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Abstract. We have sequenced cDNA clones encoding
the Drosophila 205K microtubule-associated protein
(MAP), a protein that may be the species specific
homologue of mammalian MAP4. The peptide se-
quence deduced from the longest open-reading frame
reveals a hydrophilic protein, which has basic and
acidic regions that are similar in organization to mam-
malian MAP2. Using truncated forms of the 205K
MAP, a 232-amino acid region could be defined that
is necessary for microtubule binding. The amino acid
sequence of this region shares no similarity with the
binding motif of MAP2 or tau. We also analyzed sev-

eral embryonic cDNA clones, which show the exis-
tence of differentially spliced mRNAs. Finally, we
identified several potential protein kinase target se-
quences. One of these is distal to the microtubule-
binding site and fits the phosphorylation consensus se-
quence of proteins phosphorylated by the mitosis
specific protein kinase cdc2. Our data suggest that the
205K MAP uses a microtubule-binding motif unlike
that found in other MAPs, and also raise the possibil-
ity that the activities of the 205K MAP may be regu-
lated by alternative splicing and phosphorylation.

tion is essential for proper cell morphology and cell
division. A class of proteins known as microtubule-
associated proteins (MAPs;! reviewed in Olmsted, 1986)
may play an important role in such regulation. MAPs from
different species have been generally identified and isolated
by virtue of their copurification with tubulin. Those MAPs
that have been examined share the ability to stimulate the as-
sembly of microtubules from tubulin dimers in vitro (Cleve-
land et al., 1977, Murphy et al., 1977; Bulinski and Borisy,
1979). An additional property of many MAPs is that they are
generally found in association with microtubules in fixed
cells labeled with anti-M AP antibodies (Bernhardt and Ma-
tus, 1984; Bloom et al., 1984; Parysek et al., 1984a,b).
While the distribution of different MAPs is well docu-
mented, the molecular structure of only a few of them has
been elucidated. A MAP of 320 kD has been isolated from
trypanosomes as a membrane cytoskeletal component. The
amino acid sequence of this protein consists of >50 nearly
identical tandem repeats of 38 amino acids (Schneider et al.,
1988). A group of well-characterized MAPs isolated from
mammalian brain consists of tau, MAPIB, and MAP2. The
genes for MAP2 (Lewis et al., 1988), tau (Lee et al., 1988;
Goedert et al., 1988; 1989), and MAPIB (Noble et al., 1989)
have been cloned and their primary sequence has been deter-
mined. Both tau and MAP?2 contain an 18-amino acid pep-
tide repeat motif, which has been shown to be sufficient for
microtubule binding (Himmler et al., 1989; Lewis et al.,
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1. Abbreviations used in this paper: MAP, microtubule-associated protein;
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1988). MAPIB has a different repeated motif responsible for
microtubule binding (Noble et al., 1989). Electron micro-
scopic studies have demonstrated that MAPIB is an extended
molecule that is ~»200 nm long (Sato-Yoshitake et al., 1989);
and that MAP2 forms rod-like projections of 100-200 nm
attached to the microtubule surface (Voter and Erickson,
1982). Similarly, tau exists as a 40-60-nm-long extended
molecule, which also can form projections off of microtu-
bules (Hirokawa et al., 1988).

A major MAP identified in Drosophila, the 205K MAP
{Goldstein et al., 1986), was found to be colocalized with
mitotic spindle and cytoplasmic microtubules in immuno-
fluorescence staining experiments of cultured cells. This pro-
tein is likely to be a member of the MAP4 family, which ap-
pears to consist of mouse MAP4 (Olmsted and Lyon, 1981),
the HeLa 210K MAP (Bulinski and Borisy, 1979), and the
bovine 190K MAP (Murofushi et al., 1986). These MAPs
share several properties including possession of various iso-
forms, a molecular mass ~200 kD, and thermostability. Be-
sides their biochemical similarities, some members of the
MAP4 family, including the Drosophila 205K MAP, have
been shown to be immunologically related (Kotani et al.,
1987, 1988; West, R. R., K. M. Tenbarge, M. Gorman,
L. S. B. Goldstein, and J. M. Olmsted. 1988. J. Cell Biol.
107:460a). In most cases, little information is available as
to the structure and function of the MAP4 proteins. How-
ever, studies on the structure of the Hel.a 210K MAP (Bulin-
ski and Borisy, 1980) led to the conclusion that it exists as
an extended molecule that forms dimers in solution.

The best evidence for a functional role of proteins of the
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MAP4 family in vivo comes from injections of mAbs recog-
nizing the HeLa 210K MAP into dividing cells. This treat-
ment resulted in mitotic arrest (Izant, 1981; Izant et al.,
1983). From these experiments it can be concluded that the
Hela 210K MAP is directly, or indirectly, involved in
microtubule behavior during mitosis.

To understand better the structure and possible functions
of the MAP4 family and the Drosophila 205K MAP, we have
determined the primary sequence of the 205K MAP, iden-
tified alternatively spliced variants, and defined the region
of the protein that binds microtubules. These investigations
suggest that an additional motif, not found in other micro-
tubule-binding proteins, may mediate the interaction of the
Drosophila 205K MAP with microtubules. Our investiga-
tions further suggest that this putative regulatory protein
may itself be regulated by phosphorylation and alternative
splicing.

Materials and Methods

General molecular biology methods such as subcloning, Northern and
Southern blotting, and restriction mapping were carried out as described in
Maniatis et al. (1983).

Isolation and Characterization of Genomic and
c¢DNA Clones

Genomic clones were isolated from the Maniatis library (Maniatis et al.,
1978) and characterized by restriction mapping. The cDNA clones were
isolated from the 4-8-h embryonic cDNA libraries described by Brown et
al. (1989). We isolated 22 clones after screening of 1 X 105 colonies with
a 1.8-kb subclone of a previously isolated (Goldstein, unpublished) cDNA
clone that corresponded to the 5’ 40% of the coding sequence as defined
by Northern analysis. All cDNA clones were restriction mapped using Eco
RI, Bam HI, and Hind III. This process and the observed size of the inserts
allowed us to assign the extent of the coding sequence that each cDNA con-
tained by comparison to the genomic restriction map and the putative tran-
scription unit borders assigned by Northern analysis. The longest cDNA
clones were near the total size of the major mRNA species observed. In
the course of analyzing these cDNA clones, we observed that 4 of them (out
of 14)) that extended past the 5" Eco RI site had different sized internal Eco
RI fragments than the clone, B3. Further restriction analysis localized the
differences to the Pst I-Hinc II fragment indicated in Fig. 1. This was the
region sequenced in the cDNA clones J5 and C2, and that defined the alter-
natively spliced forms reported in this study.

Generation of Deletion-bearing cDNA Clones

As described in Results, cDNA clones B3, C2, J5, and G4 were originally
isolated from a 4-8-h embryonic cDNA library in pNB40 (Brown et al.,
1989). We used a cDNA that was full-length with respect to the protein cod-
ing sequence for the generation of all deletion bearing cDNA clones. This
construct, B3-SK, was generated in the Bluescript vector and consists of
a 600-bp Hind ITI-Sal I fragment at the 5’ end, derived from cDNA G4, and
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exons defined by restriction mapping
and sequencing is unknown and there-
fore not indicated.

a 4.1-kb Sal I-Not I fragment derived from cDNA B3. cDNA G4 is 400
bp shorter at its 5’ end than cDNA B3 but the DNA sequence, and hence the
protein sequence, is identical in both cDNAs in this region. The orientation
of the insert into the Bluescript vector allowed transcription from the T3
promoter. Nested deletions were generated in cDNA clone B3-SK with exo-
nuclease HI by using the Erase-a-Base kit (Promega Biotec, Madison, WT).

DNA Sequencing of B3

All deletion-bearing clones were sequenced using double-stranded DNA.
A Sequenase kit (U.S. Biochemical Corp., Cleveland, OH) was used for the
dideoxy sequencing reactions (Sanger et al., 1977). Both strands were se-
quenced independently and each basepair was sequenced at least four times.
The DNA sequence was assembled and analyzed using the Bionet national
computer facility and the UWGCG sequence analysis package (Devereux
et al., 1984).

Microtubule Binding Assay

The ¢cDNA clone B3 and deletion-bearing cDNA clones, derived from B3-
SK, were transcribed in vitro using SP6 or T3 RNA polymerases. In vitro
transcription and translation in a reticulocyte lysate were carried out as de-
scribed by Yang et al. (1989). In vitro translated [**S]methionine-labeled
proteins bearing truncations or internal deletions were tested for micro-
tubule-binding activity. 1-2 ul of a reticulocyte lysate translation mix was
incubated for 30 min at 22°C with 8 ug of taxol-stabilized microtubules
from bovine brain (a gift of Dr. Jon Scholey, University of California,
Davis) in assembly buffer (0.1 M Pipes, 2 mM EGTA, 1 mM MgCl,,
20 uM taxol, 2 mM GTP, 2 mM DTT, 1 ug/ml leupeptin, 1 ug/ml pepstatin
A, 1 pg/ml aprotinin, 1 ug/ml TAME (Na-p-tosyl-L-arginine methy! ester),
and 1 mM PMSF). After incubation, the mixtures were subjected to cen-
trifugation at 50,000 gmax for 30 min. The resulting pellet and supernatant
fractions were analyzed on 7.5% SDS-polyacrylamide gels. The gels were
stained with Coomassie blue, fixed, enhanced with Enlightening solution
(Dupont Corp., Wilmington, DE), and then dried and exposed to x-ray
film.

Developmental Northern Analysis

Timed embryo, larva, and pupa collections were collected and RNA pre-
pared as described in St. Johnston et al. (1990). 3.5-5 ug poly A* RNA
was run on 0.8% formaldehyde agarose gels, transferred, probed, and hy-
bridized as previously described (Goldstein et al., 1986).

Results

Organization of the 205K MAP Gene

Previous work resulted in the isolation of small segments of
the 205K MAP gene (Goldstein et al., 1986). To recover and
ultimately sequence cDNA clones, we mapped the extent
and location of the 205K MAP transcription unit relative to
the genomic DNA. We began by isolating several overlap-
ping genomic clones in the 205K MAP gene, first by hybrid-
ization to 205K MAP coding sequences and then by walking
from the ends of the initial phage isolated. After restriction
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mapping of each of the phage, most Eco RI fragments were
subcloned, and used as probes in Northern blot analysis to
define the approximate extent of the transcription unit. Re-
striction mapping of ¢cDNA clones (see Materials and
Methods) recovered from a 4-8-h embryonic library (Brown
et al., 1989), further refined the map of this gene. The ap-
proximate position of the 5’ end is supported by nuclease
protection and primer extension analysis (Laymon, R., and
L. Goldstein, unpublished). The results are summarized in
Fig. 1.

Developmental Northern Analyses

To ascertain the developmental times at which the 205K
MAP was expressed, and to determine whether there was a
set of grossly different RNA species expressed during devel-
opment, we examined the 205K MAP RNA species present
at different times during development (see Fig. 2). To control
for differences in RNA loading, we probed with a clone for
a ribosomal protein (rp49; O’Connell and Rosbash, 1984).
Using probes from throughout the entire 205K MAP coding
region, we found that 205K MAP sequences are present at
most times during development, with a minimum at second
larval instar, and a maximum at 4-8 h of development. Al-
though the predominant species migrates at a mobility corre-
sponding to 5.5-5.7 kb, many alternative RNA species were
also observed. These species are all homologous to the same
strand as the previously known 205K MAP mRNA species
(data not shown), and all of them have various expression
profiles relative to the major 205K MAP mRNA species.
Whether these alternative mRNA species encode alternative
protein isoforms remains to be determined.

DNA Sequence of cDNA Clone B3

To elucidate the primary structure of the 205K MAP, the en-
tire DNA sequence of a 4.7-kb cDNA clone, B3, was deter-
mined (see Fig. 3 4). The cDNA clone B3 is ~700 bp shorter
than the size of the major mRNA observed in Northern blot
analysis. Our primer extension analyses and nuclease protec-
tion analyses indicate that the 5’ end of cDNA B3 is cotermi-
nal with a major 6-12-h embryonic and cell culture RNA
species (Laymon, R., and L. Goldstein, unpubiished obser-
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vations). Restriction mapping suggests that the shorter size
of B3 may result from truncation at the 3' end in the 3’ un-
translated region (Gorman, M., and L. Goldstein, unpublished
observations). Whether this results from internal priming
during cDNA synthesis or utilization of more than one poly-
adenylation sequence has not been determined. In vitro tran-
scription and translation of the B3 cDNA clone resulted in
a protein that comigrated with native 205K MAP (not
shown). This latter observation constitutes strong evidence
that this cDNA clone contains the entire protein coding re-
gion of the 205K MAP gene.

Surprisingly, the DNA sequence of cDNA clone B3 con-
tains a much shorter protein coding sequence than expected
for a protein of ~200 kD. The nucleotide sequence of B3
is 4,639 nucleotides long and contains only one long open-
reading frame (ORF) of 3,489 nucleotides. This ORF is
predicted to encode 1,163 amino acids or a protein of 130
kD from the first in frame methionine to the stop codon.
Other ORFs are much smaller in size and are therefore un-
likely to encode a large protein. All three reading frames
contain stop codons upstream from the predicted translation
start codon at nucleotide position 421 and downstream from
the stop codon of the longest ORF at nucleotide position
3910. The first in frame methionine initiation codon does not
appear to be surrounded by a sequence that fits the Drosoph-
ila initiation consensus sequence (Cavener, 1987). The sec-
ond in frame methionine codon at nucleotide position 1030
does not fit the initiation consensus sequence either, and
would result in a protein that is 203 amino acids shorter. A
5’ deletion-bearing cDNA that lacks the first ATG and starts
at the Sal I site at position 585 was not translatable in
reticulocyte lysates. On the contrary several plasmid con-
structs containing the first ATG, but which were deleted of
the second, were translated, indicating that at least in the
reticulocyte lysate system the first ATG works as a better
translation initiation codon than the second. Therefore, we
feel confident that the first ATG represents the translation
start site. The stop codon at nucleotide position 3910 is fol-
lowed by multiple stops in all three frames. The 721-bp 3’
untranslated sequence is very AT rich and ends with a poly
A tract that is preceded by a polyadenylation consensus se-
quence AATAAA (Wickens and Stephenson, 1989) at nucle-
otide position 4177.

Amino Acid Sequence of the 205K MAP

We analyzed the amino acid sequence of the 205K MAP to
define characteristic features of the protein that might sug-
gest specific functions. We examined the amino acid compo-
sition, charge distribution, similarity to other proteins, and
possible secondary structures.

Although the amino acid composition of the 205K MAP
is not exceptional, its distribution of charges is (Fig. 4). In-
terestingly, the distribution of charged amino acids divides
the protein into acidic and basic domains. The region from
amino acid residue 1 to 762 predicts a protein with an esti-
mated pl of 4.0, whereas the region from 763 to 1102
predicts a protein with a calculated pI of 12.9. The 61 amino
acids of the carboxy-terminal end have a predicted pI of 4.4.

We also calculated the average charge distribution for two
other MAP sequences that are available, MAP2 (Lewis et
al., 1988) and tau (Lee et al., 1988). For MAP2 we found
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A

CCCCCCCCCCARAAAAAAAT TAGTCGGCAAGCAATTCAAAAGTAAGAGCAACCGGAGCGA €0 TCAGATGAGATACCGCTTTC TTCGGCTTCAAAGGAGAAACTGTTGCCTGATACTACAGAT 2520
S K E K L L P DT TOD 700

ACAAAAAAGGGATAACTTACTAAAATCTCTGAAAGAAAAATAAAAAGACTAACGGGCTCG 120
GAGCAACTGCTGACTTCTGCT TTGGAGGAGARACTGCGCTCTGTTGCTCCAGAGGAGTCA 2580

GCAAGCTGTGTTTATT TCGACAAGTAATTATATACTTGGAGTGCAAGCAAAGGCGAAGGA 180 E Q L L TS A LEEIKLR SV AP EE S 720
AGTGGAAGAAGGACAAGCAACGAAATCGTGCTCTTATCCGTTCCTGTACTGTGTCTCTCT 240 GTGTCMCTGCTGCCGATG(‘GCAGTCMTTTCTCAGTTTGATGMTATGTTATCGCAAGT 2640
I1 S ¢ FDE Y V I A 740

TTCGCTGGGAGAGTGTGTGTATTGGTGTGAAGTGTAGAAATC TGCAAGAACAGCAACGCC 300
AATAAACCTTTGGAAGATATTTTAGAACCGGAAAAAGATGTCGAAGTTGCGAAAAGTTTG 2700

AATAAAAGTGGAATCGAGAAAAAAAGCAGTGGCGCGTGAATCACGAGCAATCTGAATCAT 360 N K P L E D1 L E P E K O V E V A K S L 760
CTCTCTACAAAAATACCTGTTTCTGTTGGCGCATCATTTATACCAATTAAATCCTAAAGG 420 TCTGAAAAAACTTCTGTTGCTACAGTGGCTGGAGGTGCTGTGGTTGGTGCTACCAAAACC 2760
§ E K T S VATVAGGAV YV G ATIKT 780

ATGGAACACCACGAGGACAACGCGCAGT TGGACAACTACTTGCAGAACCGCCTGGCCGAA 480
M EH HE DN AQLUDNYL QNI RULAE 20 CACTCAGCCACCAAAGCAGGATCTACAGCAGCTAGTGCAAAATCGAAAACAGAAACCCTT 2820
H S AT K A G S T AA S A K S K TETL 800

AGTCTGCAAATTTGCGGAGGCGCCGGCGAGCATAATCCTCATCTGGCAGACGCTACTGGG 540
S L. Q 1 ¢ 6 G A G EHNUPHTULWADA AT G 40 GTAATGAAGAAGACTACAGCGAGTTCTACTTCTGTTTACGGGGCAAACAAGTCGGCCGCT 2880
VM K K TTAS S TS V Y GANIK S A A 820

GGGAACGGCTGCGCTCCTGGCAT TGCGCCCTCAAAGTCGGACGAAGTCGACGGGGAAGAA 600
6 N G C A P G I AP S K S DE V D G E E 60 CCACGTCCAAGTACCGCCCGCCTTGGAATCAAAAGTACCAGTATAGCTACAAAAACTTCG 2940
P R P S TARIL G I K S T S I A TK T S 840

GACGAGGAGTGGAAGTACATACACGAGGTGCGGCAGAGTGAAAAGCTTCMCAGGAAMG 660
E E W K Y I R E VR Q S E KL Q Q E K 80 ACTACATCTTCACTAACTGGAAATCCCCGAAAGTCACTAAGCAGTARTGTAGGATCAACA 3000
T T $ $ L T G N P R K S L $ S5 N V G 5 T 460

CTTCCACTGACAAAGGAAACCGGCAATGGC TTCGGGCCCGGACGGGACTCAGATAATCAA 720

L P L T KET OGN GF G P G RD S D N Q 100 GTTAMCCACCMCCMGTTMGCGGCACACGACCAGCTACAGCTCCAGTGAGCMGGTA 3060
VvV K P P T KL 5 G R P AT AP V S K V 880

GTTCACGGAAACGGAGCTGCCGCTGTCTTCAATCTGTACGAAGAGGACGTGGAAGTGATC 780

V H ¢ N G A A AV FNLYEETDVEVI 120 ACTTTAGGGGCCAAGACCATAACTAACAAGCCGACTGCAAGTGGTACTGCATCTGATAAT 3120
T L G A K T I TN KUP TA S G T A S D N 900

AAGAACGATGGTGACTTCTCGACAAATTCTAACACCACTACTTCAACGGACGAGGTAGTT 840

K ND GDF $ TN S NTTTS T DEV YV 140 GTAACCAGGACAACACTTCGCCCTTTGGTCAGTACCAACGCTCGCAGACCAGCAACAAGT 3180
vV T R T TULRZP L VS TN ARURU®PAT S 220

GCCAGGCAGGCCCAGGAGCCAAACCAGTTGCCGGAGCAGCTTCAACAGCAGCAGCAGATA 200

A R QA QEUPNOLZPEAUQLQQCOQQOQZ®QTI 160 GGAACAGGATCTGTAGCCTCCTCAACTGCTCGACGACCAGTTACAAATGCAAAAGGATCT 3240
6 T GG S V A3 S T ARU RZPV TNAIKG 3 240

GAATCACAAGGTGTTCACGAGGATCCCCGTCAGGAAGATGAGGATGAGCACAGCTCCGTG 260

E S ¢ 6 VHEDUPIROQETDEUDEUHS 5 V 180 GCTCCTGGCAGCGCTGCTTCAACAAAAGTTCGCCCTGCGGCCACAATGACAGCCCCAGTC 3300
A P G S A A S T KV RP AATMTA APV 9260

uCCACTACTTATGGAACMGCAGTCTCAGTGAGAACMCTCCTCGCCTTTAGATCAGGAG 1020

A T T Y GT S S L S ENN S S Q 200 AAGCCTAAAGTTTTGTCGCCGCGCAGCACCATTTCCTCCACCACCACTGTGCGAAAGGTG 3360
K P K VL $ P R S T 1 S S T T T V R K V 980

GAGGTIGTTATGGTGGCCCAAACGGTTGGTCAAGAGCAGTTAGTGGACTTCGACAACAAG 1080

E V VMV AQTV GQEQ LV DF D NK 220 CCTAGCACAAGTACCCCTTCATTTTCTACTCGTAGCCCTAACAAGCAGCAATCCAATGGA 3420
P 5 T S$ TP S F S TR S P N K QQ Q S N G 1000

GAAAACTCCTATTTTGTTAAARACCTGGAAGAAAACCACTCGCAGCTAAACCCCAATGCT 1140 LEAAAL LR AN

E NS Y F VKNULEENUHS QUL NP NA 240 TTGGGCAAGAATACCAGCTCTACCACCACTTCCACTGCTACCGCAACTATCACAARATCT 3480

L GK N TS S T™TTSTATATTI T K s 1020

GTGGCCTTTGTGCCTGGCGTTGGCTCACAATCATCCTCTCCCCTTCCTGCTGET bMGAT 1200
F VP GV G S Q S § S P L P A A 280 TTCACAGCTCGCTCAGCTCCAAAGTTTACGCATTCAGCTAGCTTAACCTATAACAATGGG 3540
F T AR S AP K F T H S A S L T Y NN G 1040

CCACTACCTGGTGTTCAGCCCCGCCCATTTCTACCGGGAGGGACCCTTGACGATTTGGTG 1269
Q P R PF L P GG T LDDUL V 280 AGTACATCTCGTCGTTTGCTGGTTCCTGGAAGCTCCTCTACTACAACTACGTCCTCTCTT 3600
s T $ R R L L v?2 6 S S S TTTTS S L 106

GCGGAAAGTCCGCGGAAAGAATTCGCCCGAATCAACATGGATGGTATTGCCGTGCCCGAC 1320

A E S PR KETFARTINMMDGTIAVEPD 300 AGGAAGTCATCACCATTAAAGGCAGCACCAGGCAAAGCTGCTTCCAAGCCATTGACACCG 3660
R K s s P L K A AP G KA A S K P L T P 1080

GAGCGGGAATT TGACATTGAAGC GGATATGCGACCCCACGAGTTGGAGCAGGAATCGGAC 1380

E R E F D A DMRUPHETLEQE S D 320 CAATCCAAAGATGGCACGGCTAAGTCATCGCCGGCTGTATTAAAAGCTCGGAATTCTACT 3720
Q 5 KD G TAK S S P AV LKA ARNS T 1100

ACTTTTGGGGCAGGACACCTGGAGATGCAGTTGT TGAACGGTATAGGAACCGCTGACCAA 1440

T F GA G HLZEMOQILIULWNGTIGTATDOQ 340 TTGATGGGCGGGGAAGGGGTAGCACCRTCMATGAATGTGTCCCAACACCTMTGG"‘CAG 3780
A P P T P N G Q 1120

GCAGCCTTAAGGGATGTTCTGGATCACGGTCCAGAGACAAGTGTCGATATGGAGTTGCCA 1500
A AL RDV L DHG?PETSV DMELP 360 ATCMTGCGGMGMGTGGTCMGCTTAAGGGMAGGGCCT}\GCAGM"AGGTTMGATT 3840
I N A E E v L K G K 6 L A E E V K I 1140

CTAGATCAGGTGCCCAACGACGCCGACATCATGAAACAATCGATTTATGCCGAGCACAAC 1560
L D Q V P NDADTIMIEKZ® QSTIYAZEHN 380 ATTGAAGAGCAAAAGCTTCACGAACAAGATGTCCCTGCCCATAATGCTGAAGTGCCCCTT 3900
I EE Q K L HE QDV P A HWNAE V P L 1160

TCCTCCATTGAAGATATCTTAAATTCCGTGCAACCTTTGCCAATTCAGACTTGTGACGAT 1620

S $ 1 E DI L NS VQPLZP I QTTCDD 400 TTGGATTTTTAATATGTATCCTAAATTCCAGATCACACAAACCTAAAATTACTTTATTAA 396C
F *

MGGAACTAATTCATGTGGMGAGAAAGMCATGTCTCGMGTCGCCTTCTACAGAGGAG 1680

XK E L I HV EZEKEWHUV S K sS P 8T E 420 TGAAAACATATTGAGAAAAAGTGTTTAAAACGAACAGAAAAAAATTTCCAAGACGTAATA 4020

CTCCAGTTTCAGTCCGACTTCCCAAACAATCAGGAATCGCACACATTATTCAATAACACT 1740 AGAAAAACGATGAATACAATAGCATCCTGGTAACCAAATTAGGAATTTTTGCTTATTGAA 4080

L Q F ¢ S DF P NNQESHTULTFNNT 440
CTTATTTATATACGATTATACCCTCGATTTCTTGCTACATATTATTAAATCATTTTATTT 4140

GAGCAGGATCCAATGCAGGCTTCATTTTATTTGGAACATACCTCTCAAAAGGCTCAAGAG 1800
E QD P M QA S F Y L EHT S QKX AOQE 460 CAAAAAATAATGAACTACTGTAATGAACGCAGAGCGAATAAATGTTTGTGCTATTTTGTA 4200
GGCTGCCAGGAGCARATGCAGCTTCCCGCTGAGTGCTCTGATATTTTTGCCGACCAGAGT 1860 ACGAAAACGAAAGATAAATGTCACCAAGTGTTCTGTTATTTAAAAATTAAATATTTACTT 4260

G € g E Q M QL P AEC S DI F ADOQS 480

TTGAAATGCTTTAAAAAAAATTTTTGCTCACGTTCTTAAATTCTTAAATTAAATTTCGTA  432¢
TTATTGCTAGACACCAGTGCACCCCAGTTGAGCTCCGAAGCAGACTCGCCTGTGGCGAAA 1920
Lt L L DT S AP QLS S EADS PV AK $00 CAACTTTTAAACTTTTAACAGCAGAAAACT TCGAAAACGTTAAAAGAAAAATGAAGAATA 4380

TTGGAGCTGGAATCCCAGCAAGCTGGCATTGTAGACATCACACCTTCGCCCCTTTCTTCC 1980 CAGTAGCATCCTCTTGCTTACCAAATTAGGATTTTCTGCTCATTGAACTTATTTATATAA 4440
L ELE S QQAG I VDIT®P S P L 5 5 520

TCTTTTACTTTATACCATAGTGAACTAATGTTTGTGCTACTTTGTAACCAAATCGAAAGA 4500
ACTGCAGAGAAACATCTGGT TGAAGACACCAAGGAGC TAGTTGAGGAGTACACGTTGGAT 2040

T AE KH LV ETDTZEXKELVETEYTTLD 540 TCAATGTCACCATGTTCTCCGTTATTTAAAAATATAACAATTACATTTAAAATGTTTTTA 4560
CCGGAATCCCATTTCTTTGGGGTTGTTTCATCTCAAGCTCCTCTACAGAACGACGAGGAA 2100 ATACATTTTTTGATCACATTCGAAATTTCATTAAATTGCGTCAAACATTTACAAATTGTC 4620
P E S HF F GV V S S Q AP L QNUDEE 560

CTTTATCAAAAAAAAAAAA

AATGCTGTTTTTGAATCAGTTTCTGGTTATGAAACTCAMACTTTGATGAMTATCATCT 2160
N AV F E § V s G T Q N F D E I S8 s 580

CCACCGGAAGGTATTMTCCGTTTGCCCAGCCCTTCACGCCCGCCCACCTGGTGATAGAG 2220
P PEG I NUPTFAQP T P A H L V I E 600

CAGGCGAATACAATGATGGAGGATGTGGGAGGTATGCCTATACCAGCTTCCGAGGACTTT 2280
Q ANTMMEDV G G M P I P A S E DF 620

GCTATATGTGATAAAGTTGCTAGTAAGTCTTCAAATGAAGTAGAGGATCATAGGAGTGAG 2340
A I ¢C D K V A S K S S NE V EDHR S E 840

CAACAAGCCTTTGCTAAAGGAGGAGCTGCTGCACCCTGTTGGAGATGTTGTTGCCCAGGTT 2400
@ Q A F V XKEELULHBRZPV GDV V ALQV 660

GMAATCTTGGCACTGAMAGAACTTCGTTGTTGMGMGAGCGACTTCCTATTTCTGTT 2460
T E XK N F VV EEE R L P I 5 V 680

Figure 3. DNA sequence of cDNA clones. (4) The complete sequence of cDNA B3 is shown. The deduced amino acid sequence of the
longest OREF is indicated with capital letters below the DNA sequence. Numbers at the right margin indicate DNA positions and amino
acid residues respectively. The protein sequence that represents the phosphorylation consensus sequence for the cdc2 kinase is marked
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E3 0 49
C2 AEKHLVEDTK ELVEEYTLDP ESHFFGVVSS QAPLQ..... ..........

B3 AEKHLVEDTK ELVEEYTLDP ESHFFGVVSS QAPLQ..... ..........
J5 AEKHLVEDTK ELVEEYTLDP ESHFFGVVSS QAPLQLFGKH TLPSIIHSCK

50 99
c2 ..., NDE ENAVFESVSG YETQONFDEIS SPPEGINPFA QPFTPAHLVI
B3 ....... NDE ENAVFESVSG YETQNFDEIS SPPEGINPFA QPFTPAHLVI

J5 HVRASEQNDE ENAVFESVSG YETQNFDEIS SPPEGINPFA QPFTPAHLVI

100 149
C2 EQANTMMEDV GGMPIPASED FAICDKVA.. .......... ..........
B3 EQANTMMEDV GGMPIPASED FAICDKVASK SSNEVEDHRS EQQAFVKEEL
J5 EQANTMMEDV GGMPIPASED FAICDKVASK SSNEVEDHRS EQQAFVKEEL

150 199
o NEIPLSSA SKEKLLPDTT
B3 LHPVGDVVAQ VENLGTEKNF VVEEERLPIS VSDEIPLSSA SKEKLLPDTT
J5 LHPVGDVVAQ VENLGTEKNF VVEEERLPIS VSDEIPLSSA SKEKLLPDTT

200 221
C2 DEQLLTSALE EKLRSVAPEE SV
B3 DEQLLTSALE EKLRSVAPEE SV
J5 DEQLLTSALE EKLRSVAPEE SV

Figure 3.

that the region from amino acid 1 to 1453 is predominantly
acidic, with a pI of 4.3, whereas the carboxy terminus from
1454 to 1828 is predominantly basic, with a pI of 11.4 (Fig.
4). The tau sequence is also composed of an acidic amino-
terminal domain of 46 amino acids (pI = 3.7), and a large
basic region (pl = 10.8) of 317 residues in the middle and
a short acidic carboxy-terminal region. The comparison of
the charge distribution of the 205K MAP and MAP2 shows
that both proteins are similarly organized with regard to ba-
sic and acidic domains (Fig. 4).

The unusual distribution of charge in the 205K MAP se-
quence might also be the cause of the discrepancy between
the predicted size of 130 kD and the mobility corresponding
to 205 kD, as observed on SDS-polyacrylamide gels. In sup-
port of this suggestion, the migration behavior of a truncated
protein, N723 (see next section), which lacks most of the
acidic region, is not anomalous. The predicted size of this
protein is 55 kD, which is consistent with the molecular mass
of 63 kD estimated from SDS-polyacrylamide gels (Fig. 5).
On the other hand, proteins that retain the acidic region all
have anomalous mobilities.

One way to identify functionally important sequences is
by virtue of homology to other well-understood proteins. We
compared the amino acid sequence of the 205K MAP with
known protein sequences using the UWGCG program Word-
search (Devereux et al., 1984) and did not detect significant
similarities. We also directly compared the 205K MAP se-
quence with the protein sequences of MAP2 (Lewis et al.,
1988) and tau (Lee et al., 1988) by using the programs
Bestfit and Compare (Devereux et al., 1984), and again we
did not observe significant similarities. We conclude from
these observations that the Drosophila 205K MAP is not
related to other known MAPs by sequence homology. It
does, however, consist of amino acids that give rise to a
hydrophilic protein comparable to other MAPs mentioned

above, and it is similar to these in the structural organization
of basic and acidic protein domains.

205K MAP Isoforms May Result from Differential
Splicing and Phosphorylation

Since the 205K MAP exists as multiple isoforms on SDS-
polyacrylamide gels (Goldstein et al., 1986) we were in-
terested in what might cause the variety of species. Some
205K MAP species might be the product of differentially
spliced mRNAs; but an additional complexity of protein iso-
forms might be generated by posttranslational modifications
such as phosphorylation.

We investigated the first possibility by comparing the con-
tent of coding sequences of the different cDNA clones that
we had isolated. Our restriction analyses identified three
forms of 205K MAP cDNA, presumably corresponding to
three different mRNA forms. These three forms vary inter-
nally in the sequence and would encode different protein
products. To determine if this were the case, we sequenced
the Pst I-Hinc II fragment, which contains the variable re-
gion from representative types of these cDNAs. This analy-
sis revealed the presence of three different coding sequences,
which are summarized in Fig. 3 B. Interestingly, the size
differences that each of these three imparts to the 205K MAP
protein are small, but possibly on the order of the different
protein species previously reported (Goldstein et al., 1986).
The variant regions are upstream from, but not within the
one functional region of the protein we know of, the micro-
tubule-binding region. Whether these alternative regions con-
fer novel regulatory or structural properties upon the 205K
MAP remains to be determined. Searches of the protein
database with the alternative exons revealed no proteins with
substantial similarity.

Further examination of the predicted protein sequence re-
vealed numerous sequences that match known consensus tar-
get sequences for several different protein kinases. For ex-
ample, the protein sequence of the 205K MAP contains a
sequence Arg-Ser-Pro-Gln-Lys at amino acid position 990
(Fig. 3), which fits the phosphorylation consensus sequence
for cdc2 or histone H1 kinase (Shenoy et al., 1989). In addi-
tion to the cdc2 phosphorylation consensus sequence, a site
at position 1060 (Arg-Lys-Ser-Ser) resembles sequences
phosphorylated by cAMP-dependent kinase (PKA) (Edel-
mann et al., 1987). The sequence Ser-X-Lys/Arg-Lys/Arg,
which is the consensus target for phosphorylation by cal-
cium-phospholipid-dependent kinase (PKC) (Gonzales et
al., 1989) occurs five times in the 205K MAP sequence at
position 283, 927, 947, 1024, and 1040. The consensus for
phosphorylation by a calcium-calmodulin-dependent kinase
(PKII), Lys/Arg-X-X-Ser/Thr (Pearson et al., 1985), can be
found 22 times in the 205K MAP sequence. Except for the
phosphorylation site at position 414, all sites reside within
the basic, carboxy-terminal portion of the protein. Evidence
that some 205K MAP species are actually phosphorylated
comes from in vivo labeling experiments of cultured Dro-

by asterisks. The DNA sequence representing a polyadenylation signal is underlined. These sequence data are available from
EMBL/GenBank/DDBJ under accession number X54061. (B) The amino acid sequence of three differentially spliced cDNA clones in
the region between restriction sites Pst I and Hinc II is presented. Amino acid position 1 is equivalent to position 522 in the protein sequence

in A and position 221 corresponds to 721 in A.
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205K MAP charge distribution

MAP2 charge distribution

Figure 4. Charge distribution of
Drosophila 205K MAP and mouse
MAP2. The average charge per
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sophila cells followed by immunoprecipitation with 205K
MAP antibodies (Pesavento, P., and L. Goldstein, unpub-
lished).

Determination of the Microtubule-binding Region of
the 205K MAP

To begin elucidation of the mechanism whereby the 205K
MAP might play a role in the regulation of microtubule as-
sembly or interaction, we mapped the region responsible for
microtubule binding. We conducted this analysis by synthe-
sizing proteins in vitro from clones lacking various regions
of coding sequence. The resulting proteins were tested for
their ability to bind to polymerized microtubules. Represen-
tative data from these experiments are shown in Fig. 5. Un-
der our conditions, the larger clones and proteins experi-
enced either internal initiation, incomplete translation, or
degradation in vitro, leading to variable arrays of proteins
smaller than the longest species that should be synthesized
by each clone. For the microtubule binding experiments, we
followed the behavior of the largest species only, owing to
uncertainty as to whether the smaller proteins resulted from
alteration at the amino or carboxy ends.

A map of the internally deleted and truncated proteins that
we studied is shown in Fig. 6. The carboxy-terminally trun-
cated proteins (C1023, C955, et cetera) were expressed from
the truncated cDNA clones used for sequencing. The num-
bers in their names indicate their predicted length in amino
acids. The internally deleted proteins, N386 and N723, were
expressed from internally deleted clones, which were cre-
ated by ligating the Sal I restriction site (nucleotide posi-
tion 585) to either the Eco RV site (nucleotide position 1573)
or to the Hinc II site (nucleotide position 2583). The result-
ing proteins contained 55 amino acids of the amino termi-
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Residue number

residue was calculated for a slid-
ing window of 10 amino acids and
plotted for both 205K MAP and
MAP2.

T !
1000 2000

nus fused inframe to amino acid 386 (N386) or amino acid
723 (N723).

The region sufficient to bind to microtubules could be
localized within the carboxy-terminal third of the molecule
(Fig. 6). The carboxy-terminally truncated protein C1023,
which lacks amino acids after residue 1023, and a shorter
truncated protein, C955, which lacks amino acids after resi-
due 955, both bind to microtubules as well as the full-size
protein (Figs. 5 and 6). All carboxy-terminally truncated
proteins shorter than C955 bind partially (C928, C920, and
C813) or not at all (C774, et cetera). For example, in the case
of the shortest of the partially binding truncated proteins,
C813, n770% of the protein fails to bind to microtubules, and
remains in the supernatant in the binding assays. The pro-
teins N386 and N723, in which internal regions are deleted,
both bound microtubules fully.

Based on the behavior of the smallest proteins that retained
full activity (N723 and C955), we conclude that the maximal
region necessary for full microtubule-binding activity con-
sists of 232 amino acids ranging from amino acid position
723 to 955, within the basic domain of the protein. There are
two major interpretations of the partial binding activity of
proteins C928, C920, and C813. One possibility is that the
actual binding region is smaller than the 232-amino acid re-
gion defined by the proteins with full binding activity. In this
case the partial binding activity of C928, C920, and C813
may result from deletion of elements necessary for proper
folding of the microtubule-binding element. Alternatively,
there may be multiple elements needed for microtubule-
binding within the 232-amino acid region. In this case, the
partial binding activity of C928, C920, and C813 may reflect
deletion of some, but not all, of these redundant elements.
We note that if there are redundant binding elements, then
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they do not have similar sequences since we find no repeated
sequence elements within this 232 amino acid region.’

Discussion

In this paper, we report the predicted amino acid sequence
of the Drosophila 205K MAP. The amino acid sequence sug--
gests that the 205K MAP is a hydrophilic protein. The distri-
bution of charged residues predicts a polarized structure
formed by distinct acidic and basic regions of the protein.
The region that is essential for microtubule binding is lo-
cated in the basic carboxy-subterminal part of the protein
(see Fig. 7).

One important finding about 205K MAP gene structure
was the identification of embryonic cDNAs that represent

Irminger-Finger et al. Drosophila 205K MAP Sequence and Organization

differentially spliced mRNAs. At this time, we do not know
whether some of the different species are specifically ex-
pressed at particular stages of development. However, com-
plex patterns of transcription and translation have been
reported for many genes. Interestingly one particular MAP,
tau, is known to be differentially spliced and for two forms
of tau protein it could be shown that their expression is de-
velopmentally regulated (Goedert et al., 1989). It will be in-
teresting to see whether different forms of the 205K MAP
possess different functions.

To understand the functions of the 205K MAP, it is essen-
tial to know its overall structure. Currently, in the MAP4
family, such information is only available for the HeLa 210K
MAP, which is immunologically related to the 205K MAP
(West, R. R., K. M. Tenbarge, M. Gorman, L. S. B. Gold-
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Figure 6. The size and binding ability of full-sized and truncated
proteins is indicated. Lines indicate the regions of the protein that
are present.

stein, and J. M. Olmsted. 1988. J. Cell Biol. 107:460a) and
is by several criteria a member of the MAP4 family. The
HeLa 210K MAP has been reported to possess a highly
asymmetric structure (Bulinski and Borisy, 1980). MAP2
and tau have also been reported to exist as rodlike structures
on microtubules as observed by EM (Kim et al., 1986;
Vallee, 1980; Voter and Erickson, 1982; Hirokawa et al.,
1988). In the case of tau, biochemical data also indicate that
it is a highly asymmetric molecule with little helical content
(Cleveland et al., 1977b). Because of the similar arrange-
ment of different protein domains in MAP2 and 205K MAP,
and the similarities to MAP4, we suggest that an elongate
structure is likely for the 205K MAP.

The location of the binding domain of Drosophila 205K
MAP within the protein is similar to that of MAP2 and tau,

acidic region

basic region

in which this region is within the positively charged domain
(Lewis et al., 1988; Himmler et al., 1989). There is no se-
quence similarity at the amino acid level between the
microtubule-binding region of the Drosophila 205K MAP,
and the repeated amino acid sequences implicated in micro-
tubule binding by MAP?2 or tau. In addition, there is no se-
quence similarity to the microtubule-binding domain of Dro-
sophila kinesin (Yang et al., 1989), mammalian MAPIB
(Noble et al., 1989) or the peptide repeats of the Trypano-
soma 320K MAP (Schneider et al., 1988). In this context,
we note that unlike the Drosophila 205K MAP, the bovine
adrenal 190-kD MAP, which is also thought to be a member
of the MAP4 family, contains a 17-amino acid sequence
which is similar to the peptide repeats found in the binding
domains of MAP2 and tau (Aizawa et al., 1989). Why the
Drosophila 205K MAP has a different microtubule-binding
region than the bovine adrenal 190K MAP is unclear at pres-
ent. Thus, the Drosophila 205K MAP adds a fifth binding
domain motif to the class of microtubule-binding proteins.
The finding that tau, MAP2, and the 205K MAP, all have
a microtubule-binding region that is within a very basic re-
gion of the protein is consistent with previous findings that
the MAP-binding position of tubulin is acidic and that the
MAP-microtubule interaction is electrostatic (Maccioni et
al., 1988; Paschal et al., 1989).

The finding of numerous potential kinase target sequences
in the 205K MAP raises the possibility of its being regulated
by phosphorylation. Other investigators have found that
MAPs can be purified with varying amounts of phosphates
incorporated (Hagested et al., 1989; Tsuyama et al., 1987).
Furthermore, phosphorylation of MAP2 and tau by Ca?*
calmodulin-dependent protein kinase and cAMP-dependent
protein kinase in vitro has been shown to inhibit MAP-
induced microtubule polymerization (Burns et al., 1984;
Goldenring et al., 1985; Yamamoto et al., 1984). Most re-
cently it has been reported that microtubule dynamics during
the interphase-metaphase transition can be correlated with
the activity of the cdc2 protein kinase in extracts of Xenopus
eggs (Verde et al., 1990). Consistent with this finding, the
microinjection of cd¢2 into mammalian fibroblasts (Lamb et
al., 1990) leads to numerous structural changes, including
changes in microtubule organization. If the role of the 205K

acidic region

P

B

MT binding

| | |

A
Figure 7 Summary of 205K MAP
organization. The acidic and ba-
sic regions of 205K MAP are in-
dicated as well as the position of
the putative microtubule binding
site. The location of the consen-
sus sequences for protein kinases
are marked with arrows and the
consensus sequence for the cdc2
kinase is given. Abbreviation for
protein kinases are: cyclic AMP-

possible PKA site

possible cdc2 site
RSPNK

|

alternatively spliced
region
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MAP in MT assembly is regulated by phosphorylation, a cell
cycle-regulatory kinase such as cdc2 (MPF) could lead to
regulation of MAP binding to microtubules during mitosis.

To conclude, MAP4 type proteins have been identified in
many species (Bulinski and Borisy, 1979; Olmsted, 1986;
Murofushi et al., 1986; Kotani et al., 1988) as 200-kD pro-
teins colocalized with microtubules of the mitotic spindle
and cytoplasm (Bulinski and Borisy, 1980; Kuriyama et al.,
1984; Parysek et al., 1984, Goldstein et al., 1986). The
function of the MAP4 class proteins might be distinct from
that of MAP2 and tau proteins, which are localized primarily
in neurons (Bernhardt and Matus, 1984; Binder et al.,
1985). Surprisingly, the overall asymmetric structure of
205K MAP is similar to the structural organization of MAP2
without sharing precise sequence similarity. Whether this
structural similarity reflects a functional similarity remains
to be determined. Finally, our data have suggested that the
functions of the 205K MAP may be regulated at two levels:
(a) by alternative splicing to generate different proteins and
(b) by phosphorylation.
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