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The yeast pyruvate kinase gene does not contain a string of non-
preferred codons: revised nucleotide sequence
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The sequence of the gene encoding pyruvate kinase from Saccharomyces cerevisiae was re-determined because of failures

with oligonucleotide-directed mutagenesis experiments involving a region thought to contain a string of five contiguous

non-preferred codons. This region was found to be difficult to sequence and was shown to have three extra bases when

compared with the published sequence [(1983) J. Biol. Chem. 258, 2193-2201)]. The revised sequence demonstrates that

the yeast pyruvate kinase gene does not have a cluster of non-preferred codons, and that it therefore is not an example
of the class of genes which possibly exhibit translational control by the presence of non-preferred codons.

Pyruvate kinase gene; Nucleotide sequence; Translational control; Non-preferred codon; (Saccharomyces cerevisiae)

1. INTRODUCTION

Pyruvate kinase has been extensively studied
because of its abundance in most organisms and
because of its importance in glycolysis for control-
ling the flux from fructose 1,6-bisphosphate
through to pyruvate. The enzyme catalyses the
essentially irreversible conversion of phosphoenol/-
pyruvate to pyruvate by the addition of a proton
and the loss of a phospho group, which is transfer-
red to ADP. The high resolution crystal structure
of mammalian muscle pyruvate kinase has been
determined and correlated with the protein se-
quence [1]. Amino acid sequences deduced from
DNA sequences are also available for all four
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The nucleotide sequence presented here will appear in the
EMBL/GenBank database under the accession no. X14400

mammalian isoenzymes [2-61], and for pyruvate
kinase from chicken [7] and from Saccharomyces
cerevisiae [8].

A notable feature of the yeast pyruvate kinase
DNA sequence previously reported [8] is that it has
an unusual arrangement of five consecutive non-
preferred codons (as defined by Bennetzen and
Hall [9]) located approximately four-fifths of the
way through the coding region. This provided in-
direct evidence for the possibility that the gene may
possess a translational pause in this region, thus
enabling the multidomain structure of the enzyme
to fold correctly during translation [10]. Experi-
ments were devised by the Glasgow group to test
this hypothesis by site-directed mutagenesis to re-
place the non-preferred codons with the synony-
mous preferred codons. Three oligonucleotides
were synthesised for this purpose, but they failed to
give the appropriate mutants, and their 73, values
seemed to be lower than theoretically expected
[11]. By coincidence, site-directed mutagenesis ex-
periments involving the same region were being
done by the Edinburgh group to study intersubunit
contacts and allosteric control of pyruvate kinase.
It was decided to re-examine the DNA sequence in
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this region, and eventually to re-determine the en-
tire sequence.

2. EXPERIMENTAL

The plasmid pAYE4(34) (fig.1), which corresponds to the S.
cerevisiae PYK1 gene cloned into the multicopy vector pJDB207
{12], was generously provided by R. Cafferkey, A. Goddey and
B. Carter formerly of G.D. Searle. Suitable restriction frag-
ments were subcloned into phage M13 for sequence determi-
nation by the dideoxy method. The oligonucleotides used by the
Glasgow group were synthesised by V. Math, A.J.P. Brown and
J.R. Coggins (Departments of Biochemistry and Genetics,
University of Glasgow); those used by the Edinburgh group
were from Oswel DNA Service, University of Edinburgh.

Site-directed mutagenesis was done by the Glasgow group in
an attempt to replace the contiguous string of five non-preferred
codons in PYK! in the proposed ‘pause region’ [10] with the
synonymous preferred codons. The procedures of Winter et al.
[13] were used. Following mutagenesis, phages were screened by
plaque hydridisation with the 3?P-end labelled mutagenic
oligonucleotide as a probe. Filters were serially washed at in-
creasing temperatures, and autoradiographed between each
wash [14]. The expected Ty, value for the wild-type PYK]! se-
quence was 37°C, whereas that for the mutant was 74°C. In
fact, the plaques displayed a range of 7y, values intermediate
between these two extremes. Several putative mutant phages
were sequenced with the use of a 14-mer primer of the sequence
5'-TGTACTCCAAAGCC-3’ which hybridises 16 nucleotides
upstream from the ‘pause region’. To our surprise the sequences
neither contained the published wild-type nor the expected
modified sequences. Instead, all contained three extra C-
residues interspersed with the wild-type ‘pause’ sequence (fig.2).
Sequencing of the original plasmid pAYE4(34) in this region
established that the sequence differences did not arise during the
multiple subcloning steps during the mutagenesis experiments.
The Edinburgh group independently confirmed the presence of
the extra C-residues with a different sequencing primer.

3. RESULTS AND DISCUSSION

3.1. Nucleotide sequence of PYK1 gene

The strategy used to sequence the PYK/ gene is
summarised in fig.1. A contiguous stretch of 1791
bases was sequenced which includes an open
reading frame of 1500 bases encoding the enzyme
pyruvate kinase (fig.2). The sequence is identical to
the previously published sequence [8] except for
three extra C-residues located between codons 379
and 386. These sequence changes have the conse-
quence that the five non-preferred codons are con-
verted to six preferred codons.

Both the Glasgow and Edinburgh groups found
that the results of DNA sequencing reactions in this
region were unusually difficult to interpret (fig.3).
This was true with the use of different primers and
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Fig.1. The yeast/E. coli shuttle plasmid pAYE4(34) with a 7 kbp
insert encoding the yeast PYK! gene. The two EcoRlI restriction
fragments covering the entire PYK] coding sequence were
subcloned individually into pAT153 and subsequently into
M13mpl19 in two orientations to allow sequencing of both
strands. In addition, the Bg/l1/EcoRI fragment containing the
sequence differences was cloned into M13mp18 and M13mp19
to allow for detailed analysis of the region. The contig diagram
illustrates the sequencing strategy. Universal sequencing primers
were used, as well as oligonucleotides synthesised for use in the
mutagenesis studies. The shaded region shows where the three
extra ‘C’-residues are located. This region of the DNA has been
sequenced extensively on both strands using either the Klenow
fragment of DNA polymerase or Sequenase.

with different DNA polymerases. It seems likely
that these residues were missed with the sequencing
conditions used by Burke et al. [8]. An additional
and different line of evidence in support of this
suggestion comes from the fact that the revised se-
quence is more similar to pyruvate kinase se-
quences from other organisms (fig.4).

- 3.2. Translational pauses specified by non-

preferred codons
It is clear from these results that pyruvate kinase
no longer provides strong indirect evidence to sup-
port a possible link between the rate of mRNA
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AATGTCTAGATTAGAAAGATTGACCTCATTAAARCH T TGT TGCTGGTTCTRAC T TGAGAARGAARCC TCCATCAT TGGTACCATCBETCCAAARGACCARCAACCCAGAAACCTTGGTTGCTTT

1 10 20
M S KR L E K L T S L NV V AG S DLRRT S I 1T G T 1 6F K T NNUPETLV AL -

GAGAAAGGCTBGETTTGARCAT TGTCCHETATGAACT YCTC TCACGHT TCTTACRARTACLACARG TCTETCAT TGACARCGCCAGARAGTCLGARGAAT TGTACCCAGGTAGACCATTEEC
a0 S &0 70
R K A G L N T V R MNTF S H B S Y E Y HK SV I DNARIKSTETETLYPGRPL A -

CATTGCT YT TGBACACCAAGGETCCAGAAATCAGAAL TG TACCACCACCAALGATGT THAC TACCCAATECCACCARACCACGARATBATC T TCACCACCGA TBACAAGTACGC TARGEL
80 90 100 110
I 4L 00 YT K 6 F E I R TG T T T NDUWVDYF 1 P P NHEMTITFTT DD K Y A K A -

TT5TGACGACAAGATCATETACGT TGACTACAAGAACATCACCAARGGTCATCTCCBCTRGTAGAATCATCTACGT TGATBATBGTGTTTTGTCTTTCCARGTTTTBBAAGTCGT TGACGA
120 130 140 130
C oo K I M Y v D Y K N 1T T K VI S A G R 1 I ¥V DDGV L S F @ VL EV VDD ~

CAAGACTTTGAAGGTCAAGGCTTTGAACGCCAGTAAGARTC TG TTCCCACAAGERTGTCAACT TACCABGTACCEGATBTCGATTTGCCAGC T T TG TC TGAAAAGGACAABGAAGAT T TGAG

160 170 180
K T L K VvV XK A L N A G K I €C S HK GV N L F 6 T DV DL P AL S E K D K E DL R -

ATTCGRTGTCAAGAACGGTETCCACATGGTCTTCBL TTCTTTCATCAGAACCACCAACGATGT T TTGACCATCAGAGAAGTCT TGGG TGAACAAGE TAAGGACGTCAAGATCATTGTCAA
200 210 220 230
F B vV K NG V H MV F A S F I RTANDUVWVL T I REUV L GEOG@GIKDV K I I V K -

GATTGAARACCARCAAGGTGTTAACAACT TCGACGARATCTTGAAGSTCACTGACGGTGT TATASTTEBCCAGAGETEACT TABGTAT TGAAATCCCABCCCCAGAABTCT TABLTGTCCA
240 250 <60 70
I E N Q@ @ G V NNF D E I L K VT DGV MV ARG DL G 1 E 1 P APE VL AV Q@ -

ARAGARATTBATTGCTAAGTCTRACT TGGC TG TAAGCCAGTTATC TGTGCTACCCAAATT TGGAATCCATGACT TRCAACCCAABALCCAACCAGABCTGARGTTTCCBATGTCGGTAA
280 290 300 310
K K L I A K S N L A G K P V I C AT G ML E S M T Y NPRPTRAEUVYV S DUV E N -

CGCTATCYTGGATBGTGCTG&CTGTGTTATGTYGTCTGGTBWCCGCCMGEGTA“CTACCCMTCWGCCGTTACCACTATBGCTMCGCTGTCQTY&TWTOTI;@
320 330 340 350
A 1l L DG A DCV ML S B ETAIK GBS NYF I NAV T T M ATETAWVI AEGQQATA -

. .o
TTACTTGCCAARC TACGATGACATGAGARAC TG TAC TCCARAGBCCAACCTCCACCACCHAARCCGTCGC TGCCTCCGCTBTCAGCTGCTGT TTTCGAARCAARAAGBGCCAAGEBCTATCATTAT
360 370 380 390
¥ L P NY D DMERKNTCGCTWPFPFP X F T ST T ET WV AAS AV AAVF E @K A K aAaT1I I V -
T S L P R -

CTTGTCCACTTCCGETACCACCCCAAGATTHGTTTCCAAGTACAGACCAAACTGTCCAATCATCTTGBT TACCAGATGCLCAABAGCTGCTAGATTCTCTCACT TGTACAGAGBTGTCTT
400 410 420 430
L 8 T 86 T T F KL V S K Y R PNZUTCUP I I LV T RCPRAARTEFSMHLYRG V F -

CCCATTCGT TTTCGAAARRGBAACCTGTCTCTGACTGBACTBGATGATGT TGAAGCCCETATCAAL T TCGGTAT TGAAAAGGC TAAGGAAT TCGGTATCT TGAABAABGE TGACACTTACGT
470

440 450 460
P FVF E K EP V S D WT DDV EAEKTINTFGTIETKT AEKTETFTGTIULKTEKTEGTDTVYV -

TYCCATCCAAGGTTTCAAGGCCHGTGCTEGTCAC TCCARCACTTTGCAAGTCTCTACCGTT TAAARARARAGAATCATGATTGAATGRAGATATTATTTTTTTGAATTATATTTTTTARATT
460 490
s I @ G F K A 6 A G H S N T ¢+ o Vv S T Vv

TTATATARRBACATGEGTTTTTCT T TTCAACTCARATARAGAT TTATAAGTTACTTARATAACATACATTTTATARGGTATTCTATAARARAGATAACTTATGTTATTGTTRAACCTTTTTGT

CTCCAATTRTCHTCATAACGATGAGGTGTTCGRATTTT TRGAARCGASAT TGACATAGAGTCAAAATTTGCTRAATTTGATCCCTCCCATCGCAAGATARTC TTCCCTCAAG

Fig.2. Nucleotide sequence and deduced amino acid sequence of PYKI. The three extra ‘C’-residues found in this study are indicated
by the asterisks, and are discussed in the text.
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Fig.3. The results of dideoxy sequencing reactions with the ’ C° Go' T0
Klenow fragment of DNA polymerase in the region of the se-
quence differences. The three ‘C’-residues not reported in the - -—
orginal sequence data are indicated by the asterisks, and appear -
fainter than other C-residues in the same region. The use of
dITP instead of dGTP had no effect on this observation. Se-
quenase was only effective for sequencing this region when -
7-deaza-dGTP was substituted for dGTP in the reaction mixes. -

. Eal

translation and protein folding in vivo. However, -
this does not mean that the hypothesis is no longer

tenable. The codon usage patterns in several other -
yeast genes reveal significant contiguous strings of ?
non-preferred codons; these include AROI, GAL4

and TRP3 [10] as well as FASI, HIS4 and TRPS5 .
(fig.5). In some genes the strings of non-preferred
codons seem to be preferentially located close to in-
terdomain regions (AROI, FASI), whereas in
others no such correlations exist (GAL4, HIS4,
TRPS5). In the latter cases it is possible that the
strings of non-preferred codons promote intra- -
domain folding, but there is no evidence to support
this. It remains attractive to suggest that putative -
translational pauses within the AROI and FAS! -
genes temporally separate the synthesis, and hence -
the folding, of their multiple structural domains in

vivo. As far as we know there is no direct evidence

yet that either invalidates or supports the hypo-

thesis. The Glasgow group is attempting to provide

such evidence by mutating the string of ten non-

preferred codons in TRP3 [10]. PYK

370 380

* % X

Yeast [8] «e. CTIPIKP|T|S TITE|TSL P

Yeast - this report ... CT KPTSTTETVKA
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Chicken M [7] ... HS VHHRE|P|A DJA|M|A]A

Ccat M1 [1] .+« GS SH|STD|L MIE A[M|A|M|G|S|]VEA S

<
=
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Rat M1 [2] ... ASSQ|STDP|LIE AIM|A|M|G|S|VEARA S

Y
-
F

Rat M2 [2] e LAIPIITSIDPTEA|AJA]VIGAVEASFKC

Rat L & R [3-5] .« AR|PILIS|IRID P TE|[VT|A|I|GAVEARSFIKC

Human L [6] ... AR LSRDPTEVT_I_\JIGAVEAI:LFKC

CIAAR ...

CIARRA ...

Fig.4. Pyruvate kinase amino acid sequences in the region of the yeast sequence differences (indicated by the asterisks). The yeast se-
quences are compared with those from chicken muscle [7], cat skeletal muscle isoenzyme M1 (1}, rat skeletal muscle isoenzyme M1 [2],
rat kidney isoenzyme M2 2], rat liver and erythrocyte isoenzymes L and R [3-5], and human liver isoenzyme L [6]. Residues that are

identical in four or more sequences are boxed.
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Fig.5. The distribution of non-preferred codons in the AROI, FASI, HIS4 and TRP5 genes from S. cerevisiae. The unique codons for

methionine and tryptophan are considered to be neutral in this analysis; they do not stop a string of non-preferred codons, nor con-

tribute to it. The number of consecutive non-preferred codons in a string is plotted against the location of the string within the coding

region. The domain organisation of each coding region is presented above each graph. ARO! (diagram adapted from [10]; sequence

published in [15]). FASI: AC, acetyl transferase; ER, enoyl reductase; DH, dehydratase; MP, malonyl palmityl transferase [16]. HIS4:

A, phosphoribosyl-AMP cycolhydrolase; B, phosphoribosyl-ATP pyrophosphohydrolase; C, histidinol dehydrogenase [17]. TRP5: A
and B, alpha and beta domains of tryptophan synthase [18].
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