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ABSTRACT

The hexokinase A (HKA) and hexokinase B (HKB) genes of Saccharomyces
cerevisiae have been cloned from a library of yeast genomic DNA. Using an in
vitro glucose phosphorylation assay, the HKB gene was located on a plasmid
carrying a 13.6 kb fragment of yeast DNA., After subcloning the relevant
restriction fragments, the nucleotide sequence of the HKB gene was deter-
mined. Using this information, we were able to locate the HKA gene on a plasmid
carrying this gene, which we then sequenced. Approximately 43X of the amino
acid sequence of HKB was determined directly from 24 tryptic peptides. The
results are in complete agreement with those derived from the DNA sequence
and are consistent with the results of x-ray crystallography. Comparison of
the amino acid sequences of HKA and HKB show that 378 out of 485 residues
are identical. The 5 flanking region of the A geme contains nucleotide
sequences expected for gemes that are expressed at relatively high levels in
yeast. The 24 base pair hyphenated palindrome at the 3° end of the HKB gene
may be a site for termination of tramnscription of this genme.

INTRODUCTION

Yeast hexokinase is an allosteric enzyme which catalyzes the first step
of several metabolic pathways, forming a hexose-l-phosphate from a hexose
and ATP-Mg. It exists as two isozymes, arbitrarily designated as hexokinase
A and B. The structure of several crystal forms of hexokinase has been
determined by x-ray crystallography (1-6). These structutes represent binary
or ternary complexes of hexokinase and substrates or substrate analogues at
various steps in the reaction pathway of this enzyme. These complexes provide
the opportunity of analyzing its catalytic mechanism in exquisite detail.

The HKB structure has been refined by Anderson (5) to 2.5 angstrom
resolution. The structure of the HKA isozyme, crystallized as a complex with
glucose, has been determined at 3.0 angstrom resolution (6).

In order to build models of these isozymes at atomic resolution, the
complete amino acid sequences of HKA and HKB are required. We have deter-
mined the nucleotide sequences of the HKA and HKB structural genes which has
allowed us to deduce the amino acid sequences of both forms of these

© IRL Press Limited, Oxford, England. 945



Nucleic Acids Research

enzymes. In addition, we have obtained amino acid sequence information on a
number of tryptic peptides from HKB which are in complete agreement with
those derived from the DNA sequence. We have compared the primary structures
of HRKA and HKB and find that 782 of the residues are identical. The DNA
sequence determination of regions flanking the HKA and HKB structural genes
provides information concerning transcription initiation and termination
signals, as well as data on the sequence context surrounding the translation
initiation codon that may help in understanding the high efficiency of
translation of the mRNA for these genes. The results of the cloning, DNA

sequencing, and the protein chemistry are reported here.

MATERIALS AND METHODS

Strains of S.cerevisise and E. coli
S. cerevisise strain DBY1175 (MAT adel trpl ura3-52 hxkl-l hxk2-2 can®)

vas employed for the isolatiom of clones carrying the HKA and HKB genes from
a library of yeast genomic DNA. This strain was constructed by standard methods
by crossing a strain carrying both HXK mutations (F452, originally described
by Maitra and Lobo (7)) with a strain carrying the ura3 mutation
(DBY747). E. coli strain DB6507 (hsdS20 [rp” my~] recAl3 arg-14 proA2 lacY¥l
281K2 rpsl20 str®) was used for transformation and amplification of selected
recombinant clones. E, ¢oli strain 25C113 (1lac282 lacZ82
glk=7 rha-4 rpsl223 relAl) (8), supplied by B. Bachman from the E. coli Gemetic
Stock Center at Yale University, was used for the in vitro assay of glucose
phosphorylation.
Construction and Screening of Yeast Gemomic Library

The clones carrying the HRA and HKB genes were isolated from a YEp24
random-insert genomic library by complementation of the fructose-utilization
defect of yeast strain DBY1175, The construction and screening of the library
followed the procedure described in detail by Carlson and Botstein (9). The
strain DBY1175 was transformed with DNA from the library, selecting first
the Ura* phenotype, pooling batches of transformants, and then replating to
select those cells that were able to grow anaerobically using fructose as
carbon source on a minimal medium. The frequency of fructose utilizers amoung
total transformants was 0.2 to 0.3 percent. The co-segregation of the fructose
and Ura* phenotypes was tested for each independent clome. The DNA from yeast
transformants was introduced into E, ¢olj strain DB6507 by transformation
and selected for ampicillin resistance. Plasmid DNA was isolated and
appropriate clones were selected for re-transformation into DBY1175 after
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restriction mapping. All transformants selected for the ability to grow on
fructose became Ura* and all those selected for a Ura* phenotype were able
to compensate for the fructose utilization defect of DBY1175.
Identification of WKA and HKB Genes

Identification of the cloned genes with hexokinases A and B was done by
the method described by Gancedo et al. (10), which uses hydroxyapatite
chromatography to separate the two isozymes. The two hexokinase isozymes can
be further distinguished by the ratio of activity with fructose and glucose
as substrates. Additional evidence for the assignment of the plasmid clones
to the loci specifying hexokinases A and B was obtained by genetic mapping.
The method of 2-micron mapping (11) was applied to one plasmid specifying
the HRA gene. The location of HKB was determined by linkage studies relative
to the adeS gene on chromosome VII (12).

i S W, i P i

The structural gene for HKB was located by an in vitro assay for glucose
phosphorylating activity in extracts of E, coli strain ZSC113 transformed
with plasmid vectors carrying subclones of the original plasmid (pRB62). Af-
ter transformation of ZSC113 with plasmid DNA, antibiotic resistant colonies
were grown in 50 ml of luria medium for preparation of the cell free
extracts. Cells were resuspended in 50 mM tris-HC1l, pH 7.5, 1 =M EDTA, 1 mM
DIT, 1 mM phenyl methyl sulfonyl chloride (PMSF) and lysed by the addition
of solid lysozyme to a final concentration of 1 mg/ml and Brij-58 to
0.5%, After a 30 min. incubation at 37°C, DNA and RNA were digested by the
addition of DNMAse I to a concentration of 10 microgram/ml and RNAse A to a
concentration of 10 microgram/ml and incubated for 30 min at 37°C. The lysate
was centrifuged for two hours at 45,000 rpm to remove particulate debris. The
supernatant was stored at -70°C. Assay mixtures (50 microliters) contained 6
mM MgSO,, 5 mM ATP, 5 mM glucose and 106 cpm of p-[u-14c) glucose (Amersham)
and 25 microliters of the ZS8C113 cell free extract. The reaction mixture was
incubated at 37°C for 30 min. The reaction was terminated by the addition of
100% trichloroacetic acid to a final concentration of 5%. The mixture was
centrifuged to remove protein, and then extracted with ether. The supernatant
was chromatographed on polyethyleneimine (PEI) plates to separate glucose
from glucose-6-phosphate using a solvent of 0.5M formic acid and 0.5M lithium
chloride.
After the completion of chromatography, each lane was cut into 1 cm portioms,
" inserted into scintillation vials and covered with scintillation fluid for

counting. The amount of l4¢ glucose converted to l4¢ glucose-1-phosphate was
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compared to control reaction mixtures made from recombinant strains carrying
pRB62 and pRB5 (vector without yeast insert).

The location of the HKA gene was determined by DNA sequence analysis of
selected restriction fragments of plasmid pRBl41; the amino acid sequences
specified by these DNA sequences were then compared to the amino acid sequence
specified by the HKB structural gene to locate the homologous HKA gene.

DNA Sequencing

DNA sequences were determined by the dideoxynucleotide chain termination
method of Sanger (13). Template DNA was prepared from clones propagated in
M13 phage derivatives (14).

Peptide Isolation and Amino Acid Sequencing

Hexokinase protein was obtained from Worthington Diagnostics (code HKP
II). This preparation was shown to consist of nearly pure hexokinase B by
non-denaturing polyacryamide gel electrophoresis (15). This protein was
performic acid oxidized by standard methods (16). A tryptic digest of 500
nmol of this derivative was initially separated by cation exchange chromato-
graphy on Aminex AG-50W-X4 (BioRad)(17). Peptides were detected by a modified
version of the alkaline ninhydrin reaction of Hirs (18). Those peptides which
were sufficiently pure after acid hydrolysis and amino acid analysis were
chemically sequenced using a modified version of the classic Edman degrada-
tion (19).

Mixtures of peptides were further purified by anion exchange chromatography
on Dowex AG-1-X2 resin (20). Those peptides which could be purified to

homogeneity by this additional step were then chemically sequenced.

RESULTS
Isolation of Clones Carrying the HKA and HKB Genes

Clones derived from a random-insert library of yeast genomic DNA were
selected for their Ura* phenotype and their ability to grow anaerobically
using fructose as carbon source after being transformed into yeast strain
DBY1175. Plasmid DNA was isolated and restriction maps were made which allowed
the division of the clones into two separate classes: of 24 independent clones
analyzed, 16 were in one class and eight in the other. The identity of the
isozyme carried by each class was determined by hydroxyapatite chromatography
and by the ratio of activity using glucose and fructose as substrates. When
the enzyme activity produced by a class I plasmid (pRB141) in DBY1175 was
fractionated, a single major peak eluted at a salt concentration of 100 mM
sodium phosphate which had a fructose/glucose activity ratio of 1.9,
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characteristic of hexokinase A. When the activity produced by a class II
plasmid (pRB62) in DBY1175 was fractionated, a single peak eluted at a salt
concentration of 70 mM sodium phosphate which had a fructose/glucose activity
ratio of 1.1, characteristic of hexokinase B. These experiments sufficed to
show that each of the two genes represented by these classes of plasmid clones
specifies one of the hexokinase isozymes.

Additional evidence for the assignment of the plasmid clones to the
loci specifying hexokinase A and B was obtained by genetic mapping studies. The
method of 2-micron mapping was applied to pRBl41, which was found to integrate
specifically into chromosome VI, where the HXKl gene (specifying hexokinase

A) is located (12). The location of integration of the other geme was found
by a more classical method, since close linkage of the HXK2 gene (specifying
hexokinase B) to ade5 on chromosome VII has been reported (12). A subclomne
of pRB62 in the integrating vector YIp5 was used to transform DBY1034;
integration by homology was checked by Southern blot experiments. When such

integrants were crossed to strains carrying ade5 and ura3, close linkage was
observed between the integrated plasmid (carrying URA3*) and ADES*, indicating
an intrachromosomal distance of about 3cM.

Genomic Southern blot experiments confirmed that the homology between
the two hexokinase genes is limited to the two regions cloned, suggesting
that there are only two hexokinase genes in yeast, and that the gene for
glucokinase is less homologous at the DNA level to the hexokinases than the
latter are to each other.

Subcloni he HKB .

The plasmid pRB62, containing the structural gene for HKB, was mapped
using nine restriction enzymes to give the results shown in Fig. 1. The length
of the plasmid was calculated to be 22.5kb based on summing the sizes of all
fragments obtained with any given restriction endonuclease. The size of the
yeast chromosomal DNA insert was found to be approximately 13.5kb kb. To
localize the HKB gene within the insert, pRB62 was cut with Sal I, which
divided the 13.5kb yeast DNA insert into two regioms.

Religation of the diluted Sal I digest gave a deletion derivative of pRB62
(ASal I). When this plasmid was transformed into E. coli strain ZSC113, the
resulting transformant showed the same glucose phosphorylating activity as
strain ZSC113 harboring the pRBS vector which lacked the yeast DNA insert. In
contrast, when the BamHI-Sall half of the 13.5kb fragment was cloned into
pBR322 to give pBR322(8alIl) and used to transform Z5C113, the resulting
strain had almost the same level of glucose phophorylating activity as 28C113
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Figure 1.Restriction map of a class II plasmid which complements the fructose
utilization defect of yeast strain DBY1175. Hexokinase purified from
DBY1175/pRB62 has a fructose to glucose activity ratio characteristic of
hexokinase B. Restriction of the plasmid pRB62 with nine enzymes yielded

the map shown above. The total length of the plasmid is 22.5 kb. The yeast
DNA insert is a partial Sau 3A fragment 13.6 kb in length, which has been
inserted into the BamHI site of the vector pRB5. Vector sequences derived
from pBR322, the yeast ura3l gene and the yeast 2 micron DNA circle are
indicated.

which contained the parent plasmid pRB62, thus localizing the HKB gene to
the left half of the yeast DNA insert. Various subclones of pBR322(SalIl)
were constructed and assayed for glucose phosphorylating activity to more
precisely localize the HKB gene prior to DNA sequencing. The resulting 8.5kb
plasmid which contained the HKB gene is shown in Fig. 2. This was used for
amplification and provided sufficient DNA for cloning into suitable M13 mp
vectors prior to Sanger dideoxy sequencing (13,14). The sequencing strategy
used for the HKB gene is shown in Fig. 3. The location of the HKB gene was
confirmed by translation of the nucleotide sequence that we obtained from
subclones which started at the PstI site (nucleotide position 1244) (Fig. 3)
and extended in the coding and non-coding directions. The sequence from ome
of the subclones in one reading frame translated to give the amino acid
sequence -Ala-Asp-Gly-Ser-Val-Tyr-Asn-Arg—. This matched the sequence of a
tryptic peptide that we had previously determined by Edman degradation. The
sequence from the subclone extending in the opposite direction fron the Pstl
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pBR-328 [EcoIl]
8.5kb
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‘Figure 2.Restriction map of s subclone of pRB62 containing the HKB gene.
Cell free extracts made from E, ¢oli strain 28C113/pEcoll demonstrated the
ability to phosphorylate glucose in the jin vitro glucose phosphorylating
system described in the text. The 3.6 kb yeast DNA insert is shown inserted
into the EcoRI site of pBR328, inactivating the chlorsmphenicol acetyltrans-
ferase gene. Deletion of the DNA between the two BstEII sites produces a
plasmid which demonstrates no activity in the jin vitro glucose phosphoryla-
tion assay. The location and orientation of the HKB gene as deduced from the
DFA sequence is indicated.
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Fi 8 i HKB . The HKB gene was located by

translating into all 3 reading frames the DRA sequences originating at the
PstI restriction site at nucleotide position 1244. Comparison of these derived
amino acid sequences to the sequences of purified tryptic peptides of HKB
revealed a match with one such peptide located at amino acid residues 385-396
in the 2.5 angstrom x-ray map of Anderson (5). The extent of the structural
gene was calculated relative to this Pst site and DNA sequencing was initiated
at the other previously identified restriction sites within this region. The
843 bp HindIXI/PstI fragment was sequenced by shotgum cloning of a Taql digest
into AccI cleaved mp7. These fragments were ordered by a second digest of

the HindIII/PstI fragment. A Sau3A digest was cloned into the BamHI site of
mp7 for this purpose.
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site was translated to give -Thr-Gly-His-Ile-Ala-Ala-, where the carboxy
terminal Ala overlapped the amino terminal Ala from the first subclone. Since
this tryptic peptide had been tentatively assigned as spanning residues 385-396
in the approximated structure derived from x-ray crystallography (5), the 57
and 3° ends of the HKB structural gene were calculated to be roughly 1170
nucleotides upstream and 210 downstream from the PstI site. Since a number

of restriction sites had already been identified in these regions, they were
used to obtain suitable DNA fragments from pBR328(EcoII) for dideoxy
sequencing. These were cloned into M13mp7 or M13mp8 and provided the sequence
information for the regions in Fig.3 shown above the HKB gene. As can be

seen from the diagram, the results obtained from this approach did not cover
the entire gene nor did they provide information for the sequence of both
strands. To obtain the remaining sequences, an 843bp fragment extending from
the HindIII to the PstI site (Fig.3) was isolated to allow "shotgun" cloning
in this region. The enzyme Taq I was selected, and after digestion, the mixture
was ligated into M13mp7 that had been linearized with AccIl. Single-stranded
phage DNA obtained from transformants of JM103 was used for sequencing. To
correctly place the Taql fragments, overlapping regions from Sau3a and Ball
digests were cloned into M13mp7 and M13mp8 and sequenced as indicated in

Fig. 3. The order of the the Taql fragments was also verified by matching

the amino acid sequences derived from the translation of the Taql fragments
with the sequences of the HKB tryptic peptides (Fig. 4). This figure includes
the complete sequence of the HKB gene, its flanking regions and the translated
amino acid sequence for the enzyme.

1 i d S Determinatio T. ic Pepti from HKB.

Tryptic peptides derived from 500 mmol of performic acid oxidized HKB
were separated by cation exchange chromatography giving an elution profile
shown in Fig. 5. Of the expected 52 peptides, 25 were obtained in pure enough
form for sequencing. The remainder were present as mixtures from which some
of the remaining peptides were isolated by rechromatography on an anion
exchange matrix. Sequences of homogeneous tryptic peptides were determined
by manual Edman degradation and were matched with the HKB DNA sequence as
shown in Fig. 4. In addition to the amino and carboxy terminal peptides,
which define the end points of the protein, the remaining peptides are
distributed throughout the polypeptide chain and taken together, confirm 43%
of the DNA sequence. Of special interest are the tryptic peptides containing
cysteic acid residues which account for all of the cysteine residues of HKB. In
all cases there was complete agreement between the amino acid sequences of
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--T
Gly

GCC
-TG
Ala
Val

TTG
--A
Leu

C-A

GAC
A-A
Asp
Lys

AAG
C-A
Lys
Gln

Phe
Leu

CTA
T-G
Leu

weh ==
Glu Asn

CAA GAA
-C-
Gln
Pro

CGT

Arg

Glu

TCC
G-T
Ser
Ala

GTT

Va1

TGT

Cys

Gly Ile

1260 *
TCC GTT
~-T --C
Ser Val

GCA GAC
--'1' -aa
Ala Asp

GGT

Gly

1320 *
TAC GGC
--T --A
Tyr Gly

1380 *
GCT GAA GAT GGT TCC
=== =-A
Ala Glu Asp Gly Ser

ATT
--C
Ile

AAG GAC
-GA --T
Lys Asp
Arg

1440 *
GCT GAA GGT AAG TCC
-=C GT-
Ala Glu Gly Lys Ser
. Val
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the tryptic peptides and the DNA sequence. No tryptic peptides were isolated
vwhich could not be matched with the DNA sequence.
Bucleotide Sequence of the HKA Gepe.

The determination of the nucleotide sequence of the HKA gene was greatly
simplified by knowledge of the HKB gene sequence. Two overlapping recombinant
plasmids established an approximately 4kb overlap region containing the HKA
gene and its control sequences as shown in Fig.6. A centrally located 1.5 kb
Bgl I1 fragment from this region was cloned into the Bam HI site of M13mp9
in both orientations to allow determination of the nucleotide sequences of
its 5 and 3° termini. The sequences and their complements were translated
in all three reading frames and compared to the amino acid sequence of HKB. The
translation of the complement of the nucleotide sequence originating at the
righthand BglII site (Fig. 6) showed strong homology to the sequence of HKB
at amino acid residues 240-331, thus establishing the location and coding
direction of the structural gene for HRKA within the 4 kb overlap region. Since
the HKA structural gene was assumed to be very similar in size to the HKB
structural gene, the limits of the structural gene were calculated relative
to the Bgl II site identified in the restriction map of pRB141 (Fig. 6).

The strategy used to complete the nucleotide sequence of the HKA gene
was very similar to that employed for the HKB gene. Nucleotide sequences
obtained around BglII, Sall, and Hind III sites (Fig. 7) allowed the
identification of "secondary" sites which were used to extend the previous
sequence data or to check it by determination of the nucleotide sequence of
the opposite strand (Fig. 7). As with the HKB gene the interior of the HKA
gene was found to be devoid of restriction sites suitable for cloning and
sequencing in the M13 system. Thus, the entire 1.5 kb Bgl II fragment (which
contained about two thirds of the structural gene) was cut with Taq I and
the digest ligated into AccI cleaved M13mp7. In the case of the HKA gene,
the high degree of amino acid sequence homology between HKB and HKA made
ordering of the restriction fragments considerably easier. Overlaps were

Figure 4.Fucleotide and amino acid sequences of the HKA apd HKB genes. The
nucleotide sequence of the HKB gene and its derived amino acid sequence are
given, and only the differences between the HKA and HKB sequences are
indicated. Regions of the amino acid sequence in italic type are areas of
HKB whose sequence was determined directly from peptides isolated from a
tryptic digest of HKB protein. Nucleotide +1 is the first nucleotide of the
ATG translation initiation codon of these proteins. Both structural genes
are 1455 nucleotides in length and code for proteins of 485 amino acids.
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20Mpyr-oc, pH4S
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Figure 5.Elution profile of a tryptic digest of HKB protein. 500 nmol of

a tryptic digest of performic acid oxidized HKB was loaded on a 0.9 x 60 cm
column of Aminex AG-50W-X4 equilibrated in 0.05M pyridinium acetate, pH 3.1.
Fractions of 1.5 ml were collected at a flow rate of 50 ml/hr. The gradients
employed are indicated in the figure. Peptides were detected by the alkaline
ninhydrin method on 50 microliter aliquots of each fraction. Pooled fractions
whose amino acid composition was analyzed after acid hydrolysis are indicated.

obtained for most of the fragments, both by sequencing upstream from the
single HindIII site at nucleotide position 896, and by performing a second-
ary "shot gun" cloning of the same fragment using the enzyme Mspl. The extent
of individual nucleotide sequences and their overlaps are shown in Fig. 7. The
nucleotide sequence of the HKA gene is shown in Fig. 4, aligned with the

sequence of the HKB gene.

) ION

One of the major reasons for our attempting to work out the primary
structures of HKA and HKB was to allow the conmstruction of models based on
x-ray data at the level of atomic resolution. Up to now, this has not been
possible because of the lack of amino acid sequence information.

The concerted use of recombinant DNA technology and DNA sequencing,
together with protein chemistry, has made it possible to elucidate the primary
structure of these proteins with a high degree of confidence. To illustrate
the advantages of this combined approach, we will cite just a few examples

956



Nucleic Acids Research

MI{ X/M\I WM{ 7! X/boI

EcoRI EcoRI
pRB-14|
—/ VX I\\
Hindll PstI BgII EcoRI Sall BomHI
EcoRI
EcoRI
PstI BgiI EcoRI Sall BomHI Bgill
EcoRI / |/ EcoRI
pRB-142 ZZZZZZZZZ7277722—H+HHH———1 "7 S NN
/ \ 0\ I
XboI HindE BgIE Xbol EcoRI
—
1 kb
Bgl
PN
—t—
—

Hexokinase A structural gene

Figure 6.Restriction maps of two overlapping class I plasmids. The maps are

aligned to indicate the area of yeast genomic DNA common to both plasmids. The
HKA structural gene was located by comparing the amino acid sequences derived
from the DNA sequences determined at each end of a 1.5kb BglII fragment (in-
dicated) to the known amino acid sequence of HKB. DNA sequence originating

at the BglII site on the right hand side of this fragment yielded an amino
acid sequence which was extremely homologous to residues 240-331 of HKB,
identifying the location and orientation of the HKA gene within the plasmids.

L —
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EcoRI NH Mw}' EcoRI
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Figure 7.Sequencing strategy of the HKA geme. The extent of nucleotide sequ-

ences originating at various restriction sites is indicated. The sequence
of the interior of the gene was determined from clones obtained by a "shot-
gun” cloning of the 1.5 kb BglII fragment which had been cleaved with the
enzyme TaqI. The Taql fragments were ordered by overlaps obtained from a
second "shotgun" cloning of the 1.5 kb BglII fragment cleaved with Mspl and
also by comparing the derived amino acid sequences of the Taql fragments

to the amino acid sequence of HKB.

957



Nucleic Acids Research

where it not only speeded up the work but also helped us to avoid errors.
First of all, the availability of portions of the amino acid sequence of HKB
was crucial in allowing us to definitively locate the position of the HKB
structural gene in the recombinant plasmid and also to define the 5 and 3°
termini based on our knowledge of the amino and carboxyterminal sequences of
HKB. Reading frame shifts in the nucleotide sequence due to deletion or
addition of bases became obvious when two sequenced peptides appeared in
different reading frames of the nucleotide sequence. This discrepancy alerted
us to the necessity of going back and checking the DNA sequence once again.
Many of the sequenced peptides provided the information needed to confirm
the ordering of restriction fragments, especially when the sequencing was
carried out by the "shotgun" cloning of Taql and Sau3A fragments. Discrepancies
vere occasionally noticed between the pfinary structure of the chemically
sequenced tryptic peptides and an amino acid sequence derived from the region
of the structural gene which we suspected coded for that peptide. In all but
two instances, the amino acid sequence data was found to be correct when we
rechecked the area of the gene in question by repeating the DNA sequencing.
Much of the nucleotide sequence of both hexokinase structural genes was
determined form both strands of DNA. Approximately 687 of the sequence of
HKA gene was determined from both coding and non-coding strands. With the
HKB gene, approximately 60Z was determined from both strands of the DNA. This,
together with the protein sequence data, served as a check for sequence errors
that might have been caused by sequence-specific secondary structure
effects. An additional degree of confidence was gained by comparing the
nucleotide sequences of the HKA and HKB structural genes with each other. For
example, after the completion of the DNA sequence of the HKA gene, comparison
with HKB showed that there was a small gap in the HKB sequence upstream of
the Hind III site at nucleotide 407. Although very close to the Hind III
site from which sequencing was initiated, the sequence in this section
(approximately from nucleotide 375 to nucleotide 400) presented problems
which might have been due to secondary structural effects in the template
DNA. The lack of amino acid sequence data in this area prevented further
efforts to verify the nucleotide sequence in this section. However, an
homologous region of HKA gene was found to match the HKB gene on both sides
of the presumed gap but contained 25 extra nucleotides not present in the HKB
gene. Reinvestigation of this section of the HKB gene showed that these
nucleotides of the template DNA had apparently been skipped over by the
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Figure 8. Comparison of the HKA and HKB genes. A two dimensional plot of

HKA vs HKB is shown in which regions of identical nucleotide sequence are
indicated as a s0lid line on the diagonal of the plot.

Klenow fragment of DNA polymerase in multiple sequence determinations.
When this region of HKB gene was sequenced in the opposite (coding) directiom,
starting from the Ball site located at nucleotide 148 (see Fig. 4) this effect
was not seen. No obvious reason for this behavior can be discerned from an
analysis of the nucleotide sequence of this region; no sequences appear to
be present which might base pair and cause structural distortion of the
template DNA. After this correction, the correspondence between the HKA and
HKB structural, in terms of number of residues, matched exactly.
C i HKA and HKB 8 8

The amino acid sequences specified by the HKA and HKB genes are shown
in Fig. 4. Comparison of these sequences reveals that 378 out of 485 amino
acid residues are identical. Fig. 9 shows a two dimensional matrix comparison
of the HKA gene vs. the HKB gene. Using this method, it can readily be observed
that several discreet areas of nucleotide sequence disparity exist. Dissimi-
lar regions of amino acid sequence cluster in four areas. In the 2.5 angstrom
model of Anderson (5), all except one of these regions of differing sequence
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occurs on the exterior of the hexokinase B monomer. None of these clusters
appear to be involved in hexose binding, although the third cluster, residues
318-329, is located very close to the site of ATP binding. Since glucose
repression in yeast seems to be associated only with the presence of a
functional HKB gene (21), it is tempting to speculate that the existence of
a functional regulatory domain in HKB is directly attributable to primary
structural differences observed in these regions. The identity of the amino
acid residues responsible for the observed differences in catalysis and
regulation will undoubtably become clearer as the three dimensional struc-
tures of the hexokinase A and hexokinase B isozymes are refined with the aid
of this new data (Harrison & Steitz, manuscript in preparation).

2  Untranslated Sequences

Most eukaryotic mRNA coding genes possess an AT-rich promoter with the
concensus sequence TATAAA (22). In multicellular eukaryotes this sequence is
located 25-35 nucleotides upstream of the transcription initiation site and
is bounded by GC-rich sequences; initiation usually occurs about 32 nucleo-
tides downstream of this site (23). The TATAAA sequence is also one element
of promoters in S. cerevisige which are recognized by RNA polymerase II
(24). The second elememt, an upstream activator sequence, is located a
considerable distance upstream of the TATA box (25). The TATA box has been
found in nearly all yeast genes examined, but in comtrast to multicellular
eukaryotes, is not surrounded by GC-rich sequences (26,27). Its location is
also more variable with respect to the site of transcriptional initiation
and is usually further upstream than its multicellular eukaryotic counterpart
(28).

Two sequences in the 5° untranslated region of hexokinase A have a high
degree of homology with the consensus TATA promoter sequence. These are located
at nucleotide positions ~188 (TATAA) and -60 (TATATA) with respect to the
ATG start codon. In the hexokinase B gene, a TATAA sequence is located at
nucleotide position -102. None of these three sequences are surrounded by
GC-rich sequences.

Other 5° noncoding sequences have been noted in mBMA coding yeast genmes,
but their function is more speculative. A pyrimidine rich cluster has been
noted between the TATA box and the 5° coding end of several yeast genes,
followed soon after by the sequence CAAG (26,27,28,29). Although initially
described in the 5° untranslated region of yeast glycolytic enzyme genes
(26), Hobson (29), and Montgomery (30) have suggested that these sequences

are common to any highly expressed yeast gene. Tramnscription starts at
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sequences identical or related to CAAG in several yeast genes, suggesting a
role for this sequence in tramscription initiatiom or capping of mRNAs (31).

In the hexokinase A gene, the TATA box at position -188 is followed by
a cluster of pyrimidines at position -133. This is followed by the sequence
CAGAAG. The TATA box at -60 is also followed by a string of pyrimidines, but
no CAAG related sequence is found in the immediate downstream region. The
hexokinase B gene has a pyrimidine rich cluster starting at position -74 and
is followed by the sequence GAAAG. The sites of tramscription initiation for
both of these genes is not known, so it is not possible to relate these
observed sequences to experimentally identified tramscriptional start sites.
3 Untranslated Sequences

At least three putative tramscription termination sequences have been
proposed in 8, cerevisige. Nucleotide sequences related to AATAAG have been
shown to occur upstream of the site of poly(A) addition in several yeast
mRNAs; this seguence itself is homologous to the sequence AATAAA which is
presumed to signal the site of poly(A) addition in multicellular eukaryotes
(32,33). Bennetzen and Hall have proposed that the concensus sequence,
TAAATAA(A/G), may represent a typical yeast terminator structure (28). Zaret
and Sherman have identified a tripartate structure with the concensus sequence
TAG .... TATGT .... TTT (34). Deletion of this sequence from the 3 end of
the yeast cycl gene greatly reduces the amount of mRNA terminating at the
wild type site. Furthermore, spontaneous revertants of this deletion with
near normal mRNA termination have sequences which tend to resemble the original
terminator structure (35). Finally, Henikoff et al. (36) have shown that the
sequence AATAAA is not needed for termination of a drosophila gene which
complements an Ade8 mutation in yeast. Their deletion analysis suggests that
the sequence TTTTTATA is necessary for efficient termination, although Zaret
and Sherman have noted that most yeast genmes lack an identical or related
sequence (35). .

Our sequences of the HKA and HKB genes lack sufficient 3° flanking
sequences to allow a comparison which might reveal the existence of a sequence
homologous to the putative terminators described earlier.

However, one structure is moteworthy in the hexokinase B gene namely a 24 bp
region of dyad symmetry which occur immediately 3° to the coding sequence

and includes the TAA stop codon. This hyphenated palindrome contains a sequence
starting at nucleotide 1472 which is clearly related to the concensus sequence
of Bennetzen and Hall. It is similar to rho dependent terminators seem in

prokaryotes in that it is an AT rich sequence occuring in a region of dyad
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symmetry (37), and may therefore represent a terminator structure which is

analogous to certain terminators seem in bacteria.
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