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Cloning of the catalytic determinant of
soluble phosphofructokinase of yeast

Z. Lobo, R. Mehta and P. K. Maitra

Tata Institute of Fundamental Research, Homu Bhabha Road,

Bombay 400 005, India

The soluble phosphofructokinase of Saccharomyces
cerevisize is composed of two polypeptides o and g
encoded by two wunlinked genes PFKI! and PFK2
respectively, We report here cloning of the gene PFKI by
complementation of a glucose-negative double mutant
pfhl pfk2 using a genomic library of ycast in a
multicopy vector. The anacrobic growth of the transfor-
mants on plucose is also rescued when the plasmid
carries PFK1 but not when it carries PFR2 ‘1he gene
PFR1 alone restores soluble-cnzyme activity even if the
resident pfh2 allele s mutant, This sugpests that the a
subunif is the catalytic determinant of the enzyme,
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GeENETIC and brochemical studies on the soluble phospho-
fructokinase of yeast have defined two gencs PFK!
and PFK2 involved in its synthesis. They determine,
respectively, the two subunits 2 and f that constitute
this enzyme! ™3, Both genes have been cloned and
sequenced* . Studies with a large number of mutants
isolated by us have shown that mutations in PFK!
extinguish soluble-enzyme activity without affecting
aerobic growth on glucose. A second mutation in PFK2
renders pfh! mutants glucose-negative®®” owing to the
toss of a particulate phosphofructokinase. pfA2 Mutants
themsclves retain the soluble-enzyme activity. Thas
asymmetry in the function of the two gene products has
been resolved by the observation that mutations in
PFK2 aflect only the regulatory properties of the
ensyme, leaving its catabytic capabihty intact®. (Io
the genetic nomenclature used here, PFRT refers to the
gene for the catalytic 2 subunit and PFA2 to the gene
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for the regulatory £ subunit, which are, respectively, 105-
and 108-kDa polypeptides™} However, certain mutants
carrying alleles of PEK2 isolated i other laboratories
gave no detectable actiaty in titro, yet the alieles were
functional 11 riro, as shown by the profile of metabolite
accumulation m ntact cells®. This raises questions
about the specific roles of these two subunits in enzyme
activity. A partial answer has been obtained by studies
with cloned genes®. elevated levels of the enzyme were
seen only when both genes were present in mulfiple
copies. Cuniously, introducing the cloned PFKI gene
alone failed to restore in wiro enzyme activity. We
believe this 1s due to use of a recipient strain carrying
‘atypical’ pfA2 alleles. Provision of other alleles of pfk2
should then restitute the enzyme activity in PFKI
transformants. We show here that a double mutant pfk!
p/R2 can indeed be complemented for the soluble-
phospholructokinase activity by only the PFK/ gene
on a plasmid. PFK2 clones on the other hand are
without effect, although they restore growth on glucose
by virtue of the particulate enzyme (Lobo and Maitra,
unpublished).

Methods

Mutants in genes PFK! and PFK2 isolated in this
laboratory and used in this work are: pfil-1, which
carries a nonsense mutation®; and pfk2-2 and pfk2-4,
which carry missense mutations that affect the allosteric
properties of the soluble phosphofructokinase®. Another
mutant (gft from D. Fraenkel) 15 DFY70; genetic
analvsis indicated that it carries a mutation in the gene
PFK?2 {A. Gayatn and P. K. Maitra, unpubfished). The
mutant allcle has been designated pfk2-70 and 1is
referred to here as -atypical’ (see below) Genomic
Itbraries YEplI3 and YEp24 of § cererrsiue 1n high-copy
shuttie vectors were obtamned through the courtesy of
P. Sinha and U. Vyayraghavan. Transformation was
done by the spheroplast method®, selecting for erther
the ability to grow on glucose or prototrophy {or the
nutritional marker carned on the plasmids. Transfor-
mants were always checked for loss of markers durning
non-selective propagation and by retransfoimation.
Escherichia coly strains MC1060 and RR1 were used for
amplification of plasmud DNA. Enzyme assays were
done as described® ® using S uM fructose 2,6-bisphos-
phate to bnng out the maximum enzyme activity
Cultures growmg exponentiaily on glucose mintmal
medium were used for enzyme assays.

Isolation of PFKI and PFK2 genes

The genes PFKI and PFK2 were isolated by
transforming a glucose-negative double mutant pfkl-/
pfk2-2 to glucose positivity using, respectively, YEpi3
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and YEp24 genomic libranes. Either of the genes PFK |
and PFK2 would confer on the transformants the
alnhity to grow on glucose by restituting, respectively,
the soluble or the particulate phosphofructokinase.
Purified transformant clones were tested for the solubie
and the particulate enzyme. Clones carrying PFK!
synthesized the soluble enzyme and grew in anaerobic
conditions (BBL GasPak, Becton Dickinson, USA),
unhke PFK2 clones which synthesized the particulate
enzyme, which is incompetent for anaerobic growth?,
The restriction maps of the inserts are shown in Figure
1. These match the maps of PFK] and PFK2 reported
by Heinisch®, but the nomenclature is reversed.

Features of complementation

The results in Table 1 show a profile of complementa-
tion of the soluble-phosphofructokinase activity using
two classes of pfk2 mutant alleles, (a) pfk2-2 and pfk2-4,
and (b) p/k2-70. As was shown earhier®, missense
mutations in PFK2, represented by alleles of class (a),
alter only the regulatory propertiecs of the soluble
cnzyme but preserve its catalytic potency. A stramn of
the genotype PFKI! pfk2-70, in contrast, gives no
detectable enzyme activity in cell-free extracts (line 12),
although it ferments glucose, producing fructose 1,6-
bisphosphate. This has been shown to be due to the
almost undetectable level of the f subunit in virro?,
which in turn 1s due to a transcriptional defect in the
mutant allele pfk2-70, seen n Northern blots®. The
mutation pfk2-70¢ thus approximates a null allele. Inside
the cell, however, the soluble phospholructokinase is
active even in the complete absence of the § subunit as

long as PFK1 is present!?,
The double mutants pfkI-1 pfh2-2 and pfki-1 pfk2-70
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Figure 1. Restriction maps of PFKi and PFK2 genes. Restriction
endonucleases used were. Bylll {Bg), EcoRl (E), Hindlll (H) and Sall
(S) The arrows indicate the boundaries of the coding region, with the
5 region to the left as piven in Hemisch et al® The upper panel
shows the map of twe inserts carrying the PFK{ gene and the lower
panel maps of three nserts with PFK2 Slashes denote the boundanes
of the inserts
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Table 1. Restoration of soluble phosphofructokinase to mutant S.
cerevisiae by PFK1 and PFK2 genes in high-copy plasmds.
PFK1
activily
Recipient strain Cloned Growthon (mU/mg
Line genotype gene glucose protein)
1 pfki-1 PFK2 = + 0
2 pfk1-1 pfi2-2 — — 0
3 pfkl-1 pfk2-2 PFK1 + 76
4 pfkl-1 pfk2-4 PFK1 + B8
5 pfkl-1 PFK2 PFK1 + 06
6 pfkI-1 pfk2-2 PFK2 + 0
7 pfkl-1 pfk2-70 — - 0
8 pfki-1 pfk2-70 FPFK] + 0
9 pikl-1 pfi2-70 PFK2 + 0
10 PFK]I pfk2-70 PFK2 + 130
11 pfkI-1 pfi2-2 PFK1 PFK2 + 748
12 PFKI pfk2-70 — + 0

The transformants were grown under conditions mafntainimg the
selective pressure on the particular plasmids. PFKI transformants
from a transformation experiment using a genomic pool carned a
chromosomal leu2 marker and a plasmid-borne LEU2. The PFK?2
transformants, from a transformation expenment using DNA from a
YEp24 hbrary, carried URA3 on the plasmid and wrga3 on the
chromosome. The transformant carrying both PFK! and PFK2 was
selected by transforming a PFKI LEUZ transformant with a PFK2
URAS3 plasmid. PFKI1 refers to the soluble phosphofructokinase.

are neither glucose-positive (growth) nor enzyme-
positive (Table 1, lines 2 and 7), unlike the single
mutant pfkl-1 which is glucose-positive but lacks the
soluble enzyme (line 1). The wild-type allele PFKI in
multiple copies restores the soluble-enzyme activity of
pfkl mutants carrying either of the mutant alleles pfk2-2
and pfk2-4 or the wild-type PFK2 (lines 3-5), but not
when the mutant allele pfk2-70 is in the pfkl recipient
strain (line 8). This is expected as the strain PFKI pfk2-70
itself gives no enzyme activity in cell-free extracts
(ine 12). The deficiency i1s corrected by transforming
this strain with PFK2 (line 10). Two conditions must be
met for soluble-phosphofructokinase synthesis: the
presence of the wild-type PFK1 gene, together with
PFK2, or pfk2-2 or pfk2-4. The allele pfk2-70 1s clearly
incompetent in this regard. The inability of Heinisch®
to detect the soluble enzyme therefore could be due to
the use of a strain carrying such an allele. The
particulate phosphofructokinase being totally absent in
cell-free extracts, the glucose-positive PFK?2 transfor-
mants of double mutants would appear to be enzyme-
negative {hines 6 and 9) unless toluene lysates are used.
The other feature of these results is the overproduction
of the soluble enzyme when both PFKI and PFK2
genes are present, but not when either is present singly
(compare lines 3 and 6 with 11). This is expected as the
soluble enzyme is an octamer of four each of the a and
fi subunits. These results show that the PFKI gene can
restore the soluble enzyme in a pfkl mutant even if the
resident pfk2 1s a missense mutant allele. The catalytic
capability of soluble phosphofructokinase thus vests in
the a subunit encoded by PFK].
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Figure 2. Immunoblot analysis of & and f subunits. Crude cell-free
extracts (0.1 mg protetn) from glucose-grown exponential cultures were
used tn all lanes except lane 1. Lane 1, 4 ug punfied soluble
phosphofructokinase from yeast; lane 2, wild-type strain; lane 3, pfkl-
I ptk2-2 ;. PFKI; lanes 4 and S, pfil-1 pfk2-4 :: PFKI; lane 6, PFK]
pfi2-2;, lane 7, PFK1 pfk2-70 :: PFK2; lane B, pfkl1-250 PFK2 ::
PFKI; lane 9, pfkl-1 PFK2 :: PFKI; lane 10, pfki-1 pfk2-2 :: PFK1
PFK2.

Analysis of subunits

To correlate the enzyme profile of the transformants
with their possession or lack of the subunits of the
soluble phosphofructokinase, a rabbit antibody to the
purified yeast enzyme was used in immunoblotting
expeniments (Figure 2). Although the reaction of the
antibody with the f subunit was much weaker than
with the o subunit (Figure 2, lane 1), all the lanes show
both bands. Cloning of the PFK1! gene in multiple
copics increases the intensity of the faster-migrating o
band (lanes 3-5, B, 9). However, this is also associated
with degradation, not seen in the wild-type strain (lane
2). The degradation s less In a PFK2-transformant (f§
subunit) clone (lane 7). When both subumts are equally
overcxpressed (lane 10), degradation is reduced. We
interpret this as indicating an inherent instability of free
o subuntt, 1.e. when it 1s not associated with f. The
absence of phosphofructokinase activity in cell-free
extracts of the strain PFK1 pfk2-70 is very likely due to
proteolytic degradation of the catalytic a subunit in the
virtual absence of any detectable § subunit?. Apart
from 1mparting regulatory characteristics to the soluble
enzyme, the f subunit thus provides a structural
support to the catalytic subunit. A missense mutation
in the PFK2 subunit thus results in aberrant regulation
of the enzyme, but preserves the scaflolding function
and hence the enzyme activity in ritro.
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Alteration in the ‘— 10’ sequence of the
A2 promoter of bacteriophage T7
reduces the rate of transcription
initiation
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The rate of transcription initiation, in the absence of
other factors, is determined by intrinsic properties of the
promoter. This largely depends on the DINA structure at
the promoter region. The A2 promoter of bacteriophage
T7 s an early promoter, specific for the RNA
polymerase of the host E. coli. It is also one of the
strongest promoters tested so far in vitro. We show here
that a mutation in the ‘—10° region of T7A2 only
reduces the strength of the promoter: transcription driven
by the mutant promoter results in much less product. The
site of initiation is the same as that in the wild-type
promoter.

ANarvsis of the various promoter sequences recognized
by the major form of E. coli RNA polymerase, E 87°, has
shown that there ar¢ two highly conserved hexanucleo-
tide sequences, TTGACA and TATAAT, centred
around 35 and 10 basc pairs upstream from the start
point of RNA synthesis, and designated *—35" and
*— 10" boxes respectively' ~*. One important feature of
the promoter sequence is that it is asymmetric, and this
determines the initiation of transcription in a fixed
direction on the correct (template) DNA strand?,

RNA chain-initiation frequencies in E. coli vary over
a range of about one thousand-fold>. One of the
important questions 18 how RNA polymerase recognizes
the DNA sequences at the promoters around the — 35
and ~10 regions in a manner that results in a three-
orders-of-magnitude variation in reaction rate®. The
model proposed by Chamberlin? for the interaction of
promoter with RNA polymerase is well accepted now,
and can be depicted as follows:

K X NTP
R+P = RP. 3 RP, — RNA,
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where R is the enzyme, P represents promoter DNA,
and RP. and RP, designate two intermediate states,
viz. the closed and open complex respectively, McClure
and coworkers®?® correlated promoter strength with
these two constants Kg and k;, and the relationship is
generally true of all the promoters studied so far.

Promoter mutation studies have indicated that the
mutations affect the rate of imtiation of transcription by
altering either Ky or k;. These mutations fall in the
—35 or the —10 region® % These studies generally
suggested that the — 35 region is mainly involved in
polymerase binding whereas the —10 region plays a
major role in the isomerization of the closed complex to
the open complex.

Bacteriophage T7 has three major early promoters
Al, A2 and A3, which are recognized by the RNA
polymerase of the host E. coli. These promoters are
known to be strongest in vitro®. We have used these
promoters, individually cloned in the BamH! site of
pBR322 (obtained from F. W. Studier, Brookhaven
National Laboratory, USA), in studies on promoter—
RNA polymerase interaction’!~!3 In the presence of
T7 early promoters, E. coli RNA polymerase transcribes
almost exclustvely from them, without recognizing the
much weaker pBR322 promoters, even at high
enzyme/DNA ratio (rel. 14, and A. Rosenberg, personal
communication). When these promoters are cloned 1n
pBR322 (Figure 1), and the plasmid digested with Sall,
as in the present case, the lengths of the run-off
transcripts are expected to be 340 base pairs at T7Al,
310 at T7A2, and 3035 at T7A3.

Of particular interest in this communication is the
promoter T7A2. The sequence of the T7A2 promoter 18
given below:

CGAAAAACAGGTATTGACAACA
~ 35
TGAAGTAACATGCAGTAAGATA
- 10
CAAATCGCTAGGTAACA

+1
. i T741/A2/A3

Sall

Figure 1, Diagram showing the position and onentation of the T7
promoter tnserts m pBR322, The arrow indicates the direction of
transcription {rom the promoter, which 1s marked by an astensk.
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