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Missense Mutations at Lysine 350 in 52-Tubulin Confer
Altered Sensitivity to Microtubule Inhibitors in
Chlamydomonas
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Two S-tubulin mutants of Chlamydomonas reinhardtii, col"4 and colf15, were previously isolated in our laboratory.
Each mutant expressed an acidic 8-tubulin variant as a result of an alteration in the coding sequence of one of the
two S-tubulin genes in C. reinhardtii, which in the wild type encode identical proteins. In this report, we describe the
identity of the specific S-tubulin altered in the col® mutants and the precise nature of the genetic lesions. Hybrid
selection of mutant poly(A)* RNA with cDNA probes specific for the two S-tubulins in C. reinhardtii indicated that
both mutations resided in the 32-tubulin gene. cDNA libraries were constructed with mutant poly(A)* RNA, and 32-
tubulin cDNA clones were isolated. Results of in vitro transcription of cloned 52-tubulin cDNAs confirmed the identity
of the altered genes. Sequencing of the entire coding regions of the $2-tubulin cDNA clones revealed that the
mutants carried different single-base substitutions in the same codon for the amino acid at position 350 in the 32-
tubulin sequence, effecting a change from a lysine to a glutamic acid in the colf4 variant and to a methionine in the
colR15 variant. These changes in amino acids are consistent with the difference in the charge of the two variant
polypeptides observed in isoelectric focusing. Because both the col*4 and col*15 mutations confer an altered
sensitivity to a number of different microtubule inhibitors and herbicides, lysine 350 appears to be of functiona!

importance in the structure of the tubulin molecule.

INTRODUCTION

In plants as well as in other eukaryotes, microtubules are
composed of heterodimeric subunits consisting of «-tu-
bulin and g-tubulin, which are related but distinct polypep-
tides. In line with many eukaryotic proteins of central
importance in cellular processes, tubulins are generally
encoded in small, multigene families (for a review, see
Cieveland and Sullivan, 1985). Although there is a remark-
able conservation of «-tubulin and g-tubulin in evolution,
as confirmed at the primary sequence level, sequence
microheterogeneity in clusters of variable and conserved
regions has been documented for 8-tubulin and, to a lesser
extent, for a-tubulin (for a review, see Sullivan, 1988). In
addition to constituting the major structural component of
the mitotic and meiotic spindles and cilia and flagella,
microtubules participate in intracellular transport, and as a
part of the cytoskeleton, they play a central role in the
establishment and the maintenance of cell shape and of
the spatial organization of the cytoplasm (for a review, see
Dustin, 1984). In plants, microtubules serve in additional,
specialized roles in cell division and cell expansion during
development (for a review, see Gunning and Hardham,
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1982). This functional multiplicity is paralleled by a diversity
in properties: microtubules, depending on their source,
differ in their modes of assembly, degrees of stability,
patterns of post-translational modification, and constitu-
tions of specific microtubule-associated proteins. Recon-
ciling the relationship between microtubule function and
heterogeneity and elucidating the spatial and temporal
control of microtubule function and specificity are para-
mount in the understanding of microtubule biology.

One approach to the understanding of microtubule
structure and function has been the isolation of mutations
in the structural genes for tubulins (for reviews, see Cabral
et al., 1984; Raff, 1984; Oakley, 1985). Analysis of such
mutations has not only provided insights into the relation-
ship between differential expression of tubulin genes and
specific microtubule-dependent cellular processes (e.g.,
May et al., 1985; Matthews and Kaufman, 1987; Fuller et
al., 1988), it has also provided a framework in which the
functional properties of structural domains on the tubulin
molecules can be assessed (e.g., Fridovich-Keil et al.,
1987; Schatz et al., 1987; Huffaker et al., 1988; Katz and
Solomon, 1988). In previous studies, we isolated two
B-tubulin mutants of the unicellular green alga Chlamydo-
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monas reinhardtii, col"4 and col"15, on the basis of an
increased resistance to the growth-inhibitory effects of the
microtubule depolymerizing drug colchicine (Bolduc et al.,
1988). Although tubulin mutants have been isolated in a
number of different organisms based on an altered sensi-
tivity to microtubule inhibitors, co/"4 and col®15 represent
the first such mutants reported in an algal or higher plant
system. This is significant because it has been demon-
strated that plant tubulins differ from animal tubulins in
some of their biochemical properties and in their sensitivity
to different anti-microtubule drugs and herbicides (for a
review, see Morejohn and Fosket, 1986).

The col"4 and col”15 mutants were initially identified by
an altered g-tubulin content from electrophoretic analysis
of tubulins isolated from their flagellar axonemes (Bolduc
et al., 1988). As has been previously reported (Silflow and
Rosenbaum, 1981; Youngblom et al., 1984), wild-type C.
reinhardtii contains two g-tubulin genes, 81 and 32, which
encode two identical polypeptides that are resolved as a
single B-tubulin species in two-dimensional polyacrylamide
gels (Lefebvre et al., 1980; Adams et al., 1981). In contrast
to the wild type, both co/® mutants were found to express
an acidic (-tubulin variant assembled into the flagellar
microtubules in a molar ratio approximately equal to that
of a wild-type 3-tubulin; the col4 variant g-tubulin migrated
to a more acidic pl value than the co/?15 variant in isoelec-
tric focusing (IEF). Analysis of the in vitro translation prod-
ucts of total poly(A)* RNA from the mutants indicated that
the variant S-tubulins in the co/® mutants were the results
of mutations in the coding sequence of one of the two
B-tubulin genes (Bolduc et al., 1988).

More recently, the two @-tubulin mutants have been
found to express, in addition to resistance to colchicine,
altered sensitivities to several chemically distinct microtu-
bule inhibitors, including the antimitotic herbicides pron-
amide and amiprophos-methyl and the dinitroanilines ory-
zalin, trifluralin, and profluralin (Schibler and Huang, 1987;
Bolduc et al., 1988). In this report, we present data that
identify the specific 3-tubulin gene altered in the co/"4 and
colf15 mutants and the precise nature of the genetic
lesions that give rise to the altered drug sensitivity
phenotypes.

RESULTS

Identification of Mutated Genes by Hybridization
Selection

To identify the g-tubulin genes altered in the co/® mutants,
positive hybridization selection of mutant poly(A)" RNA
was performed with full-length cDNAs for the two g-tubulin
genes in C. reinhardtii. Although the two g-tubulin genes
in this organism code for identical polypeptides with a very
high identity in their nucleotide sequences for the coding

regions, they are quite dissimilar in their 5’-untranslated
and 3’-untranslated regions. Two plasmids containing full-
length cDNAs, pcf9-12 and pcf8-31, which have previously
been reported (Youngblom et al., 1984) to show prefer-
ential hybridization to the transcripts for the 51-tubulin and
B2-tubulin genes, respectively, were used. Figure 1b
shows the resolution in a one-dimensional IEF slab gel of
35S-methionine-labeled in vitro translation products of the
selected RNAs. Under the appropriate washing conditions,
we found that pcf9-12, which shows preferential hybridi-
zation to the B1-tubulin transcript, appeared to select RNA
that coded for the wild-type g-tubulin isoform, whereas
pcf8-31, which shows preferential hybridization to the 32-
tubulin transcript, preferentially selected RNA that encoded
the variant B-tubulin isoform. In Figure 1a, **S-labeled wild-
type and mutant axonemal proteins, also resolved in a
one-dimensional IEF slab gel, are shown for comparison.
Taken together, then, the results shown in Figure 1 indi-
cated strongly that in both co/"4 and co/?15 the wild-type
B-tubulin isoform is the product of the 31-tubulin gene and
that the variant isoform is the product of the g2-tubulin
gene.

Confirmation of Gene Identity by in Vitro Transcription
and Translation

To confirm the identity of the 5-tubulin genes altered in the
col® mutants, we constructed cDNA libraries in Agt11
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Figure 1. Autoradiograms of IEF Slab Gels.

(a) Resolution of **S-labeled axonemal polypeptides isolated from
wild-type 137c (wt) and strains carrying the co/® mutations (col®4
and col?15).

(b) Resolution of **S-methionine-labeled s-tubulin polypeptides
synthesized in vitro from hybrid-selected poly(A)" RNA isolated
from the co/® mutants. Plasmid DNA containing either 31-tubulin
cDNA (89-12) or s2-tubulin cDNA (38-31) was used for hybrid
selection. The results of hybridization selection with 38-31 were
obtained by using wash conditions (1) and those with 39-12 by
wash conditions (2), as described in Methods (Hybridization Se-
lection). The positions of the wild-type §-tubulin isoform are indi-
cated with periods (.), and the positions of the mutant g2-tubulin
isoform are indicated with asterisks (*).



phage vector with mutant poly(A)* RNA and isolated the
B2-tubulin cDNA clones. The cloned mutant 32-tubulin
cDNAs and the wild-type p2-tubulin cDNA were each
inserted into the transcription vectors pT7/T3-18 and pT7/
T3-19, which carry the promoters for T7 and T3 phage
RNA polymerases. The inserts in the vectors were oriented
so that in vitro transcription with T7 RNA polymerase
produced coding strands of RNA. Transcripts synthesized
in vitro off the vectors were translated in a reticulocyte
lysate system. Shown in Figure 2 are **S-methionine-
labeled in vitro translation products of the transcripts syn-
thesized in vitro. Wild-type B2-tubulin cDNA produced a
transcript that was translated in vitro into a polypeptide
that comigrated with the wild-type s-tubulin found assem-
bled into axonemal microtubules, whereas B2-tubulin
cDNAs from the col/® mutants gave rise to the more acidic
B-tubulin variants, the co/"4 mutant 32-tubulin cDNA prod-
uct carrying a more acidic pl than that of the co/" 15 mutant.
The migration pattern of these polypeptides corresponded
to the observed mobility of the 3-tubulins found assembled
into wild-type and mutant axonemal microtubules.

Localization of Lesions in Mutant 32-Tubulin Genes by
cDNA Sequencing

To identify the molecular nature of the mutations, we
sequenced the entire coding regions of the cDNA clones

Figure 2. In vitro Translation of RNA Synthesized from 52-tubulin
c¢DNA from Wild-Type 137c and Strains Carrying the col®
Mutations.

RNA was synthesized from the pT7/T3 transcription vector con-
taining 32-tubulin cDNA and translated in a reticulocyte lysate in
the presence of **S-methionine as described in Methods. Products
of in vitro translation were resolved in a one-dimensional IEF gel.
As a control, the transcription vector without insert DNA was
processed identically in the experiment, and the result is as shown.
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Figure 3. Sequencing of 32-Tubulin cDNA from Strains Carrying
the co/™ Mutations.

Shown is a schematic representation of Chlamydomonas p2-
tubulin cDNA with the positions of the initiation and termination
codons indicated. Arrows at the bottom show the strategy of
sequencing used. Plain arrows (<) indicate sequences obtained
using an M13 17-mer universal primer. Arrows with filled circles
(«®) denote sequences obtained using as primers synthetic
oligonucleotides prepared against previously sequenced regions.
A portion of the wild-type sequence around lysine 350 is expanded
to show the nucleotides involved in the mutations. Numbers below
the nucleotides indicate their positions within the coding se-
quence. Also shown are portions of the sequencing gels that
pertain to the base changes detected in the mutant cDNA. Aster-
isks (*) indicate the altered bases.

in both directions with the strategy shown in Figure 3. The
results of sequencing the $2-tubulin cDNAs from the mu-
tants, when compared with the published coding sequence
for g2-tubulin in C. reinhardtii (Youngblom et al., 1984),
revealed that the col™ mutants carried single-base substi-
tutions in the same codon in the 32-tubulin sequence
(Figure 3). In the case of co/*4, there was a substitution of
a guanine base for the adenine base at nucleotide 1048 of
the coding sequence, which resulted in the change of the
codon at this position from AAG to GAG, and thus in the
substitution of an acidic glutamic acid for the basic lysine
at amino acid 350. In the case of colf15, a thymidine
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substituted for an adenine base at nuclectide 1049 of the
coding sequence, effecting a change of the codon at that
position from AAG to ATG and the consequent substitution
of an apolar methionine for the basic lysine at the same
amino acid position of 350. The amino acid changes were
consistent with the difference in the charge of the two
variant polypeptides observed in IEF, with the co/?4 variant
polypeptide carrying a more acidic pl value than that of
colf15.

Conservation of Lysine 350 in 8-Tubulins of Higher
Eukaryotes

The primary amino acid sequence of the g-tubulin in C.
reinhardtii (Youngblom et al., 1984) exhibits a high degree
of homology with g-tubulins from both animal and higher
piant systems but a lower degree of sequence identity to
yeast S-tubulin. Biochemical studies have provided evi-
dence that both a-tubulin and g-tubulin are organized into
two functional domains, which differ in predicted second-
ary structure: an amino-terminal domain has been impli-
cated in GTP binding, and a carboxyl-terminal domain has
been shown to interact with microtubule-associated pro-
teins, to bind Ca**, and to play a major role in the regulation
of tubulin assembly (for a review, see Sullivan, 1988).
Figure 4 shows an expanded region of the sequence
surrounding lysine 350 in the g-tubulin of C. reinhardtii
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Figure 4. Comparison of Amino Acid Sequences Surrounding
Lysine 350 in 8-Tubulins.

The region of the sequence surrounding lysine 350, which is
replaced in the mutant 82-tubulins in Chiarmydomonas (Y oungblom
et al., 1984), is shown at the top. 8-Tubulin sequences from a
variety of species in the region around the lysine residue are
included below for comparison (Cleveland and Sullivan, 1985;
Sullivan and Cleveland, 1986; Silflow et al., 1987; Sullivan, 1988;
GenBank Genetic Sequence Data Bank);, only those amino acid
residues that differ from the Chlamydomonas sequence are
displayed.

with the analogous regions of the g-tubulin sequences
from other species included for comparison. Lysine 350,
which lies in the carboxyl-terminal region of the molecule
that is enriched in predicted alpha-helical structures, is a
conserved residue in the g-tubulins of higher eukaryotes,
including plant and animal cells. In contrast, all fungal
B-tubulins sequenced to date have a different amino acid
residue at this position. Although the significance of this
observation cannot be evaluated at this time, it should be
noted that fungal tubuiins have been found to differ from
both plant and animal tubulins in their in vivo sensitivity
and in vitro affinity to colchicine and other microtubule
inhibitors (e.g., Morejohn and Fosket, 1986).

DISCUSSION

In this paper, we have demonstrated that the variant
B-tubulins expressed in the C. reinhardtii col™4 and col®15
mutants that give rise to an increased resistance to the
growth-inhibitory effects of colchicine are products of dif-
ferent single-nucleotide changes in the codon for amino
acid residue 350 in the $2-tubulin gene. Although colchi-
cine-resistant tubulin mutants have been previously iden-
tified in Chinese hamster ovary cells in culture (for a review,
see Cabral et al., 1984), col"4 and col*15 represent the
first such mutations in which the precise nature of the
mutations has been defined.

The observation that both mutations represent different
nonconservative substitutions for the same amino acid
residue is striking. At the present time, it is unknown
whether the codon for amino acid residue 350 is a pre-
ferred site for spontaneous or ultraviolet-induced missense
mutations that confer resistance to colchicine, or whether
lysine 350 represents a critical residue in the structure of
the g-tubulin molecule for colchicine binding activity or
microtubule assembly. In this regard, we have noted that
in several lower eukaryotes, altered sensitivity to a different
microtubule depolymerizing drug, benomyl, has been as-
sociated with conservative and nonconservative replace-
ment of several different single amino acid residues in the
B-tubulins. These include mutations in residue 167 in Neu-
rospora crassa (Orbach et al., 1986), in residues 241, 318,
and 391 in Saccharomyces cerevisiae (Thomas et al.,
1985), and in residues 6, 50, 134, and 165 in Aspergiilus
nidulans {(Jung et al., 1987).

In the case of the co/® mutations in the 8-tubulin gene,
it is clear that the mutations do not result in the failure of
the tubulins to form intradimer and interdimer bonds with
other tubulin molecules to assemble functional microtu-
bules. The variant 82-tubulins are assembled into flagellar
microtubules in a molar ratio approximately equal to that
of a wild-type 81-tubulin, and in the absence of colchicine
the mutants show normal growth characteristics and mi-
crotubule-associated cell functions (Bolduc et al., 1988).



The col® mutations in the 82-tubulin gene may confer
an increased resistance to the effects of colchicine by
specifically affecting the colchicine-binding affinity of the
tubulin molecule. In this regard, we should note that lysine
350 lies in proximity to 1 of the 2 cysteine residues (found
in C. reinhardtii at amino acid positions 239 and 354) that
have been implicated in colchicine binding in cross-linking
studies of bovine brain S-tubulins (Little and Luduena,
1985). However, further phenotypic analysis of the mu-
tants has suggested that the colchicine-resistant pheno-
types of col”4 and colf15 are a consequence of an alter-
ation in the assembly and stability of the microtubules,
rather than a specific alteration in the drug-binding char-
acteristics of the tubulin molecules per se (Schibler and
Huang, 1987). Thus, lysine 350 appears to define a struc-
tural domain that through its juxtaposition in the overall
conformation of the B2-tubulin molecule influences the
intrinsic assembly properties of the molecule and, hence,
the ultimate stability of the assembled microtubules.

Indeed, we have recently obtained additional genetic
evidence that the co/® mutations at lysine 350 affect intrin-
sic tubulin-tubulin interactions. Through reversion analysis
of coif4, an extragenic mutation has been isolated that not
only suppresses the mutant drug sensitivity phenotypes
of both cof”4 and colf15, but also confers in a wild-type
background a pattern of altered sensitivity to microtubule
inhibitors complementary to that of the $2-tubulin muta-
tions, i.e., supersensitivity to colchicine and other micro-
tubule-disrupting drugs (Schibler and Huang, 1989). Re-
combination analysis indicates that this reciprocal sup-
pressor mutation maps to the left arm of linkage group IV.
The «2-tubulin locus in C. reinhardtii, as determined by
restriction fragment length polymorphism, has been
mapped to this same region (Ranum et al., 1988).

In our previous studies, we observed that the colchicine-
resistant phenotypes of the mutants were expressed in
the germination of heterozygous mutant zygotes and that
both wild-type g1-tubulins and mutant §2-tubulins were
coassembled into the flagellar microtubules in the haploid
mutant strains (Bolduc et al., 1988). The observed codom-
inant effect of the co/f mutations, coupled with the obser-
vation that lysine 350 is a conserved residue in all the
higher plant and animal g-tubulins sequenced to date,
suggests that the codon for lysine 350 could be a good
candidate for in vitro mutagenesis and gene replacement
analysis in other systems for the further study of the effect
of alteration in the tubulin molecule on the cellular functions
and specificities of microtubules. Experiments of this kind
may be of particular significance in higher plant systems
because the co/® mutations confer an increased resistance

to the growth-inhibitory effects of a number of different.

herbicides (Schibler and Huang, 1987).

Although we have demonstrated only at the biochemical
level that the variant g-tubulins are incorporated into the
microtubules of the flagellum, the observation that the
mutations confer an increased resistance to the inhibitory
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effects of colchicine on vegetative cell division, on germi-
nation of meiotic products, and on flagellar assembly sug-
gests that the g2-tubulin in the mutants and, therefore, the
B2-tubulin in wild-type cells is very likely assembled into
microtubules that participate in mitotic and meiotic cell
divisions, in addition to flagellar formation. It remains to be
determined whether the §1-tubulin gene product is also
involved in multiple microtubule functions. A detailed analy-
sis of the expression of the two S-tubulin genes from
transcription to assembly of their encoded proteins in
Chlamydomonas is of particular interest because the prod-
ucts of the two g-tubulin genes are identical. If the genes
are found to be differentially expressed during the cell
cycle, the question will arise as to how and why the
sequences of the gene products have been so rigidly
conserved. On the other hand, if the genes are found to
be coordinately expressed throughout the cell cycle, the
functional significance of maintaining duplicate S-tubulin
genes will need to be addressed.

The data presented in this report identify the genetic
locus defined by the coi"4 and colf75 mutations and
previously mapped to the right arm on linkage group XII
(Bolduc et al., 1988) as the site of the structural gene for
the B2-tubulin in C. reinhardtii. In accordance with the
nomenclature that has been used to designate the tubulin
genes in higher plant systems (Silflow et al., 1987), we
suggest that the locus be designated TUB2, reserving the
designation of TUBT for the g1-tubulin gene locus. Recent
results from restriction fragment length polymorphism
mapping have provided evidence that the two gS-tubulin
genes in C. reinhardtii are distantly linked on the same
chromosome (Ranum et al.,, 1988). Taken together, the
data suggest that the structural gene for 81-tubulin also
resides on linkage group XIl with a more distal location on
the right arm.

METHODS

Construction of cDNA Libraries and Isolation of cDNA Clones

Poly(A)* RNA was isolated from the mutants 40 min after defla-
gellation as described previously (Bolduc et al., 1988) and was
used as a template for cDNA synthesis with a commercially
available ¢cDNA synthesis system (Amersham Corp.) according to
the manufacturer’s specification, which was modified from the
method of Gubler and Hoffman (1983). After ligation to Agti1
phage arms, the cDNA was then packaged in vitro (Gigapack
Plus, Stratagene Cloning Systems).

After amplification, the cDNA libraries were propagated in Esch-
erichia coli Y1090 and screened with a **P-labeled probe by
plaque hybridization. The probe for selection of 82-tubulin clones
was pcf8-31 (Schloss et al., 1984; Youngblom et al., 1984), a full-
length 82-tubulin cDNA inserted into the plasmid vector pBR322.

Phages that gave positive signal were plaque purified, their
DNA was prepared, and the cDNA inserts were excised with
EcoRl and subcloned by standard methods.
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Hybridization Selection

Linearized plasmid DNA (10-ug samples) was denatured in 0.24
N NaOH, neutralized with 1 M ammonium acetate, and transferred
to nitrocellulose (Schleicher & Schuell) by slow filtration. The filter
was washed first with 1 M ammonium acetate and then with 4 X
SSC (1 x SSC is 0.15 M NaCl and 0.015 M sodium citrate, pH
7.0), air dried, and then baked at 80°C under vacuum for 2 hr.
The portions of nitrocellulose that contained bound DNA were
excised with a sterile pape/r punch. Prehybridization and hybridi-
zation were done in 50% (w///v) deionized formamide, 20 mM Pipes
at pH 6.4, 0.4 M NaCl, 0:2% NaDodSO., and yeast tRNA (Sigma
Chemical Co.) at 100 xg/mL. Prehybridization was for 1 hr at
41°C, and hybridization with 5 ug of poly(A)* RNA per filter disc
was for 2 hr at 41°C in 100-uL aliquots. The filter discs were
washed extensively under one of two conditions: (1) 10 mM Tris
at pH 7.6, 150 mM NaCl, 1 mM EDTA, and 0.5% NaDodSO, at
55°C, or (2) 5 mM sodium phosphate at pH 7.7, 90 mM NaCl, 0.5
mM EDTA, and 0.5% NaDodSO, at 65°C. Filters were washed
with the same wash solutions in the absence of NaDodSQO, before
elution.

For elution of RNA from the hybrid, filter discs were boiled for
1 min in 300 ulL of H20 containing 40 ug of yeast tRNA, frozen
quickly in a dry ice-ethanol bath, and thawed at room temperature.
The eluted RNA was phenol extracted and then precipitated in
0.3 M sodium acetate and 70% ethanol. The recovered RNA was
used for translation in vitro (see below).

In Vitro Transcription and Translation

The EcoRl-digested inserts from the Agt11 phage vector that
contained the mutant 82-tubulin cDNAs were inserted into the
pT7/T3-18 vector (Bethesda Research Laboratories) at the EcoRI
site by standard procedures. Similarly, the Xhol-BamHI fragment
from pcf8-31, which contained the full-length cDNA coding region
for the wild-type 82-tubulin and more than 50 bp of both the 5'-
untranslated and 3’-untranslated regions, was inserted into the
pT7 [T3-19 vector (Bethesda Research Laboratories) at the Sall
and BamHI sites, respectively. The cohesive ends produced by
Sall and Xhol digestion were complementary, although the ligation
destroyed both endonuclease recognition sites at the Sall-Xhol
junction. Coding (sense) RNA was synthesized by cleaving the
pT7/T3-18 vector with Hindlll and the pT7/T3-19 vector with
EcoRI and performing in vitro transcription with T7 RNA polym-
erase (Bethesda Research Laboratories).

In vitro translation of the RNA synthesized off the transcription
vectors was performed by using a commercially available rabbit
reticulocyte lysate (Amersham Corp.) with added 3°*S-methionine
(Amersham Corp.). Products of in vitro translation were resolved
in one-dimensional IEF gels as described previously (Bolduc et
al., 1988).

DNA Sequencing

cDNA inserts excised from the Agt11 phage vector were digested
with endonucleases to generate smaller fragments that were then
subcloned into the M13mp18 and M13mp19 vectors using stand-
ard methods. Inserts were sequenced using the 17-mer universal
primer for the Klenow fragment of DNA polymerase by the dideoxy

chain-termination method (Sanger et al., 1977; Biggin et al., 1983).
Some regions were sequenced using synthetic oligonucleotides
prepared against previously sequenced segments as primers.
Both strands of the inserts were completely sequenced. DNA
sequences were compiled and analyzed using PC Gene software
(Intelligenetics, Palo Alto, CA).
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