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Several hundred new mutations in the gene (HXK?2) encoding hexokinase I of Saccharomyces cerevisiae were
isolated, and a subset of them was mapped, resulting in a fine-structure genetic map. Among the mutations that
were sequenced, 35 were independent missense mutations. The mutations were obtained by mutagenesis of
cloned HXK2 DNA carried on a low-copy-number plasmid vector and screened for a number of different
phenotypes in yeast strains bearing chromosomal hxkl and hxk2 null mutations. Some of these mutants were
characterized both in vivo and in vitro; they displayed a wide spectrum of residual hexokinase activities, as
indicated by three assays: in vitro enzyme activity, ability to grow on glucose and fructose, and ability to repress
invertase production when growing on glucose. Of those that failed to support growth on fructose, only a small
minority made normal-size, stable, and inactive protein. Analysis of the amino acid changes in these mutants
in light of the crystallographically determined three-dimensional structure of hexokinase II suggests important
roles in structure or catalysis for six amino acid residues, only two of which are near the active site.

Budding yeast (Saccharomyces cerevisiae) produces three
different enzymes that can phosphorylate glucose and thus
initiate glycolysis. Two of these (hexokinases I and II)
phosphorylate fructose and mannose as well, allowing
growth when either of these sugars is used as the sole source
of carbon and energy; the third (glucokinase) phosphorylates
only glucose and mannose (43, 44, 49, 50). The two hexoki-
nases (encoded by the HXKI and HXK?2 genes [25, 28, 66])
are thus both dispensable for growth on glucose, but the cell
requires one or the other for growth on fructose. The two
hexokinases are not functionally interchangeable, however,
as there are differences in the phenotypes of null mutations
in the two genes, notably in the growth rate on glucose and
the degree of remaining glucose repression (47).

Yeast hexokinase isozymes have been the subject of a
considerable number of biochemical studies (for reviews,
see references 17 and 59). The in vitro properties of the
purified isoenzymes have been characterized previously
(20-22, 69-71). Chemical modification studies demonstrated
that a thiol group (55), a glutamyl residue (58), and at least
one arginyl residue (11, 57) are essential for the catalytic
activity of yeast hexokinase; these residues have not been
specifically identified. The pH dependence of hexokinase
catalytic activity (72) indicates that an acidic group is crucial
for catalysis, further supporting a role for a glutamyl residue
in catalysis.

The yeast hexokinases have also been studied extensively
by X-ray crystallography. The three-dimensional structures
of the hexokinase II monomer in a complex with the glucose
analog O-toluoylglucosamine (67), its dimer without sub-
strate (4-6), and hexokinase I with glucose (8, 9) have been
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determined. Glucose binding induces a conformational
change in both hexokinase isozymes from the open to the
closed form (7, 51). The structures of the enzymes have been
refined (R. W. Harrison, Ph.D. dissertation, Yale Univer-
sity, New Haven, Conn., 1985) on the basis of X-ray
diffraction data of 0.35-nm resolution for hexokinase I and
0.21-nm resolution for hexokinase II, using the amino acid
sequences derived from the DNA sequences of HXKI and
HXK2 (29, 39, 66). The refined structures identify several
residues that can form hydrogen bonds with the sugar (or
analog) substrate and may be important for binding, cataly-
sis, or both.

Hexokinase II is also necessary for cells to maintain
normal glucose repression; it is necessary for regulation of
genes for enzymes such as invertase. Both point mutations
(23, 24) and null mutations (47) in HXK?2 are known to block
manifestation of glucose repression. Therefore, hexokinase
II is a bifunctional protein, with effects in both glycolysis and
glucose repression. It is not known, however, whether the
involvement of hexokinase II in these two processes is
mechanistically distinct. Point mutants of HXK2 have been
found to cause defects in glucose repression yet still retain
hexose phosphorylating activity (24). These results led En-
tian and Frohlich to propose that hexokinase II has two
domains, one for each function (24).

This proposed structure of hexokinase II may be dissected
with mutational analysis. If hexokinase II indeed has two
domains, there should be mutations that lead to repression-
defective and catalysis-functional hexokinase II and also
those that affect catalysis but not repression. Since relatively
little is known about the functions of individual amino acid
residues in catalysis or in glucose repression by hexokinase
II, we have undertaken random mutagenesis of HXK2.
Although a few residues potentially involved in substrate
binding can be identified on the basis of the three-dimen-
sional crystal structure, none of the residues involved in
glucose repression are known. By using random mutagenesis
and screening for various phenotypes, bias toward particular
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TABLE 1. Yeast strains

Strain Genotype? Ro:'f:(l;z?gee
DBY1315 MATa ura3-52 leu2-3,2-112 lys2-801 gal2 47
DBY2052 MATa hxkl::LEU2 hxk2-202 ura3-52 47
leu2-3,2-112 lys2-801 gal2

DBY2053 MATa hxkl::LEU2 ura3-52 leu2-3,2-112 47
lys2-801 gal2

DBY2184 MATa hxk2-202 ura3-52 leu2-3,2-112 47
lys2-801 gal2

DBY2192 MATa hxkl::LEU2 hxk2-202 ura3-52 This work
leu2-3,2-112 GAL*

DBY2212 MATa hxkl::LEU2 hxk2-202 ura3-52 This work
lys2-801 his3-200 ade2-101 LEU2™
(pJP100, CYCI-lacZ*) leu2-3,2-112
gall0-120

DBY2230 MATa hxkl::LEU2 hxk2-202 ura3-52 This work
leu2-3,2-112 lys2-801 his3-200 gall0-
120 gal80::HIS3

DBY2317 MATa hxkl::LEU2 hxk2-202 ura3-52 47

lys2-801 his3-200 tyrl-501 LEU2*
(pPRY183, GALI0-lacZ™) leu2-3,2-112
2al80::HIS3

DBY2809 MATa hxkl-101 hxk2-202 ura3-52 lys2-
801 leu2-3,2-112 his3-200 gall0-120

2 The hxkl-101 null allele is an internal deletion of about 200 base pairs; it
was generated in vitro by BAL 31 partial digestion at a Sall site in the coding
region of HXK1 on pRB1038, a derivative of YIp5 (12). The sources of other
alleles have been described previously: ura3-52 (62); leu2-3,2-112 (12); lys2-
801(16); his3-200 (68); hxkl::LEU2, hxk2-202, LEU2 (pJP100, CYCI-lacZ")
leu2-3,2-112, LEU2* (pRY183, GAL10-lacZ*) leu2-3,2-112, gall0-120, gal80:
:HIS3, and tyrl-501 (47).

This work

kinds of mutations or specific amino acid residues can be
minimized.

In this paper, we describe the isolation, characterization,
mapping, and sequencing of a large number of Axk2 muta-
tions in the hope of revealing domains associated with a
particular set of phenotypes. Our strategy was to induce the
mutations in the cloned gene carried on a low-copy-number
plasmid vector; to introduce the mutations into a hxkl hxk2
double-null yeast strain and screen for a defect in either
growth or glucose repression; to place the mutations on a
fine-structure map of the HXK2 gene; to analyze the pheno-
types of a subset of particularly interesting mutations in vivo
and in vitro; and to determine the DNA sequences of
particularly interesting mutations.

The mutations we studied did not, in the end, provide
evidence supporting a clear-cut domain structure separating
the sugar-phosphorylating and glucose repression functions,
although particular amino acid residues in the vicinity of the
active site (as inferred from the crystal structure) are impli-
cated in catalysis. The accompanying paper (46) reports a
correlation between residual phosphorylation activity and
residual glucose repression observed by using the mutations
described here.

MATERIALS AND METHODS

Strains and plasmids. The yeast strains used are isogenic
to S288C (MATa SUC2 gal2). The host strains for transfor-
mation are summarized in Table 1; the remaining strains are
one or another of these host strains with a particular plas-
mid, usually carrying an allele of the HXK2 gene. Esche-
richia coli HB101 (13) was used for amplification of muta-
genized DNA and individual plasmids. E. coli DB4729 [endA
thi hsdR hsdM™* A(srlR-recA)306; from Barry Bochner] was
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used to obtain methylated DNA for transformation of E. coli
DB6448. DB6448 (mutD5 rpsL aziR galU95; obtained from
L. Enquist) was used to mutagenize pRB313. The mutD5
mutation (a dominant mutator) in DB6448 causes elevated
frequency of spontaneous mutations, including transitions,
transversions, and frameshift mutations (18, 19, 26).

Plasmid YEp420 has been described previously (48). Plas-
mid pJJ101 (pRB529 [47]) is a derivative of YIpS (12) with a
6.2-kilobase-pair (kb) Clal-BamHI fragment containing the
HXKI locus (containing a putative ARS element [H. Ma and
D. Botstein, unpublished data]) cloned into the Clal-BamHI
sites. Plasmid pRB144 (Fig. 1) is a derivative of pBR328 with
a 3.7-kb EcoRI fragment containing HXK?2 (66) in the EcoRI
site. Plasmid pT7-2 (Fig. 2) was purchased from U.S. Bio-
chemical Corp., Cleveland, Ohio (GeneScribe kit). Plasmid
pSI4 (Fig. 3 [14]) was a gift from Mark Johnson.

Plasmid construction. Several plasmids were constructed
in vitro (Fig. 1 to 3). Plasmid pRB1038 was constructed by
using the method of homologous recombination of overlap-
ping linear fragments in yeast cells (48). A Ura™ yeast strain
was transformed with (i) a URA3-containing fragment from
YIpS by digestion with BamHI and Pvull and (ii) circular
pJJ101; then the plasmid was recovered from Ura* transfor-
mants. Plasmid pRB1167 was made in the same way by
transforming a wura3-52 hxkl::LEU2 hxk2-202 strain with a
mixture of (i) pRB976 carrying the hxk2-083 allele linearized
by digesting with BglII and Xhol restriction endonucleases
and (ii) a 2pm sequence-containing fragment generated from
YEp420 by cutting with EcoRV, Pstl, and Smal restriction
enzymes. The transformants were selected for growth on
medium lacking uracil; the new plasmid, pRB1167, was
recovered in E. coli HB101, and its structure was confirmed
by restriction analysis. A derivative of pSI4 carrying hxk2-
083 was constructed similarly by transforming yeast strain
DBY2809 with a mixture of pRB701 (Fig. 3) linearized by
cutting with Smal enzyme and a 3.7-kb EcoRI fragment
containing hxk2-083, selecting for Ura®* transformants.

Genetic and DNA manipulations and yeast transformation.
Genetic manipulations in yeast cells were done as described
previously (64). Yeast cells were transformed by a modifi-
cation (T. Stearns, H. Ma, and D. Botstein, Methods En-
zymol., in press) of the alkali cation method (38, 42).
Plasmids were recovered from yeast strains as described
previously (37). Sequencing was done directly from plasmid
DNA by the double-strand procedure (34, 40) of the dideox-
ynucleotide termination method (63). The primers (HXK2
sequences) were made in a DNA synthesizer (Pharmacia,
Inc., Piscataway, N.J.).

Mutagenesis. Plasmid pRB313 (modified in DB4729) was
mutagenized by transforming the E. coli mutD strain DB6448
and then isolating plasmid DNA from independent trans-
formant cultures. Plasmid pRB312 was mutagenized by the
in vitro mutagenesis method of misincorporation by omis-
sion as previously described (65). Randomly generated small
single-stranded gaps are repaired while omitting one of the
four deoxyribonucleotides, thus forcing the misincorpora-
tion of nucleotides. The mutagenized plasmid DNA was
used to transform E. coli, selecting for ampicillin resistance,
in order to amplify mutagenized plasmids. E. coli DB6507
(53), a derivative of HB101 (13) with a TnS insertion in pyrF
(pyrF74::Tn5), was used to estimate the mutation frequency
of the mutagenized plasmids. Transformants of DB6507 with
mutagenized plasmid DNA were selected for ampicillin
resistance and then scored for growth without uracil. Be-
cause the yeast URA3 gene on the plasmid can complement
the E. coli pyrF mutation (61), those E. coli transformants
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FIG. 1. Construction of pRB309, pRB312, and pRB313. A 3.7-kb EcoRI fragment containing the HXK2 locus was released from pRB144
(66) and then inserted into the EcoRlI site either of YIp5 (12) to yield pRB309 or of YCp50 (see Fig. 2 in reference 48 for a detailed restriction
map) to yield pRB312 and pRB313. Symbols: Hll, pBR322 sequences; [, 5'- and 3’-flanking sequences of HXK2. Other regions are as
labeled. Abbreviations for enzymes: B, BamHI; H, Hindlll; N, Ncol; P, Pstl; R, EcoRI; S, Sacl; X, Xbal.

that receive a plasmid containing a functional URA3 gene
can grow without uracil, whereas those having a plasmid
carrying a defective ura3 gene cannot.

Mutant screening. The mutagenized plasmids were used to
transform hxkl::LEU2 hxk2-202 ura3-52 yeast strains
(DBY2052 and DBY2212) to Ura™. Yeast transformants
were then screened for mutant phenotypes by replica plating
to media containing various carbon sources, including glu-
cose, fructose, raffinose, galactose, or glycerol, at a 2%
concentration. Those that grew on glucose but failed to grow
like wild type on one or more of the other carbon sources
were picked as mutant candidates. To maximize the differ-
ences between mutants and wild type, the plates either
contained the respiration inhibitor antimycin A or were
incubated anaerobically.

Additional screens for mutants that are defective in glu-
cose repression were performed by replica plating yeast
transformants to media containing a combination of a sugar
and a nonmetabolizable glucose analog, such as 2% galac-
tose plus 0.1% glucosamine or 2% raffinose plus 0.1%
glucosamine. Glucosamine has a repressive effect similar to
that of glucose but cannot be further metabolized to yield
energy (27). Cells with a functional hexokinase II fail to grow
on raffinose or galactose in the presence of glucosamine
because synthesis of the enzymes needed for growth is
repressed. Mutants that are defective in glucose repression
should synthesize those enzymes and thus be able to utilize
these carbon sources. Raffinose can be hydrolyzed relatively
inefficiently by invertase to release fructose and melibiose.
The latter is not used by the strains used in this study.

Therefore, cells need relatively high levels of invertase to
hydrolyze enough raffinose for growth. Transformants were
replica plated on glucosamine and either galactose or raffi-
nose; those that showed better than wild-type growth were
chosen as mutant candidates.

A screen for growth on raffinose and 2-deoxyglucose (73)
was also used to select for ~xk2 mutants that are defective in
glucose repression and retain some phosphorylation activity.
The rationale for plating on raffinose and 2-deoxyglucose is
based on the fact that 2-deoxyglucose has a toxic effect that
can be relieved by glucose or fructose. Mutants that fail to
repress the SUC2 gene, a glucose repression-sensitive gene
coding for invertase, will synthesize enough invertase for the
hydrolysis of raffinose, thereby yielding fructose and reliev-
ing the toxicity of 2-deoxyglucose. If these mutants retain
hexokinase activity, they can also use the fructose to sup-
port growth. The Ura* yeast transformants were collected
into pools and grown in liquid medium for 8 h or overnight on
plates with 8% glucose; they were then plated on medium
containing 2% raffinose and 0.02% 2-deoxyglucose, and
colonies that grew were picked. This selection is not as
stringent as we had hoped; sometimes mutants with very
little hexokinase activity can still survive.

The phenotypes of the mutant candidates identified by
these screens were rechecked. Plasmids were then recov-
ered from those that retained their original phenotypes. The
transformants with these newly isolated plasmids were then
scored for the original phenotypes again. The transformants
that behaved like the mutants candidates were chosen for
further analysis.
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FIG. 2. Construction of pRB502 and pRB528. Plasmid pRB331 is a derivative of pPL7 with a 1.1-kb URA3 fragment, constructed by M. A.
Hoyt in this laboratory; the URA3 1.1-kb HindIII fragment (60) was blunt ended, ligated with Bgl/II linkers, and then inserted into the Bg/II
site of pPL7. The URA3 gene was released from pRB331 by digestion with Xbal and BamHI enzymes; then pRB502 was constructed by
inserting the URA3 fragment into pT7-2 between the Xbal and BamHI sites. Plasmid pRB528 was constructed from pRB144 by replacing a
2.2-kb Sacl-Xbal fragment containing HXK2 with the URA3 gene from pRB502. Symbols: lll, pBR322 sequences; [1, 5'- and 3'-flanking
sequences of HXK2. Other regions are as labeled. Abbreviations for enzymes: B, BamHI; C, Clal; F, Sphl; G, Bglll; H, HindIIl; L, Sall;
M, Smal; N, Ncol; P, Pstl; Pv, Pvull; R, EcoRlI; S, Sacl; Sc, Scal; X, Xbal. The sites cut during construction are in boldface type. Not all

restriction sites are shown.

Fine-structure deletion mapping. For the purpose of map-
ping the point mutations, deletions of HXK2 starting in
either the 5’ or 3’ region were generated from pRB309 (see
reference 41 for details), and mapping experiments were
carried out as described previously (41). Ura* transformants
were selected and then scored for the wild-type growth
phenotypes of hexokinase II by replica plating to fructose.
Wild-type cells can grow on fructose at 26, 30, or 37°C. For
many mutations, the mutant either completely failed to grow
on fructose or grew very poorly at 30°C; the wild-type
recombinants were scored at 30°C. For mutants that grew
well on fructose at 30°C and grew poorly on fructose at 37°C,
the wild-type recombinants were scored at 37°C. The wild-

type recombinants among the mapping transformants of still
another set of mutations were scored on the basis of the fact
that glucose repression protects cells carrying a gall0 (epi-
merase) mutation from galactose poisoning by repressing
expression of the GALI (kinase) gene. Yeast cells with a
gall0 mutation are sensitive to galactose if galactokinase is
functional. Cells with normal glucose repression are not
sensitive to galactose in the presence of glucose because
glucose represses the synthesis of galactokinase. Therefore,
cells with a wild-type HXK2 gene can grow on medium with
glucose and galactose even with a gall0 mutation. On the
other hand, gall0 cells with hxk2 alleles causing defects in
glucose repression are sensitive to galactose even in the
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FIG. 3. Construction of pRB701. Plasmid pRB701 was made in the following steps. (i) pSI4 was cut with BamHI and then treated with
Klenow fragment of E. coli DNA polymerase I, followed by ligation with Klenow-treated EcoRI fragment of the HXK2::URA3 disruption
from pRB528. (ii) One of the products (pRB1016) was unexpectedly found to have retained a BamHI site at the new joint proximal to the
EcoRI site in the pBR322 sequence; pRB1016 has another BamHI site between two Smal sites at one of the junctions of the HXK2 and URA3
sequences. (iii) pRB1016 was cut with Smal and then religated to remove that BamHI site. (iv) A 1.8-kb BamHI fragment of the HIS3 gene
from YEp6 was ligated into the remaining BamHI site at the junction of the HXK2 and pBR322 sequences. Symbols: lll, pBR322 sequences;
[, 5'- and 3’'-flanking sequences of the HXK?2 gene; , 2um sequences. Other regions are as labeled. Abbreviations for enzymes: B,
BamHI, G, Bglll; H, Hindlll; L, Sall; M, Smal; N, Ncol; O, Xhol; P, Pstl; R, EcoRIl, Rv, EcoRV; S, Sacl; Sc, Scal; X, Xbal.

presence of glucose. A yeast strain (DBY2230) with null
alleles hxkl::LEU2, hxk2-202, gall0-120, and ura3-52 was
transformed with combinations of deletion fragments and
linearized plasmids containing hxk2 point mutations; Ura™
transformants were replica plated onto plates containing 2%
glucose and 2% galactose. The wild-type recombinants were
able to repress GALI expression and were spared from
galactose killing, whereas mutants failed to repress GALI
and could not grow.

Enzyme assays. For hexokinase and invertase assays, cells
were grown in medium containing 5% glucose, fructose, or
mannose and harvested in the mid-exponential phase (opti-
cal density at 600 nm of 1.0 to 2.0). Invertase activity was
measured as described by Goldstein and Lampen (30) on
whole cells collected from mid-exponential-phase cultures.
Hexokinase activity was assayed on crude extracts from
mid-exponential-phase cells essentially as described previ-

ously (10), with slight modifications (46). Protein concentra-
tion was determined by the method of Lowry et al. (45).

Western blots (immunoblots). To screen for full-length
inactive mutant proteins, yeast cells containing plasmids
carrying hxk2 mutations incapable of supporting growth on
fructose were grown overnight in medium selecting for the
plasmid and harvested. The cells were boiled in sodium
dodecyl sulfate-containing protein gel sample buffer before
lysis with glass bead beating. The crude extracts were used
in Western blot (15) analysis with rabbit antihexokinase
antiserum.

RESULTS AND DISCUSSION

The idea behind our approach to the study of hexokinase
II is to obtain mutants with interesting phenotypes without
making any prior assumptions about the amino acid residues
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responsible for hexokinase II function, whether catalytic in
glucose phosphorylation or regulatory in glucose repression.
Plasmid-borne copies of the HXK2 gene were mutated at
random, and the DNA pools from the mutagenesis were used
to transform yeast cells. The yeast transformants were
screened for interesting phenotypes on a range of carbon
sources and under several repressing conditions. The loca-
tions of the mutations were determined by fine-structure
mapping, and many of the mutants were sequenced. Addi-
tional phenotypic analyses were performed to further char-
acterize the mutants, and an attempt was made to under-
stand the properties of the mutants in relation to the
positions of the altered amino acid residues in the crystal
structure.

Mutagenesis. For the purpose of localized mutagenesis of
the HXK?2 gene and for the convenience of later molecular
manipulations, we chose to mutagenize a HXK2 clone. The
yeast centromere plasmids pRB312 and pRB313 were muta-
genized as described in Materials and Methods. A total of
85,000 independent E. coli transformants with the mutagen-
ized pRB312 were obtained by selection for ampicillin resis-
tance; the transformants were combined into 32 pools of 500
to 3,500 transformants, and DNA was isolated from cultures
of these pools. The mutation frequency was estimated as
- described in Materials and Methods. The frequency of Ura™
transformants was 2 to 3% among total E. coli transformants
of the mutagenized plasmid. Assuming that the distribution
of mutations is uniform throughout the plasmid, we estimate
the mutation frequency for HXK?2 to be about 5%, because
the HXK?2 gene is twice as large as URA3.

Both mutagenesis methods used produced, among the 35
mutants ultimately sequenced, 30 single changes, 4 double
mutants, and 1 triple mutant. Of the mutations generated in
an E. coli mutD strain, 12 are transitions and 7 are transver-
sions, a nonspecificity consistent with previous observations
(18, 19, 26). Among the mutations generated by the misin-
corporation method, two-thirds are single-base changes and
one-third contain two or more base changes per allele.

Screening for mutant phenotypes. Yeast cells transformed
with mutagenized pRB313 or pRB312 were screened for
various phenotypes. One screening method was for the loss
or decrease of hexokinase catalytic activity. In cells of the
hxkl hxk2 null background, the only hexokinase is encoded
by the plasmid; sufficient reduction of the plasmid-encoded
hexokinase activity due to a mutation can lead to a defi-
ciency in fructose fermentation, which requires the activity
of hexokinase. In the first experiment, mutagenized pRB313
DNA:s isolated from independent cultures of an E. coli mutD
strain were used to transform yeast strain DBY2052, and the
transformants were replica plated to fructose plates. Those
transformants that grew as poorly on fructose as did the
double-null hxkl hxk2 mutant were picked as mutants;
18,000 transformants were screened, and eight mutant can-
didates were identified. The same type of screen was per-
formed by using pRB312 DNA mutagenized by misincorpo-
ration, and nine mutant candidates were identified when
1,700 transformants of DBY2192 were screened.

To obtain mutants that had defects in glucose repression
but still retained high levels of hexokinase activity, transfor-
mants of DBY2052 with pRB313 DNA were pooled, and
mutants were identified by using medium containing 2%
raffinose and 0.02% 2-deoxyglucose. After a 1-week incuba-
tion at 30°C, colonies were picked as mutant candidates. The
mutant candidates were then rechecked for growth pheno-
type on fructose. From the screen of 23,000 (18,000 from the
procedure described above plus 5,000 more) transformants,
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55 mutant candidates were identified. Because more than
one mutant was picked from among the yeast transformants
of a single E. coli DNA preparation, the transformants are
not independent. In a second trial of the same screen,
mutagenized pRB312 DNA was used to transform DBY2052.
Another 18,000 transformants were replica plated on glucose
and incubated at 30°C for 8 h. The transformants were then
replica plated on 2% raffinose and 0.02% 2-deoxyglucose as
before. A total of about 40 candidates were picked, and two
independent transformants were saved for further analysis
after rechecking.

Another large screen sought to identify additional mutants
with defects in fructose growth or glucose repression. Al-
though glucosamine causes glucose repression and is phos-
phorylated, it is not used as a carbon source. For a wild-type
strain, growth is inhibited on raffinose or galactose plus
glucosamine, since synthesis of the enzymes required to
utilize raffinose or galactose cannot be derepressed. Trans-
formants with mutagenized pRB312 DNA were replica
plated on raffinose or galactose in the presence and absence
of the glucosamine and on fructose. A total of 30,000
transformants of DBY2192 was screened for mutant pheno-
types. A large number of candidates were chosen, purified,
and retested; 328 that retained their original phenotypes
were saved. The mutants that retested cleanly were defec-
tive for growth on fructose; the repression defects were less
extreme and more difficult to score.

If hexokinase II is involved in the signaling of glucose
repression, then there might be mutations that cause the
enzyme to send repressing signaling even in the absence of
glucose. Specifically, there should be mutants of hexokinase
II that fail to use one or more of the glucose repression-
sensitive carbon sources, such as sucrose, galactose, or
raffinose. Six mutant candidates were found when the afore-
mentioned 1,700 transformants of DBY2192 were screened
on galactose.

Among the different methods used for screening hxk2
mutants, growth on fructose is a simple assay that yielded a
large number of mutants exhibiting a wide range of pheno-
types. The other screens are relatively complicated and
allowed the isolation of mutants with partial activity. Spe-
cifically, the selection using raffinose and 2-deoxyglucose,
designed to detect mutants with high catalytic activity but
little glucose repression, did not perform as well as we had
hoped. None of the isolated mutants had wild-type-level
hexokinase activity, and some mutants with extremely low
activity also survived the selection. The screens for glucose
repression-defective mutants by using glucosamine plus a
carbon source such as galactose, and those for nondere-
pressing mutants by using glucose repression-sensitive car-
bon sources such as raffinose, also had limited success, since
the phenotypes of the mutant candidates we recovered were
not severe.

Fine-structure mapping of hxk2 mutations. A repre-
sentative subset of the mutants exhibiting a range of pheno-
types was chosen for further analysis. Before making a
more-detailed analysis of the mutant phenotypes, the mu-
tations were localized to a specific region of the HXK2 gene
in the hope that the distribution of different kinds of muta-
tions might suggest relationships between the structure and
function of the protein. In the general case, mapping of
mutations makes possible the distinction between a silent
mutation uncovered by sequencing and one that causes the
phenotype; furthermore, the labor involved in DNA se-
quencing is greatly reduced for mutations that have been
mapped to small intervals, in our case about 100 base pairs.
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FIG. 4. Deletion map of HXK2. The HXK2 region shown includes the coding and some of the 5’ and 3’ noncoding sequences, with the
arrow indicating the direction of translation. The three-digit numbers of mutant alleles are positioned above their map intervals. The alleles
that are underlined can support good growth on fructose; the other alleles cannot. The deletion fragments were generated from pRB309
derivatives, and the numbers either to their right or left designate the plasmids (pRB number); the deletions with a boxed number were used
first to assign mutations into large intervals. Symbols: +, presence of wild-type recombinants; —, absence of such recombinants.

The mutations were mapped by using a simple and rapid
method based on homologous recombination between trans-
forming plasmid fragments in yeast cells (41). The results
from many transformations with plasmids containing the
point mutants and deletion fragments were used to generate
a fine-structure map of the HXK?2 gene directly in yeast cells
similar to the maps in procaryotes (Fig. 4), which shows that
the mutations causing varying degrees of hexokinase defects
are distributed throughout the gene without obvious cluster-

ing of any particular type of mutation. This is not surprising,
because the three-dimensional structure indicates that the
protein cannot simply be separated into domains at the level
of primary structure.

Growth phenotypes of wild type, null mutants, and point
mutants. Growth of the null and wild-type strains was
examined as standards for comparing the behavior of the
point mutants. As discussed above, hexokinase II is in-
volved in several processes of cellular metabolism. Although
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TABLE 2. Growth rates of wild type and hexokinase null mutants in different glucose-containing media

DBY Genotype® Mean doubling time (h) + SE® (%)°

strain hxkl hxk2 YPD SD CAS SD

1315 + + 1.72 + 0.05 (100) 2.21 = 0.02 (100) 3.01 = 0.04 (100)
2053 - + 1.73 = 0.01 (101) 2.19 = 0.02 (99) 3.04 = 0.07 (101)
2184 + - 2.03 = 0.02 (118) 2.58 + 0.04 (117) 4.59 + 0.15 (152)
2052 - - 2.54 = 0.03 (148) 3.21 = 0.07 (145) 4.68 = 0.06 (155)

% hxkl, hxkl::LEU2; hxk2, hxk2-202.

% Calculated from linear regression of data. Growth media: YPD, YEP plus 2% glucose; SD CAS, SD with 0.2% Casamino Acids.

¢ Percentage of wild-type doubling time on the same medium.

cells can grow on glucose without hexokinase (because of
the presence of glucokinase), the double mutant grows more
slowly than does the wild type (44). This phenotype was
examined more quantitatively with null mutants of the
HXKI and HXK2 genes. Wild-type cells, hAxkl or hxk2 single
mutants, and the double mutant were grown in the yeast rich
medium YEP glucose, the minimal medium SD with auxo-
trophic requirements, and SD supplemented with Casamino
Acids (Difco Laboratories, Detroit, Mich.). Growth was
monitored by periodic determination of cell density; the
doubling times are shown in Table 2. The hxkl mutant
behaved like the wild type in all three media. On poorer
media, the phenotype of the ~xk2 mutant approached that of
the double null, which had doubling times 50% longer than
wild-type values. Because all biosynthetic precursors must
ultimately be generated from glucose in the absence of rich
nutrients, the glucose-phosphorylating activity probably be-
comes limiting for cell growth. During growth on glucose,
the hexokinase activity in yeast cells is predominantly from
hexokinase II (52); this may explain, at least in part, why the
hxkI mutation has no effect, whereas in minimal medium the
hxk2 mutation reduces the growth rate as much as do both
mutations.

A subset of the point mutants was examined quantitatively
with respect to growth on glucose. These cells have the
chromosomal null mutations in both hexokinase genes and
carry plasmids expressing mutant hexokinase II. The mu-
tants exhibited a range of doubling times on glucose and
various levels of growth on fructose (Table 3). Furthermore,
the mutants that failed to grow on fructose plates also had
longer doubling times on glucose, whereas those that grew
fairly well on fructose had doubling times on glucose close to
that of wild type. The results suggest that the hexokinase 11
defects affect catalytic activity with either glucose or fruc-
tose as the substrate.

Invertase activity of Axk2 point mutants. Invertase activity
was measured for several Axk2 point mutants to determine
the extent of glucose repression. Invertase is a good indica-
tor of glucose repression because invertase production is
normally repressed several hundredfold in the presence of
glucose and other repressing substrates and because the
enzyme can be easily assayed. The mutants that failed to
grow on fructose had high levels of invertase activity; those
with short doubling times on glucose grew relatively well on
fructose and had low levels of invertase (Table 3). The
behavior of the mutants suggested an inverse correlation
between hexokinase II catalytic activity and the level of
glucose repression. The correlation is examined more thor-
oughly in the accompanying paper (46).

Hexokinase activity of Axk2 point mutants. In the chromo-
somally double null strains used in this study, the plasmid-
borne hexokinase II gene provides the only source of activ-
ity capable of supporting growth on fructose or mannose as

the carbon source. Therefore, the growth phenotypes of the
mutants on these sugars should give some indication of the in
vivo catalytic activity of the altered hexokinase II. We
anticipated that a class of mutants with a temperature-
sensitive phenotype for growth on carbon sources with
different kinetic parameters as hexokinase substrates might
be particularly informative about the mechanism of cataly-
sis. To identify temperature-sensitive mutants, we examined
about 100 mutants identified in early screening rounds as
defective in catalysis or repression, using plate growth
assays on either fructose or mannose at 37, 26, or 14°C. A
large number of mutants failed to grow on both sugars at any
temperature (data not shown); many of these were originally
isolated on the basis of their failure to grow at 30°C on
fructose plates. Another group of mutants showed lower

TABLE 3. Phenotypes of hxk2 point mutants

Doubling time (fold)

hxk2 (h) on glucose® G{::Zttgs:n Invertase
allele® . A activity?
Expt 1 Expt 2 plates

HXK?2 (CEN) 1.0 1.0 +++ 1.3
HXK2 (2um) 11 1.1 -

HXKI1 2um) 1.0 ++ 19
033 1.8 - 100
108 1.0 ++ 2.1
091 1.0 1.2 ++ 2.3
109 1.1 +++ 2.3
082 1.0 1.2 ++ 2.4
088 11 ++ 4.0
106 1.0 ++ 5.0
107 1.2 +++ 5.0
089 1.1 +4++ 7.0
090 1.1 ++ 15
092 1.1 +44 20
093 1.1 1.2 ++ 10
085 1.1 1.2 ++ 24
110 1.2 ++ 19
036 1.3 ++ 20
040 1.1 ++ 23
087 1.2 1.4 ++ 42
048 1.7 + 54
084 1.6 - 76
086 1.4 1.7 - 76
038 1.6 - 88
049 1.7 - 89
083 1.5 1.7 - 93
039 1.6 - 95
035 1.6 - 9

2 The wild-type HXKI or HXK2 alleles are indicated; the others are hxk2
alleles, all in a hxkl hxk2 double chromosomal null mutation strain. CEN,
Centromere plasmid.

b Expressed relative to the wild-type HXK2 value on a centromere plasmid.

¢ Symbols represent a crude estimate of the degree of growth on fructose.

< Expressed as percentage of the null mutant value, which was considered
100.
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TABLE 4. hxk2 mutants that are temperature sensitive for growth on fructose

Growth on Hexokinase
hxk2 fructose? activity (U)? Amino acid Three-dimensional
allele(s) alteration® structure?
26°C 37°C 26°C 37°C
Wild type ++ + 3.1 2.5
115 ++ +/— 0.3 0.1 Gly-55—Asp « helix
094 ++ +/- 0.2 0.03 Asp-286—Val a helix
195 ++ +/—- 1.2 0.6 Gln-163—Arg B sheet
187 + - 0.2 0.1 Ile-180—Leu
Asn-182—Asp
192 + - 0.1 0.06 GIn-193—Pro « helix
186 + - 0.1 0.2 Leu-216—>Trp a helix
217 + - 0.7 0.5 Ala-239—>Thr B sheet
224 + - 0.4 0.2 Ala-239—>Val B sheet
117 + - 0.7 0.1 Asp-286—Gly a helix
218 + - 1.2 0.4 Asp-286—Leu « helix
089, 107, 119 ++ - 0.5 0.1 Ser-305—Pro
193 + - 0.3 0.2 Met-321—>Arg a helix
Ser-322—Ala a helix
088 ++ - 0.8 0.2 GIn-376—Glu a helix
Arg-391-Gly a helix
200 ++ +/—- 0.8 0.3 Arg-391—Ser « helix

@ Levels of growth: ++, wild type; —, null mutant.

b Assays were performed with extracts from cells grown on glucose at the indicated temperatures. One unit = 1 pmol of fructose phosphorylated min~! (mg
of total protein) 1. Both sets of extracts were prepared in the cold in the presence of phenylmethylsulfonyl flouride.

¢ Deduced from the DNA sequence of the mutations.

4 From the refined three-dimensional structures of the isoenzymes (Harrison, Ph.D. dissertation, 1985).

growth on fructose at 37°C than at 26°C (Table 4); they had
shown partial growth on fructose at 30°C in the original
screen. The mutants that exhibited reduced growth on
fructose at 37°C showed similar extents of growth on man-
nose at either 26 or 37°C (data not shown), which means that
these mutants have a differential temperature-sensitive
growth phenotype for the substrates fructose and mannose.

The mutants that were temperature sensitive for growth
on fructose were analyzed in vitro. Crude extracts made
from these mutants generally had low levels of hexokinase
activity (Table 4). In addition, hexokinase activity in many
mutants was lower in crude extracts from the cells grown on
glucose at 37°C than at 26°C, whereas extract from the
wild-type cells showed only a slight drop in activity.

The largest class of mutants were the totally inactive ones,
as judged by their failure to grow on fructose. Many of these
mutants probably resulted from frameshift or nonsense
mutations or they may produce proteins that are sensitive to
protease degradation. Nevertheless, we reasoned that a
subset of these mutants may produce proteins that are
catalytically inactive but still relatively stable; among these
there should be mutations that specifically alter amino acid
residues responsible for catalysis without changing the over-
all structure of the protein. Therefore, the members of this
class of mutants were examined for the production of intact
yet inactive hexokinase II protein. Western blot experiments
were performed on about 140 mutants that grew as poorly on
fructose as did the double-null mutant. Only six mutants
were found to contain intact protein by this assay; most
mutants had no detectable intact hexokinase II activity (Fig.
S).

Sequences of the mutations. Many of the mutations identi-
fied during the phenotypic screens were sequenced after
they were mapped (5). We were interested in finding out the
positions of the three-dimensional structure, as determined
by X-ray crystallography, of the amino acid residues altered
in the mutants temperature sensitive for growth on fructose.
Sequence analysis of these mutants (Table 4) showed that

many of the changes were in the middle of an a helix or B
sheet. In addition, some mutations changed residues (e.g.,
GIn-193 and Ser-305) to prolines. Examination of the three-
dimensional structure of hexokinase II indicated that almost
all of these mutations altered residues that are relatively far
from the sugar-binding site. Many of the amino acid residues
that were altered by the fructose-temperature-sensitive mu-
tations were seen to be partially or completely buried inside
the protein. Studies with lambda repressor (35, 36, 54) and
T4 lysozyme (1-3, 31-33) indicate that alterations in the
interior of the protein tend to cause thermal instability,
whereas mutations on the protein surface have much less
effect on stability. In addition, most of these mutant hexoki-
nase II proteins are found in the cell at much lower levels
than is the wild-type enzyme. Studies of the Cro protein

A B C D E

Full Size
Hexokinase 11 ™ W9

Hexokinase I g
Fragment ? - -

FIG. 5. Autoradiogram of Western blot screening for intact
inactive hexokinase II. Lanes: A, wild type; B, hxk2-298 (Gly-
89— Asp); C, hxk2-289; D, hxk2-290 (C and D, Asn-237—His); E,
hxk2-049 (Ser-306—Phe); F, examples of mutants with no detectable
hexokinase II. The lower band in some lanes could be the hexoki-
nase I fragment made from the hxkl::LEU?2 disruption.
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FIG. 6. Autoradiogram of Western blot for the ATG mutant.
Lanes: A, wild type; B, N-terminal deletion form, lacking first 15
amino acid residues; C, the ATG mutant; D, size standards. Lanes
A and B are from a 5-h exposure, and lane C is from an 18-h
exposure. All three lanes are from the same gel and filter. The
mutant hexokinase II is the same size as full-length (FL) hexokinase
II. The short form (SF) of the enzyme lacks the first 15 amino acids.

mutants (56) of lambda bacteriophage showed that a large
number of mutations cause increased sensitivity to protease.
Because the sequences controlling transcription and trans-
lation initiation of HXK2 were not altered in these mutants,
it is possible that they are present at low steady-state levels
due to increased degradation. A significant fraction of the
proteins were present at such low levels that reduced growth
at 37°C relative to growth at 26°C could be explained if the
amount of hexokinase activity were more rate limiting at the
higher temperature.

A mutation in the initiation codon. The mapping results
also uncovered an interesting mutant that grew poorly on
fructose and failed to grow on mannose. The mutant allele,
hxk2-083, maps to the very beginning of the HXK2 gene;
sequence analysis indicates that it alters the initiation codon
from ATG to ATA. A Western blot experiment showed that
the mutant allele produced a protein that was approximately
of wild-type size (Fig. 6) but in much lower amounts than the
wild-type level.

To further characterize this mutant enzyme, the hxk2-083
mutation was transferred to two kinds of multicopy plas-
mids: YEp420 and pSI4 derivatives (15 to 40 and 100 to 200
copies per cell, respectively; see Materials and Methods).
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Yeast cells containing different copy numbers of wild-type or
hxk2-083 alleles were analyzed for growth on hexoses and
for glucose repression. The protein from hxk2-083 could
provide enough hexokinase II activity for growth on fructose
if it were overproduced from a YEp420 derivative (Table 5).
It could also allow growth on mannose and provide glucose
repression if it were produced at a much higher level from a
pSI4 derivative. The hexokinase activity from a strain with
such a pSI4 derivative, using fructose as a substrate, was
about the same as from cells with a centromere plasmid
carrying a HXK2 allele. We suggest that the ATG is neces-
sary for efficient expression but not for encoding catalytic
activity of hexokinase II.

Structure-function correlations. The six mutant isolates
identified by Western blot analysis as producing full-length
hexokinase II proteins incapable of supporting growth on
fructose were analyzed by DNA sequencing after they
had been mapped. They altered three different amino acid
residues (Table 6): Gly-89—Asp (hxk2-298), Asn-237—His
(hxk2-183, -289, and -290), and Ser-306—Phe (hxk2-049 and
-517). In addition to these three mutations uncovered by
Western blot analysis, sequence analysis of other null-like
mutations, which were found by screening on fructose
plates, identified three other missense mutations (Table 6):
Thr-90—1le (hxk2-098) and Gly-235—Cys (hxk2-070) and a
mutation (hxk2-065) changing two residues, GIn-376—Glu
and Ile-381—Met. Among the altered amino acid residues,
Gly-235 and Asn-237 have been proposed to form hydrogen
bonds with the glucose analog O-toluoylglucosamine (Har-
rison, Ph.D. dissertation, 1985). The other residues affected
by the mutations we have identified are not thought to be
within hydrogen-bonding distance of the sugar substrate
analog.

The amino acid residues involved in these mutations are
logically good candidates for mutations that simply affect the
function of the protein, as opposed to its synthesis or
stability. Probable effects of the mutations might be to impair
catalysis or substrate binding. On the basis of the crystal
structure (Harrison, Ph.D. dissertation, 1985) of hexokinase
II complexed with the glucose analog O-toluoylglucosamine,
only two of these residues (Gly-235 and Asn-237) can poten-
tially form hydrogen bonds with the sugar substrate. How-
ever, the role of Gly-235 and Asn-237 is not entirely clear:
the structure of the closed form of hexokinase I complexed
with glucose suggests that Asn-210 and Asp-211 are more
likely to form hydrogen bonds with sugars than are Gly-235
and Asn-237. The reason for this apparent disagreement may
be due to differences in interpretation of structures at

TABLE S. Analysis of the ATG mutant

Activity (U)

Doubling time (min) on:

Type of hxk2

plasmid® allele Hexokinase? Invertase© Glucose Fructose Mannose
CEN Wild type 2.4 3.0 120 124 175
CEN 083 0.2 87 220 >1,500 >1,500
2pm 083 NT¢ NT 150 175 >1,500
2pum leu2 083 2.7 1.5 360° 400° 470°
CEN None 0 85 315 NG NG

2 The 2um leu2 plasmid is a derivative of pSI4 (14) that carries an allele of the LEU2 gene believed to be inefficiently transcribed; therefore, selection for Leu™
leads to high copy number of the plasmid. The approximate copy numbers are: CEN (centromere plasmid), 1 to 5; 2um 15 to 40; 2um leu2, 100 to 200.
® Cells were grown on glucose, and activity was assayed with fructose as the substrate. One unit = 1 pmol of fructose phosphorylated min~! (mg of total

protein) 1.

< Cells were grown on 5% glucose. One unit = 1 ug of glucose produced min~! (ml of cells at optical density at 600 nm of 1) 1.

4 NT, Not tested.

< Doubling time was much longer because of the inefficient LEU2 allele; cells with the HXK?2 allele on the same kind of plasmid also grew very slowly.

NG, No growth.
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TABLE 6. Sequenced hxk2 mutations and the corresponding
mutant phenotypes

Screening phenotype® )
for growth on: hxk? allele Ammq acid
- alteration(s)
Fructose  2-dGlc®
+ +/— 040 Phe-178—lle
- +/— 049, 517°¢ Ser-306—Phe
- + 065¢ GIn-376—Glu, Ile-381—>Met
- + 070¢ Gly-235—-Cys
+/- + 083 Met-1—1le
+/— + 088 GlIn-376—Glu
+ + 089, 107, 119  Ser-305—Pro
+/— + 090 Leu-216—Ser
+/— + 093 Leu-250—Pro
+/- + 094, 096° Asp-286—Val
+ + 095 Glu-78—Cys
- NT 098¢ Thr-90—1Ile
—/+ NT 103, 105°¢ Leu-250—Pro
+/- + 111 Ala-161—Asp
+ + 115 Gly-55—Asp
+/— + 117 Asp-286—Gly
— (ts), +/— NT 183, 289, 290 Asn-237—His
+/—- NT 186 Leu-216—>Trp
+/—(ts), + NT 187 Ile-180—Leu, Asn-182—Asp
— (ts), +/— NT 188 Arg-382—Thr, Arg-383—Pro,
Glu-386—Gln
+ NT 192 Glu-193—Pro
+/- NT 193 Met-321—Arg, Ser-322—Ala
+ NT 194 Leu-435—Ser
+/—(ts), + NT 195 GIn-163—Arg
+ NT 196 Val-94—Ala, Leu-99—Trp
+/—(ts), + NT 200 Arg-391—-Ser
+/—(ts), + NT 201 Tyr-220—His
+ NT 209 Asn-210-1le
+ NT 217 Ala-239—>Thr
+/—- NT 218 Asp-286—His
—(ts), +/— NT 224 Ala-239—>Val
- NT 298¢ Gly-89—Asp

4 Levels of growth: +, wild type; —, double-null mutants (ts). The first
phenotype indicated was scored at 37°C, and the second phenotype was
scored at 26°C. NT, Not tested.

b Scored on plates containing 2% raffinose and 0.02% 2-deoxyglucose;
growth implies a defect in glucose repression.

€ Alleles in the same row are not independent.

4 Cells with the indicated mutation(s) were shown to have an intact
hexokinase II by Western blot.

¢ Alleles in the indicated group are independent.

different levels of resolution or to real differences in the
structures of these two isoenzymes or it may represent
aspects of the mechanism of sugar binding as yet not
understood. Nevertheless, regardless of the role of Gly-235
and Asn-237 in hydrogen bonding to a sugar substrate, the
substitution of glycine with cysteine and that of asparagine
with histidine could disrupt sugar binding simply because of
the positions of the residues.

The residue Gly-89 lies at the end of an antiparallel beta
loop in the domain that moves during the conformation
change upon glucose binding. The fact that the mutation of
this glycine to aspartate renders the enzyme inactive implies
that the beta loop may be involved in the catalysis after the
conformation change. The substitution of Phe for Ser-306
may affect activity by disrupting the active-site structure
with the introduction of a large side chain. Finally, the
substitutions GIn-376 to Glu and Ile-381 to Met may repre-
sent leads to the mechanisms of the function of the protein
that are not obvious from the crystallographic information.
On the other hand, the possibility remains that these muta-

MoL. CELL. BioL.

tions affect the overall structure of the protein rather than
the active site.

Conclusion. Our analysis by random mutagenesis has

resulted in the inference of important function for two amino
acid residues of hexokinase II that plausibly might form
hydrogen bonds with sugar substrates and four more resi-
dues that do not. This result alone seems to us to justify the
effort required to undertake the random mutagenesis strat-
egy, for it is unlikely that Ser-306, which when altered to Phe
leads to inactive protein, would otherwise have been impli-
cated specifically in the function of the protein. The ambi-
guity concerning Asn-210 and Asp-211 suggests a site-di-
rected mutagenesis experiment that could, if the alterations
of these residues failed to affect function, deny their role in
substrate binding or catalysis. In a more general way, these
results might be paradigmatic for the relative roles of random
and site-directed mutagenesis in analysis of protein struc-
ture-function relationships; the random approach has the
power to point to residues important for function, whereas
the site-directed approach excels at experimental tests of
preexisting hypotheses.
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