is a 45-amino acid larlgelical

vs 262 bp inM. spretu$. SSCP analysis of the amplified region was then domain; it was first identified in plectin (Wiche et al. 1991) and is
perfqrmed on the parental strains and 94 progeny from the BSS interalso present in other plakins. The spectrin repeat is an approxi-
specific backcross (C57BL/6J M. spretuy F, x M. spretusfrom The  mately 109 amino acid helix-turn-helix repeat present in spectrin,
Jackson Laboratory (Rowe et al., 1994). SSCP analysis was performed #strophin, and other members of the spectrin subfamily of actin
described previously (both primers were end labeled witf?P]ATP and crosslinking proteins (Winder et al. 1995)

T4 polynucleotide kinase. PCR was performed in apl@eaction con- ’ ’
taining 50 ng genomic DNA, 10Qm dNTP, 300 m unlabeled primers,
100 v end-labeled primers, 0.5 unit Taq polymerase (Sigma), @0rms ~ Mapping the mouse Macfl gen&o determine the chromosomal

(pH 8.0-8.3), 5 m NH,Cl, 25 mv KCI, and 1.5 nm MgCl,. Thermocy-  |gcation of the orthologous mouse gene, we used an SSCP assay

cling conditions were: 95°C for 15 s, 60°C for 30 s, followed by 72°C for for the 3 UTR of the corresponding mouse cDNA on the Jackson
1 min, for a total of 35 cycles. PCR reactions were denatured at 95°C fo?nouse BSS backcross (Rowe et al. 1994). Linkage and haplotype
10 min, cooled immediately on ice, and loaded on 0.4 x MDE gels (Mu- : : g plotyp

tation Detection Enhancement gel, FMC BioProducts) by using 0.7 x TBEana_Iyses revealed that this gene is Ioca_ted on _mouse Chr_4 at
buffer for electrophoresis at 12 W for 18 h. Gels were dried and exposed0sition 55.6 (Mouse Chromosome Committee) with the following
to Kodak X-Omat film overnight at room temperature. C57BL/6J-specific gene orderDabl/lapls3-10/Pmv19(1.06 + 1.06 cM)D4Mit120-

SSCP bands were scored for haplotype analysis. The data are deposited dd06 + 1.06 cM)+aah/Mf2/Mp%(1.06 + 1.06 cM)DB4Mit334-
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A. MACF1-4 Fig. 1. Human cDNA and predicted domain
structure for MACF1 isoform 4 (MACF1-4)A)
Kb 0 1 2 3 4 5 5 7 8 g 10 11 12 13 14 15 16 17 18 19 The MACF1-4 cDNA contig, ORF, and graphic
T 1 1 T 1T 1T T T T T T T T T T T T T 1 representationofthe predicted protein domains.
L > 3 : 5 . - ¢ . _9  The domains preceding the vertical dotted line are

_ — _— unique to MACF1-4; the domain structure
following this dotted line is common to all four
isoforms. Abbreviations and symbols used: ABD,
actin-binding domain (darker shaded boxes); PR,
plectin repeat (dotted ovals); SP, spectrin repeat
(open ovals); EF, EF hand (rectangles with
backward diagonal stripes); G,

B. a0 SR SRZI4 < 10 20 29 EF Growth-Arrest-$ecific Protein_2(Gas2) domain

G (open rectangle). Numbered horizontal lines
MACF1-2 indicate the position and extent of DNA sequences
MACF1-1 used to construct the MACF1-4 cDNA sequence

(GenBank No. AF317696). Sequence 1 was
MACF1-3 ‘:I:O:(D:O‘ _ derived from a continuous ORF in exon 38.

Sequence 2, a partial cDNA isolated from a

human heart cDNA library (OriGene), extended
from nt 2951 (in exon 38) to nt 7100, the sequence following spectrin repeat 5 of the common region. Sequences 3-7 were partial cDNAs isolated
from a human pituitary cDNA library. Sequences 8 and 9 were partial cDNAs from IMAGE collections (ClonelD 198389 and 594081, respectively).
These two clones were identified through database searches with a chick cDNA KH124 from a previous study (Gong et al. 1996). The open box
represents the MACF1-4 coding region; the lines preceding and following the open box represébfTtReahd 3UTR, respectively. Pfam analysis
of MACF1-4 protein sequence identified 8 plectin repeats, 27 spectrin repeats (SR 3-29), 2 putative Ca-binding EF hands, a Gas2 domain (Collavin €
al. 1998), and a glycine/serine-rich C-terminus (diagonal strigB3)Structural domains of MACF1 isoforms 1-3. Each isoform (MACF1-1, -2, and
-3) contains an isoform-specific N-terminus (shaded bar), followed by either a complete actin-binding domain in isoforms 1 and 2 or only the second
half of the ABD in isoform 3. Pfam analysis predicted 28 spectrin repeats (SR1, 2, and 4-29) in the full-length MACF1-2 (macrophin, GenBank
AB029290), the only other MACF1 isoform for which a complete cDNA contig has been generated. The N-terminal structures of MACF1-1 and
MACF1-3 are based on BLAST alignments of the mouse partial cDNA sequences (U67203 and U67205, respectively; Bernier et al. 1996) with huma
genomic sequences (see Figs. 2 and 3).

(1.06 + 1.06 cM)+apls3-31/lapls1-19(1.06 + 1.06 cM)Macfl/ tein 8) and MYCL1 (L-MYC) genes. This BAC/PAC contig there-
Aclp7Bmp8dD4Mit11-(1.06 = 1.06 cM)P4Mit12—-(1.06 = 1.06  fore contains the entire human MACFL1 gene, which is located on
cM)-Prp18-(1.06 + 1.06 cM)D4Mit16-(1.06 + 1.06 cM)Matnl/  Chrlp32 between NDUFS5 (telomeric) and BMP8/MYCLL1 (cen-
Pmp22-rs/Ptpro.This region of mouse Chr 4 shares a region of tromeric) genes.
conserved synteny with human Chr 1p32, where the human The overall order of exons encoding the isoform-specific re-
MACF1 has been mapped (WI-13856, STS corresponding to 3gions of MACF1-1, 2, and 3 and the ABD is quite similar to the
UTR of MACF1; GenBank G24302). These mapping data thusorganization of the murine plectin gerfeléc) (Fuchs et al. 1999;
confirmed the locations of the orthologous genes: human MACF1 jy et al. 1996). MACF1 exons 1 and 2 encode the uniquéMRs
and mouseMacfl.Kothary and colleagues previously mapped the and isoform-specific N-termini of isoforms 2 and 1, respectively.
5" end of the mouséMacfl gene (locus designatioAclp?) by These alternative exons are then spliced to exon 3, the exon en-
RFLP analysis to the same location on mouse Chr 4, by using th@oding the first part of the ABD (Fig. 2B). The MACF1 ABD is
same Jackson BSS backcross panel (Bernier et al. 1996). Theg@coded by seven exons: exons 3—6 for the first half, and exons
results showed a close link between tHeeBd of our new cODNA  g_10 for the second half of the ABD. Exons 3—6 are used in
a}nd the 5 end of the mousécf7 cDNA. The genomic qrganiza— MACF1-1 and -2, but not MACF1-3. Exon 7 contains the
tion of the human MACF1 gene (see below) confirmed that\yacF1-3 specific sequence, which is spliced into exon 8 to gen-
MACF1 and ACF7 were indeed the same gene. erate the incomplete ABD characteristic of isoform 3. Exons 8-10
encode the second half of the ABD, which is present in all three
Genomic organization of human MACFIo determine the exon- isoforms (Fig. 2B).
intron structure of MACFL1, overlapping human BAC and PAC Exons 1, 2, and 7 encode th&a Rs and initiation Met codons
clones spanning the majority of the MACF1 gene were isolated byof isoforms 2, 1, and 3, respectively. These sequences enabled us
PCR screening and sequenced as described in the Methods. Ge-define more precisely the N-termini of MACF1 isoforms, which
nomic clones for the first two exons were identified from unor- are presented with the sequence of the predictddT™Rs in Fig.
dered, partially finished sequences in the high throughput genom8A—C. We identified a putative initiation ATG codon for
sequence (htgs) database. We identified 102 exons in the MACFIMACF1-2 in exon 1 (Fig. 3A). This codon and an in-frame stop
gene by comparing cDNA and genomic sequences (Fig. 2A). Allcodon 145 bp upstream, with no other intervening ATG codons
exons were flanked by consensus acceptor and donor sequencéesframe, are preceded by a good match (GCCtggGCCytdEhe
The exon sizes range from 9 bp (exon 72) to over 5.4 kb (exon 38)Kozak consensus sequence (GCCRCCATKozak 1987). The
The 5-most BAC (RP4-648J17; Fig. 2A) was identified in htgs predicted N-terminal amino acid sequence of exon 1 is identical to
sequences and provided the sequence surrounding exons 1 andt2at of human macrophin and mouse Macf sequences. The second
This BAC clone also contains the NDUFS5 gene encoding thehalf of the sequence is also very similar to exon A (77% identity)
15-kDa subunit of mitochondrial NADH-coenzyme Q reductaseencoding isoform 2-specific sequences of human and mouse genes
and therefore defines d &elomeric neighbor of the MACF1 gene. for dystonin/Bpagln (Bernier et al. 1996), as well as exon 1c of the
The 3-most PAC (RPCI-1 144E1) contains several STS markersplectin gene (57% identity) (Fuchs et al. 1999). Although human
derived from the 3UTR of MACF1. Another htgs BAC clone MACF1-1 cDNA had not been cloned, exon prediction was pos-
RP11-161010 (GenBank AC024511, containing intron 44 to exorsible based upon mouse Macfl-1 partial cDNA sequence. Exon 2
102 of MACF1) overlaps with BAC clone RP11-118J21 (Gen- of the human MACF1 gene contained a potential ATG codon (Fig.
Bank AL033527), which contains BMP8 (bone morphogenic pro-3B). This is the first in-frame start codon following a stop codon
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A. CITB-569K19 10k Fig. 2. Genomic organization of the human
CITB-157P10 MACF1 gene.(A) BAC/PAC contig covering the
CITB-372N10 ¢FPCH1 144E1 MACF1 gene. Horizontal lines indicate the name,
RPCI-1 180111 position and extent of representative BAC and

ArosITT PAC genomic clones spanning the MACF1 gene

on human Chr 1. Clone overlaps were confirmed
B 21 525 0 r . by marker content analysis. Arrows indicate that
. I AT TN the positions of the BAC/PAC ends have not been
determined. Twelve BAC clones were isolated
from a CITB genomic BAC library by PCR
assays, using primers derived from MACF1-4 and

| I |
1 23456 7 8 7 B 43 102

B0 D0 HIME L | L] MACFL-2 cDNA sequences. Two PAC diones
i i ‘ were from an RPCI-1 library identified by PCR
macki-1 | [ ||| (R (N screening against PAC contigs for the DFNA2
e 1 1 | M i candidate gene region by Dr. Guy Van Camp.
macr2 | [ L[| [T BT I B0 (FWTIEIEI TT T clone RP4-648017 (GenBank AL139015),
‘ \ identified by BLAST searches with mouse
MACF1-3 R === MACF1-1 (U67203) and human MACF1-2 cDNA

sequences (AB029290), contained exons 1 and 2.
This clone also contained the NDUFS5 gene (NADH dehydrogenase Fe-S protein 5, also known as NADH ubiquinone oxidoreductase 15 kDa IP
subunit) and defines the telomeric neighbor of MACF1. Clone RP11-161010 (GenBank AC024511) extends from intron 44 to exon 102 of MACF1
and overlaps with clone RP11-118J21 (AL033527), which contains BMP8 (bone morphogenetic protein 8) and MYCL1 and defines the centromeric
neighbors of the MACF1 genéB) Exon-intron organization of the human MACF1 gene. Horizontal lines denote introns (minimum sizes of large
introns noted above lines). Vertical lines and black boxes represent exons (numbered below), starting with exon 1, which contdifiR toedStart
codon of MACF1-2. Exons contained in the MACF1-4 cDNA sequence are represented graphically below the gene, as are exons represented in the
published cDNA sequences of the other three MACF1 isoforms, i.e., full-length human MACF1-2 cDNA (AB029290) and partial mouse cDNAs for
MACF1-1 (U67203) and MACF1-3 (U67205). Dotted lines in MACF1-1 and MACF1-3 indicate that these regions have not been cloned and are
assumed to be identical to isoform 2.

(tga) 531 nts upstream. The sequence preceding this Met codoh-29), whereas MACF1-4 contains 27 repeats (SR 3-29). Spectrin
(GCgGCCATQ is also a good match to the Kozak consensusrepeats were generally encoded by small exons interrupted by
sequence. The predicted MACF1-1 N-terminus is 15 aa longesmall introns. We aligned all 29 repeats and noted the positions of
than the published mouse Macfl-1 partial sequence. The humantrons within the repeats (Fig. 4B). The most striking feature of
MACF1-1 N-terminus is also similar to human and mouse dysto-this analysis was the nearly complete conservation of an intron
nin isoform 1 encoded by exon’Aas well as to plectin encoded position in the middle of helix B of the repeat. Only exon 59, the
by exon 1f (81% and 62% identity, respectively, in the region of largest SR-encoding exon (1472 bp) in human MACF1, lacks this
available sequence). Although the sequence preceding our preonserved intron and codes for two repeats (SR 10 and 11). This
dicted start codon in exon 7 for MACF1-3 (aagGaaAT8es not  exon-intron organization, including the lack of the intron in two
match the Kozak consensus, the mouse Macf1-3 cDNA predictgpectrin repeats, is strikingly similar to that of the spectrin/
the same initiation Met codon (Fig 3C). In addition, no other ATG gystrophin repeats identified in human dystrophin (Koenig and
codons are present in exon 7 or immediate downstream. The hycnkel 1990; Winder et al. 1995).

man and mouse sequences of the isoform 3-specific regions shared e remaining exons (95-102) give rise to protein sequences

only 76% amino acid identity, in contrast to the high sequenceyat gistinguish MACF1 from other plakins. Exons 95 and 96
identity between human and mouse MACF1 isoforms 1 as well a%ncoded two putative EF hands, exon 99 the Gas2 domain, and
2. Additional sequences following the ABD and common 10 iS0- g ons 100-102 the serine/glycine-rich C-terminus. Exon 102, the

forms 1, 2, and 3 are encoded by exons 11-37. | ; ;
' ast exon (>1.4 kb), also contained the translation stop codon TAA
Exon 38, the largest exon of the MACF1 gene, encodes the, aX3 U(TR ) I I P

MACF1-4 isoform-specific N-terminus (Fig. 3D). This exon con- Alternative splici
. plicing occurs not only at thé Bnd to generate
tained an ATG codon preceded by (aaaGCCAT&reasonable four major isoforms, but also throughout the gene. Exon 54 (63 bp)

match to the Kozak consensus sequence. Although there is a PO present in our cDNA sequence, but not in human trabeeulin-

tential 3 splice acceptor sequence upstream, we found no evidenc ; . .
. X A . (MACF1-2). Exon 98 (18 bp), immediately preceding the pre-
for any mRNA in which upstream exons splice into exon 38. ThlsHicted Gas2 domain, is not present in macrophin MACF1-2 or

analysis included repeated attempts to link exon 38 to either exon | ier sequence, KIAA0465. Furthermore, exon 100 (111 bp)

37 or one of the exons for the ABD either by PCR of cDNA . o f .

o . was identified as a partial sequence of three ESTs derived from
I[brarles.or by. RT-PCR of human mRNA derived from severall reast and colon cDNA libraries, but was not present in any other
tissues, including heart, lung, and brain. We therefore propose thi l-length cDNA cloned. As the lengths of these exons are mul-

e b o 3o o e f 3, atrnle splng o o cause & frame it o

present only in MACF1-4 (Fig. 1B; 4B). The first plectin repeat is fanslation. The functional significance of such alternative splicing

12-amino acids downstream of this ATG. Additional isoform |sorr;gts Céi%ﬁhlnténgggﬁshgicg-zzft? ’;lé)’r t7h§ r(eg él‘)re) Tﬁ t?wiqﬁﬁnmcaerf
4-specific sequences were encoded by exons 39—42, which wef P 9 p p

not present in isoforms 1, 2, or 3. geene_. It_is not clearxvhett:ler g_lis is the restL)lIt of alterr;]ati;/]e splicingOI
Exons 19-37 and 41-91 encode spectrin repeats that contribuﬁé MISSING €Xons. 2nt())t er discrepancy e_twehen the human arl;

to the central rod domain in MACF1. Pfam analysis identified 29 ouse genes is a 12-bp sequence present in the mouse CDNA, but

. . . - not in human exon 94, nor as a small exon in the human gene.

spectrin repeats (SR) with E values < 0.05 (Fig. 4A). Spectrin '

repeats 1 (SR1; exons 19-20) and 2 (SR2; exons 35-37) are pre-

sent only in isoforms 1, 2, and 3. SR3 (exons 41-42) is presenExpression of MACF1 in human and mouse tissuUigs. examine

only in MACF1-4. Exons 43-91 encode 26 additional spectrinthe overall expression pattern of MACF1 in human tissues, we

repeats, which are present in both full-length MACF1-2 andhybridized a dot blot containing poly(A)+ RNA from 50 different

MACF1-4. Thus, MACF1-2 contains 28 repeats (SR 1,2, andhuman tissues, including sub-regions of the brain, with a mouse 3
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A. EXON 1 ORF prediction

tcccattttcaggtgaagaaactgaggtacagataggcaggactagaacctetgettetg
Cttcccaagtcccagtgttecttatgggaccecttttgtetgetecacatteacecettte
tccttcagatcacttctccctgggeteccaggecctectgecageagecceegectgggee
ATGTCTTCCTCAGATGAAGAGACGCTCAGTGAGCGGTCATGTCGGAGTGAGCGGTCTTGT
M s s s D EETUL S ER S CUR S ER S C

CGGAGTGAGCGATCTTACAGGAGCGAGCGGTCGGGGAGCCTGTCTCCCTGTCCCCCAGGG
R S ER S Y R S ER S G S L S P C P P G

GACACCTTGCCCTGGAACCTGCCACTGCATGAGCAGAAAAAGCGGAAAAGCCAGGATTCG
D TLPWNTULUPULHE QK KR K S Q D S

GTGCTGGACCCTGCAGAGCGTGCTGTGGTCAGAGTCGCTGgtaag
V L D P A ER AV V R V A

B. Exon 2 ORF prediction

ctttcatcctgacgcgeggggecteccacccagegggacteccgegtgggecggectete
Gecgececteggetegggecccagtecegggecgggegggggteggeagecectgggggace
Cgtgtgggcagcccgggeccagecggecgecagectggggecgaggactegecgggacceg
Gaggcggcggggagagggggceggggaacgggecgggectggegetectgacaggaggage
Cgccgecgecgeccgecgetgcagecgegecggggcgggctgagggaggageggagecga
Ggggtgaggacgcggaaacgcgagecgggaccggcggagegegagegggecgggtgegag
Cggactgaggagcggagcgegactgecgggecgggcgaggcgggcggacggcggagageg
Agggcgccgtegecgtetectgagacgcacaaagggtcegaggetggggeegeegeegecte
agcgcgcgggectggaaccggcageccccggggctcggegagaaggeggtgegggeggee
ATGGCCGGCTACGTGCCGGGTCAGCAGCCGGCCAACCGCAGCCAGGAGAAGGAGTTCGTG
M A G Y V P G Q Q P A NIR S QE K EF V

CAGGCGTACGAGGATGTGCTGGAGCGGTACAAAGgtagy
Q A Y E DV L E R Y K

C. Exon 7 ORF prediction
atcccaggactggcttagectgegtttttgectgagattaggagaggaaggaaATGGGAAAT
M G N
TCACTGGGCTGTTTTAAGGAGCCGAAAGAGTCAATAGCTATTCCTGAGAAGGCTCCCATA
S L GCF KETUPZ KTETSTIA ATIT PET KA ATPTI
TCTCCTAAGAAAAGGGTTCGGTTCAAAAGGAGGTGGAGAGGGAAGAAAATCCCTACTCCA
S P K KR VRFIE KT RRTWIRTGT KT KTITFPTP
GAGGCATCTCACCAGGAAGAAACCTCAGAAGGAACTGGAGTCATTGAAGAGACTGAAACC
E A S HQETETSETGTTGVTITETETET
CTAACGAAGTTAACAGAGAGTCTCCAAAAGGAAGACGGAGTGGGAGGGGTAGAGCATACC
L T KL TESTULUO QT KET DTGV VGGV VTETHT
CCCCCAGATATTTTGCTGCCTGGGGACTCAGCCCCCAACTCACGGGTAGTCGATCGGGGG
P PDITLTLUPGODSA ATPNTST RVV VYV DZR G
ATGATAGTACAGGTAAAGGAGAGATTCCAAGGGGAGGTCCAGACCGCCCACCTTTTGTTA
M I V Q V K ERTF QG EUVOQTAHTLTL L
GAGAATGAGTCATCAGTTGCTGGAGGGGTCTGGGATTCCCTGGAAGAGGGGATGACTGTC
ENES SV AGGV VWD SLETETGMTV
ATTGCTCACCTGCTTGATAACCCAGCAGAAAGGAACTGCGAGAAGTCAGTGAGCCAACTG
I A HLLDNTU PA ATET RTINTCECTETZ KT STV VS Q L
GTGGAATTTCCTAGGACAGCATCCTGCAGCAGCAGGGCTGTGTTGCTGCCTTTGCAAGGA
VEFZPRTASTCSSURAVTILTLTPTILOQG
GAGACTGCAGTGGAGAAAGGAAATATTCAGCGTGGGTTTCGGAGCTGTGCTTTGCCTAGG
E T AUV EZKGNTIOQR RGT FT RTSTCATLP R
ACAGACTACCCCACTGATAAAGGAAATCAAGAACAATTTTCAGAGGGCTGGAGTGTGGAG
T DY P TDJZKTGNTUOQTETG QTFTSTETGTWS V E
GAAGGAACCAAGAGTGTTTCAGGTGCCCCTCAGACAGCTTCCTGGATTATAGAATGTTCT
E GTJX K SV S GAZPO QT ASTWTITITETCS
GTTTCTTCATTACTACTGGACCAGCCTGGAGGCCAAAGACGCACGGAGCCTTCCCATGTG
VS SLLLDG QPGS G QT RT ERTTETZPS H V
GGTCAAGTGCCCCCCCAGGATTCCAGACTGCCTACTTCTCAGAGTGATTTGTCCATCAGT
G Q VP P Q S RL P TS OQSDTLS I S
GGTGTGACTGTGAGCATTTTGCCCTCCTCCTCTGGCTATGGCAGTGATGGGCCACACATA
GV TVsIULPSSSGYGSDGZPHI
CATGGGATCCAGCCTAAAGATACAGAACCTGAAAAGAGCTCTACTTCCTTCTCAGAAGAG
HG I QP KDTTETPTETKTSSTSTF S EE

GATGGCACTCTTTCTCTGGAGGCAAGCCACACCCCATCATGGGGTCTGGAAGAGgtagy
DG TUL S L E A S HTUP S W G L

D. Exon 38 ORF prediction

ggctctgattcagttttctttttettetettttoctttttttttttttttttaggaatge
agagcagttgctggggtgattgacctaggcacagtggagatatttecccatcttcaaagec
ATGCAAAAGGGCCTCCTTGACCAAGACACAGGCCTAGTGCTTCTGGAATCTCAGGTTATC
M Q K G L L DQDTGULV L LE S Q V I
ATGTCTGGCCTCATTGCCCCTGAGACGGGTGAAAACCTCTCTTTGGAGGAGGGCATAGCC
M 8 6 L I A P E TG ENTULSLETEGTI A

AGAAACCTCATTAATCCCCAGATGTACCAGCAGCTCCGGGAGCTACAGGATGCCCTGGCC
R N L I NP QMY Q Q L R EL Q D A L A

Fig. 3. Predicted 3UTR and ORF of human MACFL1 isoform@) Exon
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UTR riboprobe specific for MACF1 (corresponding to part of
terminal exon 102) (Fig. 5A). This mouse probe had 90% sequence
identity with the human MACF1 cDNA and would therefore cross-
hybridize to human transcripts. Furthermore, tHig BR sequence

had no significant sequence homology to any other mammalian
sequences and thus was gene specific. MACF1 was expressed in
all tissues examined, although the levels of expression varied.
Hybridization was particularly strong in pituitary, adrenal, thyroid,
salivary gland, mammary glands, pancreas, heart, and skeletal
muscle. In a subsequent hybridization of the same human dot blot
with a MACF1-4 (isoform 4)-specific riboprobe (corresponding to
part of exon 38), signals were visible in all tissues, with the strong-
est hybridization signals in heart, lung, pituitary gland, and pla-
centa (data not shown). This indicates differential tissue distribu-
tion among MACF1 transcripts. We also performed PCR surveys,
using isoform-specific primers to determine expression patterns of
various isoforms. Our survey of a collection of cDNA libraries
prepared from 10 human tissues showed that MACF1-4-specific
PCR product was detectable only in lung, heart, pituitary, and
placenta, but was not visible in brain, kidney, liver, pancreas,
skeletal muscle, or HepG2 cell line. These results were consistent
with the fact that we were able to clone the MACF1-4-specific
sequences from human heart and pituitary cDNA libraries (clones
2 and 3 in Fig. 1). On the other hand, MACF1-3 is expressed in
lung, heart, placenta, as well as kidney and pituitary gland. Al-
though the PCR results might depend on construction of individual
cDNA libraries and might not be conclusive for transcript expres-
sion in any particular tissue, they appeared to reflect relative abun-
dance of transcripts.

We determined the size and distribution of Macfl transcripts
by Northern blot analysis of total RNA from several mouse tissues,
using a mouse riboprobe derived from the same mousdR
clone used in the human dot-blot experiment. Three large bands
with estimated sizes of 12, 15, and 17 kb (Fig. 5B) were detected
in several tissues, including brain, heart, ovary/uterus, kidney, and
skeletal muscle. The relative intensities of these three bands varied
among tissues; the 15-kb band was most abundant in the brain,
whereas the 17-kb band was most abundant in the ovary/uterus and
heart. As the probe used corresponds to theéTR of Macfl
cDNAs, these three major bands reflected the presence of three (or
more) Macfl transcripts of various lengths that share the same
3'UTR. The largest 17-kb band is likely to represent the 19.2-kb
MACF1-4 cDNA presented in this study, as well as the 17.7-kb
Macf1-2 cDNA cloned previously. In a subsequent hybridization
of the same Northern blot, a MACF1-2-specific riboprobe detected
the 17-kb and 12-kb bands in brain and ovary/uterus; however, the
MACF1-2 probe failed to detect either band in the heart. It is thus
evident that some bands represent more than one transcript. It is
not clear whether the 15-kb band corresponds to transcripts for
isoforms 1 and/or 3 or additional isoforms that are yet to be iden-
tified.

Discussion

We sequenced BAC/PAC clones to determine the genome orga-
nization of the human MACF1 gene on Chr 1p32 between the
NDUFS5 (telomeric) and BMP8/MYCL1 (centromeric) genes.
Analysis of the genes for large transcripts like the MACF1 mRNA

1 contains isoform 2-specific N-terminal sequence, based upon comparisan either the public Human Genome Project or the Celera database

with human MACF1-2 cDNA sequencgB) Exon 2 contains isoform

indicated that neither group was successful in predicting the com-

1-specific N-terminal sequence, based on comparison with mousglete gene structure of MACF1 (called ACF7 in that analysis;

MACF1-1 cDNA sequence (U67203)C) Exon 7 contains isoform 3-spe-

cific N-terminal sequence, based on mouse MACF1-3 cDNA sequenc
(U67205).(D) Exon 38 contains isoform 4-specific N-terminal sequence;
presented is a partial sequence of predicted N-terminus, including the fir

Aach et al. 2001). First, in both the public and Celera databases the
enomic region that contains the first 42 exons is currently in draft
rmat with several gaps. Second, there are no ESTs in dbEST that

of 8 plectin repeats. Sequences of predicted ORFs are in upper case letteA€fin€ the structure of exon 38. In this study, we provide the first
predicted 5 UTR sequences are in lower case. Putative initiation Met€Xperimental evidence that this large genomic region actually
codons are presented in bold; upstream in-frame stop codons are undegodes for functional protein domains by isolating two human heart

lined.

and pituitary gland cDNAs derived from this region.
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SR1 680 QSLHKFVSRATAELIWLNEKEEEELAYDWSD---NNSNISAKRNYF ELTMELEEKQ—DVFRSLQDTAELLSLENHPA——KQTVdAYSAAVQSQLQWMKQLCLCVEQHVKE 784
SR2 1455 K---ESTDIEKAILEQ VLSEELTTKK-EQVSEAIKASQIFLAKHGHkﬂsEKEKKQISEQLNALNKAYHDLCDGSANQLQQLQS 1534

SR3 1922 NQHTQLEGRLQDLRAWVGNKNLILNSKGSNSei-DVDSLNLCLQQYHDLKQPMAERK-AQLDALAFDIQFFISEHAQALlsPQONRQMLRLLNELQRSFQDILEQTAAQVDALQG 2033
SR4 1547 KQONTCHQQLEDLCSWVGQAERALAGHQGRTtggDLSALQKNQSDLKDLODDIQNRA-TSFATVVKDIEGFMEENQTk1sPRELTALREKLHQAKEQYEALQEETRVAQKELEE 1659
SR5 1815 DELQKFLQDHKEFESWLERSEKELENMHKGGs--SPETLPSLLKRQGSFSEDVISHK-GDLRFVTISGQKVLDME-—--~ NSFKE 1891
SR6 1932 GQYHQFQONSADSLQAWMQACEANVEKLLSDTaasDPGVLOEQLATT! QLQEELAEHQ—VPVEKLQKVARDIMEIEGEp——APDHRHVQETTDEILSHFQSLSYSLAERSSLLQK 2042
SR7 2260 EQLDEFRKLVRTFQKWLKETEGSIPPTETSV---SAKELEKQIEHL SLLDDWASKG*TLVEEINYKGTSLENLIME4,,CHDLTEIQCDMSDVNLKYEKLGGVLHERQESLQA 2395
SR8 2398 NRMEEVHKEANSVLOWLESKEEVLKSMDAMSSptKTETVKAQAESN FLAELEQNS—PKIQKVKEALAGLLVTYPN-—-SQEAENWKKIQEELNERWERATEVTVARQRQLEE 2507
SR9 2525 WLMEKELMMGVLGPLS1i~-DPNMLNAQKQQVQFMLKEFEARR-QQHEQLNEAAQGILTGPGDv--SLSTSQVQKELQSINQKWVELTDKLNSRSSQIDQ 2618
SR10 2621 VKSTQYQELLQDLSEKVRAVGQRLSVQSAISt**QPEAVKQQLEETSEIRSDLEQLD*HEVKEAQTLCDELSVLIGE———QYLKDELKKRLETVALPLQGLEDLANDRINRLQA 2728
SR11 2731 ASTQQFQOMFDELRTWLDDKQSQQAKNCPISa--KLERLQSQLQENEEFQKSLNQHS-GSYEVIVAEGESLLLSVPP---GEEKRTLONQLVELKNHWEELSKKTADRQSRLKD 2838

SR12 2841 QKAQKYQWHVEDLVPWIEDCKAKMSELRVTL---DPVQLESSLLRSKAMLNEVEKRR-SLLEILNSAADILINSSEA-———— DEDGIRDEKAGINQNMDAVTEELQAKTGSLEE 2945
SR13 3187 EAEALQWVVGTE----VEIINQQLADF FQKEqVDPLQMKLQQVNGLGQGLIQSAGK———DCDVQGLEHDMEEINARWNTLNKKNAQRIAQLQE 3274
SR14 3277 LHCGKFQDALEPLLSWLADTEELIANQKPPSa--EYKVVKAQIQEQ LI.QRLLDDRK—ATVDMLQAEGGRTAQSAEIrf*fADREKITGQLESLESRWTELLSKAAARIQKQLED 3383
SR15 3386 VLAKQFHETAEPISDFLSVTEKKLANSEPVGt--QTAKIQQQOIIRHKALEEDIENHA-TDVHQOAVKIGQSLSSLTS----PAEQGVLSEKIDSLOARYSEIQDRCCRKAALLDQ 3492
SR16 3495 SNARLFGEDEVEVLNWLAEVEDKLSSVFVKDf--KQDVLHRQHADH LNEEIVNRK—KNVDQAIKNGQALLKQTT————dEEVLLIQEKLDGIKTRYADITVTSSKALRTLEQ 3601
SR17 3604 QLATKFQSTYEELTGWLREVEEELATSGGQSP--TGEQIPQFQORQKELKKEVMEHR-LVLDTVNEVSRALLE 3673
SR18 3713 QRSQQFEQAADAELAWVAETKRKLMALGPIRl——EQDQTTAQLQVQ FSIDIIRHK—DSMDELFSHRSEIFGTCG————EEQKTVLQFKTESLIQQYEAISLLNSERYARLER 3819
SR19 3832 EELSPWIEETRALIAQLPSPAi--DHEQLRQOQEEMROLRESIAEHK-PHIDKLLKIGPQLKELN-——--— PEEGEMVEEKYQKAENMYAQIKEEVRQRALALDE 3927
SR20 3982 ELEKLQPSFEALKRRGEELIGRSQGadk-DLAAKQIQDKLDQMVFFWEDIKARAEEREIKFLD 4043

SR21 4046 ELAEKFWYDMAALLTTIKDTQDIVHDLESPGi--DPSIIKQQVEAA! TIKEETDGLH—EELEFIRILGADLIFACG**v*ETEKPEVRKSIDdMNNAWENLNKTWKERLEKLED 4152
SR22 4155 QAAVQYQDTLQPMFDWLDNTVIKLCTMPPVGt--DLNTVKDQLNEM FKVEVYQQQ-IEMEKLNHQGELMLKKATD———ETDRDIIREPLTELKHLWENLGEKIAHRQHKLEG 4262
SR23 4265 LALGQFQHALEELMSWLTHTEELLDAQRPISg--DPKVIEVELAKHHVLKNDVLAHQ-ATVETVNKAGNELLESSA--~~GDDASSLRSRLEAMNQCWESVLQKTEEREQQLQS 4371
SR24 4374 QQPQGFHSEIEDFLLELTRMESQLSASKPTGg——LPETAREQLDTHMELYSQLKAKE—ETYNQLLDKGRLMLLSRDD———SGSGSKTEQSVALLEQKWHVVSSKMEERKSKLEE 4481
SR25 4484 NLATEFQNSLQEFINWLTLAEQSLNIASPPS1--ILNTVLSQIEEHKVFANEVNAHR-DQIIELDQTGNQLKFLSQ----KQDVVLIKNLLVSVQSRWEKVVQRSIERGRSLDD 4590
SR26 4593 KRAKqFHEAWKKLIDWLEDAESHLDSELEISn——DPDKIKLQLSKHKEFQKTLGGKQ-PVYDTTIRTGRALKEKTLL**~PEDSQKLDNFLGEVRDKWDTVCGKSVERQHKLEE 4700

SR27 4703 LFSGQFMDALQALVDWLYKVEPQLAEDQPVHg--DLDLVMNLMDAHKVFQKELGKRT-GTVQVLKRSGRELIENS---~~ RDDTTWVKGQLQELSTRWDTVCKLSVSKQSRLEQ 4808
SR28 4811 KQAEVFRDTVHMLLEWLSEAEQTLRFRGALPD-—DTEALQSLIDTHKEFMKKVEEKRVDVNSAVAMGEVILAVCH ————— PDCITTIKHWITIIRARFEﬂVLTWAKQHQQRLET 4916
SR29 4919 SELVANAELLEELLAWIQWAETTLIQRDQEPipgNIDRVKALIAEHQTFMEEMTRKQ-PDVDRVTKT 4984

Consensus 1lllqgFqrdadelesWisekeallssedygk. . .DlesvqaLlkkHealeaelaaheqdrvkglnelagkLieegea. . .hpdseeikerleeLnerWealLlelaaeRrqgkLee

Helix A Turn Helix B Turn Helix C

B.

PR1 12 LVLLESQVIMSGLIAPETGENLSLEEGIARNLINPQOMYQQLRELQ 56
PR2 89 LKILEAHLATGGFSLSPSENCINLEEAFHQGLISAWLHSVLESYL 133
PR3 203 VRLLEAQLFAGGIVDPRTGHRLTVEEAVRHNLIDQDMA-—=—=-~ 240
PR4 241 CAILIRQLQTGGIIDTVTGQRLTIDEAVSNDLVAAKIALVILESL 285
PRS 725 LNVLSAQLLDGGIFHEQTGQOKLLLNEAISRGIVPSHTAVKLMEKL 769
PR6 801 HNVLMADKAISGVLDPRTQTLCSVKDAVTVGLLDKETATRILERQ 845
PR7 935 VRLLTKQVVDGGIIHHISGMRLSVDNAFRHGLIGEDLAEKLKRVE 979
PR8 1121 LKVLEAQANTGGIIDTATGKRLTLASALEEKLVDENMVRIIASHQ 1165
Consensus grllLeaqaatGGIiDPetgerLsvyeAlkrGLvdpetagkLleae

Fig. 4. Sequence alignment of MACF1 spectrin and plectin repéajsAlignment of 29 spectrin repeats encoded by the human MACF1 gene. Repeats
were identified by Pfam analysis (E value < 0.05), aligned, and compared to the consensus sequence. The spectrin repeat is numbered based on the ¢
of occurrence in the genomic sequence and listed in the left-most column (SR1-SR29). Coordinates of all repeats, except SR3, are based od the publis
MACF1-2 protein sequence (Macrophin, GenBank BAA83821); SR3 coordinates (italics) are from MACF1-4 sequence (AF317696). Gaps (-) are inserte
to optimize the alignment with the consensus sequence. The (,) in SR7 denotes additional sequences encoded by exon 55, which is alternatively spli
and present in both the trabecutinlGenBank AAF06360) and MACF1-4 sequences, but absent in Macrophin. Secondary structure predictielices

and turns are noted under the spectrin repeat consensus sequence. Proline (P) residues are in bold, indicating potential kinks in the seuomdary struc
the repeats. Vertical lines denote the position of introns. The intron position in helix B has been conserved, as seen previously among speatrin repea
dystrophin (Koenig and Kunkel 1990)B) Alignment of 8 plectin repeats (PR1-PR8) with the consensus sequence predicted by Pfam analysis (E value
< 0.05). Plectin repeats are found only in MACF1-4, not in three other MACF1 isoforms. “Plectin repeats” are tandem repeats described first in plectir
as a large “GC domain” (for the-@&rminal dobular domain) containing 6 long “GC repeats” of 245—-343 amino acids each (Wiche et al. 1991). These GC
repeats share a highly conserved central region that is constructed from nine tandem repeats of 19-residue motifs plus two flanking repeats. The Pf
database re-defines these tandem repeats and identifies them as “plectin repeats” with 45 amino acids in each unit (about three repeats oEtfidisame 19-
core in each). These tandem repeats comprise the entire C-terminal globular domain of plectin: 20 copies of 45-aa plectin repeat.

MACF1 comprises at least 102 exons, spans over 270 kb, andloned MACF1-2 and code for the centkalhelical rod-like do-
gives rise to four major isoforms by alternative splicing. Exon 1 main composed of spectrin repeats, and the C-terminal globular
codes for isoform 2-specific’'SUTR and N-terminal sequences, domain that includes two EF hands, a Gas2 homology domain, and
and exon 2 codes for isoform 1-specific N-terminal sequencesa serine/glycine-rich region.

Exons 3-6 and 8-10 encode the two halves of the complete N- The MACF1 gene appears to be a hybrid between genes en-
terminal actin-binding domain ABD that is present in both iso- coding two different classes of cytoskeletal linker proteins, the
forms 1 and 2. An internal promoter preceding exon 7, whichplakin family and the spectrin/dystrophin family. Similarities to
codes for isoform 3-specific sequences, bypasses the first six exorise gene for plectin, a well-characterized plakin, can be seen at
and results in isoform 3 lacking the first half of the ABD. Exons both the 5 and 3 ends of MACF1. For example, the exon-intron
38-42 are used only in isoform 4. In contrast to these three preboundaries for the N-terminal ABD in MACF1 are identical to
viously described isoforms, the newly identified isoform 4 those in plectin. Furthermore, one large exon encodes all the plec-
(MACF1-4) does not appear to contain the ABD. Instead,tin repeats in MACF1-4, as in the plectin gene. The C-terminal end
MACF1-4 contains N-terminal plectin repeats that are encoded bypf MACF1, like the C-terminus of plectin, is serine/glycine-rich

a single large exon, exon 38, and is the only isoform known toand contains GSR repeats. Similarity to the dystrophin gene is
contain plectin repeats. Following these plectin repeats and onapparent in the genomic organization of the spectrin repeats. Each
spectrin repeat, the cDNA sequences are identical to the previoushepeat is encoded by several small exons. The intron positions
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- Fig. 5. Expression of MACF1(A) Human RNA dot-blot analysis.
s — 4.7 kb Clontech human dot-blot containing polyA RNA from 50 tissues was
g hybridized with an §-*2P]JUTP-labeled anti-sense riboprobe derived from

Fz a mouse cDNA corresponding to th8d'R of MACF1-4 cDNA. (B)

>e Northern blot analysis. Total RNA was isolated from various tissues of

é 4-week-old mice. Total RNA (13g each lane) was subjected to gel

¥ electrophoresis, transferred, and immobilized to Nytran membiEoe.

s The membrane was hybridized with an anti-sense riboprobe derived from
the same mouse'BTR clone as in the human dot blot analysis. Three
major transcripts of 12, 15, and 17 kb were visible in brain, heart, kidney,

w Y ovary/uterus, and skeletal musckottom: Ethidium bromide-stained
28S rRNA bd B 4 (2] “ RNA gel before transfer to visualize the 28S ribosomal RNAs as a control

for RNA loading.

within each spectrin repeat of MACF1 are highly conserved andABD, and a truncated isoform lacks the ABD entirely (Lee et al.
very similar to those identified in the gene for dystrophin. Some-2000). There is a high degree of sequence conservation between
what surprisingly, however, the exons encoding the plectin repeatshot/kakapo and mammalian MACF1 in the N-terminal ABD and
are situated between the exons for the spectrin repeats in MACFL-terminal Gas2 region (74% similarity). The predicted secondary
This hybrid gene structure appears to be an ancient, rather thastructure of the spectrin repeats in the central rod domain is con-
a recent, event. Several genes identified in lower eukaryotic geserved between the mammalian d@wbsophilaproteins, although
nomes have a structure similar to mammalian MACF1. Dihe- the primary sequence is not. Genomic analysis revealedttuat
sophila melanogastegeneshot,the largest gene (>69 kb) in the sophila shothas larger exons and fewer introns. For example, the
Drosophilagenome (Adams et al. 2000), encodes proteins giverABD is encoded by four rather than seven exons. Two large exons
various names based on the phenotype of the mutant in which &ncode 21 of the 27 spectrin repeats in the central rod domain.
was first identified: kakapo, groovin, and short stop. The alternafurthermore, the intron that was conserved in helix B of the mam-
tive splicing seen at the’%®nd of MACFL1 is also evident in the malian spectrin repeat is not present in gmtgene.
five isoforms of Drosophila shot.Two isoforms have an N- Analysis of theC. eleganggenome identified only one region
terminal ABD (Strumpf and Volk 1998), two have only a partial with high sequence similarity to MACF1. GeneFinder predictions
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currently suggest three consecutive ORF5t(b 3': ZK1151.1, lytic cleavage of endogenous Gas2 in apoptotic cells. The domain
ZK1151.3, ZK1151.2a/b, GenBank Z93398); however, thesethatis conserved in MACF1 (the Gas2 homology domain) does not
ORFs may actually constitute a single gene, since the order odippear to be required for cytoskeletal rearrangement, since over-
protein domains in theC. elegansORFs is identical to that of expression of a C-terminal deletion construct that removes the
human MACFL1. The exon-intron boundaries in the first half of this domain still leads to cytoskeletal rearrangements. Deletion of 36
conceptualC. elegansgene, particularly in the ABD, are also additional amino acids from the Gas2 protein, however, com-
similar to those in MACF1. Experimental evidence is needed topletely abolishes these morphological changes (Brancolini et al.
confirm the genomic organization of th@. elegansggene and to  1995). The domain critical in inducing cytoskeletal changes is thus
determine whether or not alternative splicing occurs, as it does itikely to reside in these 36 amino acids.
the mammalian androsophila genes. Interestingly, th®ro- The genome of. eleganscontains two genes with Gas2 ho-
sophilaandC. eleganggenes each contain an exon for sequencesnology domains: the MACF1 homolog (ZK1151) and a much
with weak homology (E value > 0.10) to the plectin repeat (two tosmaller gene (D2096.11) for a hypothetical protein of 1021 amino
three repeats). This single large exon is positioned between exoreids. This second hypothetical protein consists of an N-terminal
for spectrin repeats, similar to that in mammalian MACF1. TheseABD and two copies of the Gas2 domain in the C-terminal half,
common features in human MACFDyrosophila shotand theC. but lacks intervening spectrin or plectin repeddsosophila ge-
eleganshomolog suggest that these genes are derived from a coomome also contains two genes with Gas2 domahst(MACF1
mon ancestral gene. homolog) and a gene similar ®asZGAR22 (CG3973, GenBank
The plectin repeat, a sequence first described in plectin, is AE003438). In mammals, only one additional gene besides
distinctive feature of all plakins and is not found in other subfami- MACF1, Gas2,and GAR22 is known to contain Gas2-homology
lies of cytoskeletal linker proteins. In most plakins, these repeatsequences. This expressed gene, MACF2, is located on human Chr
are found at the C-terminus. MACF1-4 is the only MACF1 iso- 6p12, near BPAG1, and has also been called KIAA0728 (Nagase
form shown to contain plectin repeats, which are located in theet al. 1998) or trabeculi- (Sun et al. 1999). The KIAA0728
N-terminus and are preceded by spectrin repeats. While alternativeartial cONA encodes only 1065 amino acids of MACF2, includ-
splicing occurs in the 5end of plakins, such as plectin and dys- ing the last five spectrin repeats, two EF hands, the Gas2 domain,
tonin/BPAG1n, to give rise to various N-termini, there are no and the serine/glycine-rich region. MACF2 shares 80% sequence
known variants lacking plectin repeats, suggesting an importantomology with MACF1 throughout the coding region that has
role of plectin repeats in the function of plakins. In plectin, thesebeen cloned thus far. In addition, the intron/exon positions of the
repeats harbor a domain required for intermediate filament bindingequenced region of MACF2 are identical to those in MACF1
(Nikolic et al. 1996), as well as binding site(s) for tBé subunit  (data not shown). MACF1 and MACF2 are therefore likely to be
of the hemidesmosomal6p4 integrin receptor (Rezniczek et al. paralagous genes. On the other hand, MACF1 on human Chr 1p32
1998). A similar functional role for the repeats in other plakins hasand the previously cloned moubtacf/Acf7are orthologous genes
yet to be demonstrated. Since plectin repeats are the commdrased on the conserved synteny between the human and the mouse
domain feature among intermediate filament-interacting plakinsgenomes in these two chromosomal regions, as well as the high
we propose that plectin repeats may provide the key structure fosequence identity (90%) in thé 3TRs.
interaction with intermediate filaments. If it were the case, @ We observed differential expression patterns of three large
MACF1-4 would provide a link to intermediate filaments via its MACFL1 transcripts among tissues. The complex alternative splic-
N-terminal plectin repeat domain, while MACF1-2 links to micro- ing and the use of tissue-specific internal promoters seen in
filaments via its N-terminal actin binding domain (Leung et al. MACF1 are common features of genes for other cytoskeletal linker
1999; Sun et al. 1999). Such sequence variation in the N-terminproteins, such as dystonin/BPAGL1, plectin, and dystrophin. Dys-
among different isoforms is likely to enhance functional diversity tonin/BPAG1 gene codes for at least four isoforms. Isoforms 1 and
of MACF1 gene products. 2 have the full-sized ABD, and isoform 3 has only the second half
In contrast to the variable domain structure at the N-termini,of the ABD, whereas isoform 4 uses an internal promoter and has
the central rod domain of MACF1 is invariant and is composedno ABD at all. BPAGL1 isoforms are differentially expressed
mainly of spectrin repeats. This conclusion is based on the pubamong tissues; isoforms 1-3 (BPAG1nl, 2, and 3) are expressed
lished cDNA sequence of MACF1 isoform 2 and the data onpredominantly in neuronal tissues, whereas isoform 4 (BPAG1le) is
isoform 4 presented in this report. Similar to plectin repeats, speceontrolled by a keratinocyte-specific promoter (Brown et al. 1995).
trin repeats are thought to arise from internal duplications. SpectrifPlectin has at least 12 transcripts with differehefds as a result
repeats are 109 residue motifs that are also found in several cyt@f alternative splicing of 13 coding or non-coding exons; expres-
skeletal linker proteins, such asactinin, spectrin, dystrophin, and sion of transcripts is also tissue specific (Fuchs et al. 1999). The
utrophin. The spectrin repeat forms thredelices (A, B, and C)  Dystrophin gene encodes for at least 15 isoforms of various
separated by proline-rich linkers (Grum et al. 1999; Yan et al.lengths containing different segments of the basic dystrophin se-
1993). The intron position in helix B is conserved in most spectrinquence by use of tissue-specific promoters (Amalfitano et al.
repeats of MACF1, a feature remarkably similar to dystrophin1997). Such complex alternative splicing results in multiple iso-
(Koenig and Kunkel 1990; Winder et al. 1995). forms that may reflect the diverse function of these cytolinkers.
The Gas2 homology domain, a distinctive feature of MACF1 For example, plectin has been shown to interact with intermediate
and its related large cytoskeletal linker proteins, has 66% similarityffilaments, actin microfilaments, microtubule network via interac-
(or 38% identity) to a short, C-terminal region (amino acids 238-tion with microtubule-associated proteins, as well as with the
271) of mouse Gas2 (growth arrest-specific 2) protein (Cowled ehuclear lamina, various components in desmosomes and hemides-
al. 1994; Manzow et al. 1996). Gas2 is a component of the actiimosomes, and signaling molecules (for reviews, see also Stein-
microfilament network (Brancolini et al. 1992) and a substrate ofbock and Wiche 1999). More recently, plectin has been shown to
Caspases 3 and 7 in the apoptosis process (Sgorbissa et al. 19999. a substrate of the caspase cascade (Stegh et al. 2000).
A similar protein is encoded by human GAR22 &aelated se- The different MACF1 isoforms reflect functional diversity of
quence on human Chr PZZucman-Rossi et al. 1996). In MACF1, these large cytoskeletal linkers. Several studies on mammalian
the Gas2 domain, together with the adjacent serine/glycine-rich reMACF1-2 have assigned functions to the N- and C-terminal do-
gion, binds to and appears to stabilize microtubules (Sun et al. 2001jnains. MACF1-2 has been postulated to crosslink the actin mi-
Over-expression of either a full length or a truncated GasZcrofilament and microtubule networks. The N-terminal domain of
protein with a C-terminal deletion induces cytoskeletal rearrangeMACF1-2 has been shown to bind actin, whereas the C-terminus
ment and changes in cell shape that mimic the effects of proteosf MACF1-2 associates with microtubules, probably via the Gas2
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