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Eleven independently isolated temperature-sensitive mutations in the cell division cycle gene CDC28 were

mapped with respect to the DNA sequence of the wild-type gene and then sequenced to determine the precise
nature of each mutation. The set yielded six different point mutations, each of which predicts a single amino
acid substitution in the CDC28 product. The positions of the mutations did not correlate in any obvious way

with observable biological characteristics of the mutant alleles. When the positions of substitutions were

collated with a predicted secondary structural analysis of the CDC28 protein kinase, they were found to
correlate strongly with probable regions of structural transition.

Genetic analysis of division control in the budding yeast
Saccharomyces cerevisiae has identified a number of genes
which are required for cell cycle initiation (8, 17). DNA
sequence analysis has revealed that one of these, CDC28,
encodes a polypeptide which has significant primary struc-
ture homology with known protein kinases, including a
number of oncogenes (11). We have recently demonstrated
that the CDC28 product does, in fact, have an associated
protein kinase activity (19). Because expression of CDC28 is
required for progression through the cell cycle, genetic
analysis must use conditional mutations. A large number of
temperature-sensitive (ts) cdc28 mutants have been isolated
by in vivo and in vitro mutagenesis and subjected to prelim-
inary characterization (16, 17; S. I. Reed, in G. M. Cooper,
ed., Viral and Cellular Oncogenes, in press). Presumably,
these mutant alleles encode protein kinases which are active
at 23°C, the permissive temperature, but are inactive or less
active at 36°C, the restrictive temperature. For the three
temperature-sensitive alleles tested, thermolabile protein
kinase activity has been demonstrated in vitro (19). Because
they encode protein kinases capable of undergoing temper-
ature-dependent functional transitions, these ts mutant al-
leles may be useful for relating protein kinase function to
structure. We report here the DNA sequence of six point
mutations conferring a ts cdc28 phenotype and some possi-
ble protein structural implications of the predicted amino
acid substitutions.
To facilitate the rapid sequencing of the mutant alleles, we

first established the approximate locations of the mutations
by DNA fragment-mediated gene conversion, as shown in
Fig. la and b (20). Specific analytical fragments of wild-type
DNA were prepared and used to transform mutant S.
cerevisiae cells. Fragments spanning the mutant sites were

able to recombine and rescue the temperature-sensitive
mutant phenotype.

Single-stranded recombinant M13 phage DNA was pre-
pared as previously described (13). Typically, 20 ,ug of each
strand was annealed at 65°C in 40 ,d of solution containing
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500 mM NaCl, 1 mM EDTA, and 10 mM Tris hydrochloride,
pH 8.0. After 2 h, the reaction mixtures were diluted with 35
,u of water, and S1 digestion of single-stranded DNA was
initiated by addition of 20 ,u1 of 5 x S1 buffer (20 mM ZnSO4,
1.25 M NaCl, 150 mM sodium acetate, pH 4.6) and 5 ,ul of S1
nuclease (Boehringer Mannheim, 1,000 U/pl). The reaction
was allowed to proceed at 37°C for 30 min. DNA was then
extracted with phenol-chloroform-isoamyl alcohol, precipi-
tated with ethanol, and suspended in 15 pul of TE buffer (1
mM EDTA, 10 mM Tris hydrochloride, pH 8.0). Log-phase
yeast cultures were transformed (9), spread on rich nutrient
plates (YEPD), and incubated at 23°C for 16 h prior to
incubation at 38°C. Rescuing fragments typically produced
20 to 200 colonies per 5 pig of DNA that were capable of
growth at 38°C, while control fragments produced 0 to 2
colonies (presumably by spontaneous reversion of the mu-

tant allele). Mutant yeast strains were derivatives of strains
described previously (16, 17) which had been backcrossed to
strain 381G (7) between 2 and 10 times. In all, 11 mutations
resulting from in vivo mutagenesis by ethyl methanesulfon-
ate (EMS) were analyzed.
Having defined the approximate locations of the mutations

(to within 80 base pairs), relevant mutant chromosomal
sequences were transferred into plasmid shuttle vectors by
the gap repair method of Orr-Weaver et al. (15). For the
purposes of this study, plasmid YRp7 (CDC28.4) (18), con-

taining the wild-type gene and flanking sequences as well as

the selectable marker TRPJ, was used. Gapped plasmid
DNA, repaired and recircularized in cdc28 mutant yeast
cells, was tested for the ability to rescue the corresponding
temperature-sensitive mutation by retransformation. A neg-
ative result indicated that the mutant allele had been cloned.
Mutant alleles were sequenced in M13 phage vectors by
using the exonuclease Bal 31 to generate endpoints (11).
Typical DNA sequencing data are shown in Fig. lc.

Eleven temperature-sensitive alleles of cdc28 which were

originally derived by mutagenesis with EMS (16, 17) were

mapped (Fig. la and b) and sequenced (Fig. lc). All con-

tained G-C to A-T transitions resulting in a single-codon
change (Fig. 2). Note that 5 of 11 mutations analyzed are

omitted from this summary as a result of redundancies
within the set cdc284 = cdc28-6; cdc28-9 = cdc28-16 =

cdc28-17 = cdc28-19; cdc28-13 = cdc28-18, even though all
mutants were isolated independently. The phenomenon of
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FIG. 1. Mapping and sequencing of cdc28 mutant alleles. (a) To facilitate the rapid sequencing of the mutant alleles, we first established
their approximate locations by DNA fragment-mediated gene conversion (20). For this procedure, double-stranded DNA fragments were
generated by annealing opposite strands in appropriate combinations ofM13 phage clones initially used to sequence the wild-type CDC28 gene
(11). Most of the endpoints for this set were generated by using exonuclease Bal 31. Double-stranded fragments were produced by digesting
the heteroduplexed phage DNAs with Si nuclease, and these fragments were in turn used to transform mutant yeast cells. Fragments spanning
the mutant sites were able to rescue the temperature-sensitive mutant phenotype where gene conversion replaced mutant sequences with
wild-type sequences. Such events were detected by incubating the transformation mixture at the restrictive temperature (38°C) and observing
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FIG. 2. Relationship of mutational substitutions to the primary and predicted secondary structures of the CDC28 gene product.

Single-letter codes for amino acid residues are used. Alphas indicate probable alpha-helical structures, and betas indicate probable beta
structures according to the rules of Chou and Fasman (2, 3). t indicates regions where turns or reversals could occur (2, 3). Positions and
substitutions corresponding to temperature-sensitive mutations are shown by underscoring and on the line above the wild-type sequence,
respectively. Redundancies within the initial set of 11 mutations determined by sequencing are as follows: cdc284 = cdc28-6; cdc28-9 =
cdc28-16 = cdc28-17 = cdc28-19; and cdc28-13 = cdc28-18.

independent repetitive isolation of favored alleles (muta-
tional hot spots) has been reported but is not understood (1,
4). Preliminary analysis of alleles isolated by in vitro muta-
genesis suggests that the redundancy does not result from
rigid constraints on substitutions that can yield ts mutations.
We wished to determine whether the distribution of the

temperature-sensitive substitutions corresponded to any bi-
ological or predicted structural features of the CDC28 pro-
tein. Mutagenesis by EMS (G-C to A-T transitions) can
generate maximally only two substitutions at any one codon
and minimally none (5). It is certain, therefore, that the
number and variety of specific substitutions possible for
each codon must in turn limit the number of positions

available for the generation of temperature-sensitive muta-
tions. With this caveat, as well as that concerning the small
sample size and the possibility of mutagenic hot spots, it
appears that temperature-sensitive proteins are generated
primarily by substitution in two regions of the CDC28
polypeptide (Fig. 2). One of these is relatively restricted and
internal, whereas the other corresponds to the carboxy-
terminal 50 residues. Preliminary mapping of a much larger
set of temperature-sensitive mutations generated by in vitro
mutagenesis of CDC28 suggests that even though it is
possible to isolate mutations throughout most of the coding
region, these two subregions are clearly favored for the
generation of ts alleles (S. Reed and B. Cheetham, unpub-

the appearance of wild-type colonies. (b) Schematic illustration of the CDC28 coding region, showing the boundaries within which mutations
were localized by marker rescue. Shown above are the endpoints of fragments used in rescue experiments. While fragment A could rescue
no mutation, fragment B rescued mutations cdc28-4, cdc28-6, cdc28-9, cdc28-16, cdc28-17, and cdc28-19. The endpoints of these fragments
therefore defined the boundaries of block 1. Similarly, the endpoints of fragments E and F defined the boundaries of block 2, within which
cdc28-lN and cdc28-10 were localized. Three mutations, cdc28-8, cdc28-13, and cdc28-18, were localized between the endpoint of fragment
F and the carboxy terminus of the coding region (block 3). (c) The mutant alleles were sequenced by the deletion strategy described previously.
In each case only a single base pair substitution was found in the target region. The sequence was determined for 400 bp flanking each mutation
to exclude multiple substitutions. Shown are some dideoxy sequencing runs typical of the data obtained. Lanes (left to right for each panel)
are A, G, C, and T. Panel A, Wild-type sequence in region corresponding approximately to codons 110 to 140; panel B, sequence from cdc28-4
in same region (asterisk indicates mutated base); panel C, sequence from cdc28-9 in same region (asterisk indicates mutated base). The sequence
was read from the noncoding strand toward the 5' end of the gene. The exact position and substitution corresponding to each mutation are
shown in Fig. 2.
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lished data). There was no obvious correlation between the
positions of substitutions and the biological properties of the
mutants. Differences in mutant cell morphology compared
by using congenic strains appeared to relate more to such
parameters as the ratio of gene product activity at the
restrictive and permissive temperatures and the level of
residual activity remaining at the restrictive temperature.
For example, arrest at the restrictive temperature with a
large fraction of budded non-Gl-phase cells, a characteristic
of the alleles cdc28-JN and cdc284, appeared to correlate
with constitutively low activity, as defined by aberrant cell
morphology, at the permissive temperature. Synchronous
Gl arrest with virtually no budded cells, as observed for
cdc28-9 and cdc28-13, correlated with normal activity at the
permissive temperature and rapid loss of activity at the
restrictive temperature. Previous studies have indicated that
mutations in both the central and carboxy-terminal regions
affect protein kinase activity (19), although these experi-
ments cannot discriminate between various aspects of catal-
ysis, such as substrate binding and efficiency of phosphoryl
transfer. It is noteworthy that none of the substitutions
except for that corresponding to cdc284 fell in a region or on
a residue highly conserved among protein kinases (11).
cdc284 marks the amino-terminal boundary of a relatively
conserved protein kinase consensus region (11). Of particu-
lar interest was the clustering of mutations near the carboxy
terminus, a region known to be highly divergent in protein
kinases. Yet a mutation as close as seven residues from the
carboxy terminus appeared to be important for proper
function of the protein. It is interesting, however, that
antibodies directed against the extreme carboxy terminus of
the v-mos oncogene product inhibit the protein kinase activ-
ity of this enzyme (12), suggesting a critical role for this
region in an evolutionarily related molecule. Evaluating the
significance of these observations will require more precise
physiological and biochemical determinations on a larger set
of mutant cdc28 proteins.
A probable secondary structure, as predicted by the

method of Chou and Fasman (2, 3) is shown in Fig. 2.
Although the limitations of such procedures for precise
prediction are generally accepted (3, 10), any strong corre-
lation between the positions of temperature-sensitive substi-
tutions and an aspect of predicted structure may imply a
significant relationship between these positions and some
aspect of the actual structure. The first question addressed
was what, if any, predicted features correlated with substi-
tuted positions. Scrutiny of Fig. 2 indicates that the muta-
tional substitutions were all positioned at what may be
considered regions of structural transition, based on the
Chou-Fasman algorithm. These are regions where the pro-
pensity for a defined structure changes, suggesting a transi-
tion from one structural form to another. None of the
mutations was centrally embedded in a region predicted as
an alpha-helix or a beta structure. For example, cdc28-9 and
cdc284 placed substitutions at positions 121 and 128, re-
spectively. These correspond to adjacent regions of alpha to
beta and beta to alpha transition, respectively (Fig. 2). Every
substituted position was within one residue of the end of a
predicted alpha-helical segment (Fig. 2). The probability of
such a distribution being generated by chance is <0.001.
These data provide support for a relationship between the
predicted structure and the true secondary structure, at least
for this protein. Furthermore, secondary-structure analysis
of the mutant proteins predicted a significant alteration of
structure for each substitution (data not shown).
The constraints inherent in temperature-sensitive func-

tion, specifically a functional transition within a relatively
narrow temperature range, may be consistent with the
positioning of substitutions in regions of structural transi-
tion. The mutational substitutions may then affect the ability
of adjacent units of structure (e.g., alpha helices or beta
sheets) to be clearly defined at boundaries or to be packed
appropriately relative to each other. Perhaps alternative
conformational forms of the protein, highly unfavorable in
the wild type, can be stabilized in the mutant forms at
elevated temperature. Such transitions may be more readily
reversible than gross alterations of folded structure resulting
from substitutions in highly determined structural regions.
There is only one instance in which temperature-sensitive

mutational analysis has been collated with the known three-
dimensional structure of a protein (6). The observations of
this study of phage T4 lysozyme concur only partially with
ours. Of four ts mutations analyzed, two fell at the ends of
alpha-helical segments and two others fell in internal por-
tions of the same respective helices, suggesting that different
criteria for thermolability may apply to different proteins. On
the other hand, we have collated published data on a large
number of temperature-sensitive Escherichia coli lac repres-
sor mutations (14) with a secondary structure prediction of
the protein (3) and have found, for the most part, that these
mutations tend to cluster at predicted regions of structural
transition, as is the case with the CDC28 protein kinase.
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