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synthase beta subunit

S. Levy* and A. Danchin®

Unite de Réguiation de 'Expression Génétique, Institut
Pasteur, 28 rue du DOr Roux, 75724 Paris, Cedex 15,
France.

Summary

The cysK gene of Escherichia coli K-12 encoding
O-acetylserine sulphydrylase A, was cloned and its
nucleotide sequence, together with that of the flanking
regions, was determined. The deduced amino acid
sequence of the carboxy-terminal moiety of O-acetyl-
serine sulphydrylase A shows significant similarity to
the amino acid sequence of tryptophan synthase beta
chain from several organisms. This sequence simi-
larity is likely to reflect the structural homologies of
substrates shared by both enzymes. This may indicate
that these proteins, although catalysing different
reactions in different metabolic pathways, have
evolved from a common ancestral gene.

introduction

Molecular evolution of metabolic pathways is a central
issue regarding molecular aspects of the origin of fife. Two
major working hypotheses have been proposed in this
respect. As early as 1945, Horowitz realized that bio-
synthetic pathways could have been progressively built
backwards from the final metabolite of the pathway.
Following a differant approach, Y&as {(1974) and Jensen
(1976}, in view of the substrate ambiguity exhibited by
contemporary enzymes, suggested as an alternative
hypothesis that primitive enzymes possessed a very
broad specificity permitting utilization of a wide variety of
structurally related substrates. This latter hypothesis has
been substantiated by the recent discovery of aming acid
sequence similarity between enzymes catalysing con-
secutive steps in the isoleucine biosynthetic pathway
{Parsat, 1986), as well as between two enzymes catalysing
consecutive steps in the methionine biosynthetic pathway
(Belfaiza et al., 1986).

Received 7 June, 1988; revised 14 July, 1988. *Present address: Labora-
toire de Génétique, Institut de Biotechnologie, Cantre de Recherche de
Vitry, 13 Quai Jules Guesde, 84400 Vitry, France. TFor correspondence.

The cysteine biosynthetic pathway has been less
thoroughly studied than the methionine pathway and so
tar only one nucleotide sequence of a gene from the
cysteine regulon, cysE, has been published (Denk and
Bock, 1987). The cysK gene cloned by Boronat et af.
{(1984) maps at min. 52 on £. coff genome. This gene, the
sequence of which is presented here, encodes O-acetyl-
serine sulphydrylase A, an enzyme which catalyses the
synthesis of cysteine from O-acetylserine. It reveals,
unexpectedly, that the O-acetylserine sulphydrylase A
amino acid seguence is significantly similar to the amino
acid sequence of the beta subunit of tryptophan synthase.
The sequence similarity detected correlates well with
similarities in the catalytic process of the two enzymes,
despite the fact that they catalyse the last step of two
different biosynthetic pathways.

Results

Nucleotide sequences of the cysK gene

Plasmid pDIA4535, shown in Fig. 1, carries the fig gene,
the ptsH gene and part of the pts/gene. The cysK gene has
been located by Boronat et al. (1984} upstream from ptsH,
with 90% of the gene lying upstream from the Hindlll
restriction site (H,), and has been shown to be transcribed
in the same direction as ptsH.

The nuclectide sequence of the 1.9kb Clal-BamHi (B,)
DNA fragment {Fig. 1) located immediately upstream from
the ptsH gene is displayed in Fig. 2. An open reading
frame, ORF1, located between nuclectides 1 and 588,
having a ‘standard’ codon usage, could correspond to the
3" end of an unknown truncated gene. A second ORF, 977
nucleotides long, was found 178 nucleotides downstream
from ORF1. An ATG codon, located 9bp downstream from
the beginning of this second ORF, is preceded by a
sequence that fits well to a consensus ribosome binding
site (Shine and Dalgarno, 1974). This ORF could encode a
protein of 323 amino acids with a calculated molecular
weight of 34450 Daltons. This is in good agreement with
the value of 34000 Daltons estimated for purified O-
acetylsering sulphydrylase A of Salmonella typhimurium
{Becker et al., 1969). In addition, nuclectide sequencing
analysis indicates that truncating the DNA at the Hindlll
site (H,) would lead to a shorter protein of about 30600
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Fig. 1. Restriction map of plasmid pOIA4535. The
| 11] box represents the vector pBR322 and the line

1 I A [

the bacterial DNA insert. Genes are representad
by boxes placed under the correspanding DNA
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Daltons. Such a truncated protein, fused to 9 amino acids
derived from the pBR322 DNA sequence, has been
observed on an electrophoresis gel by Boronat at af,
{1984); it had lost the O-acetylserine sulphydrylase act-
ivity. A further confirmation that this sequence is indeed
the cysK gene stems from the comparison between the
aminc acid composition of the protein determined by
Boronat et af. {1984) and that deduced from the nucleotide
seqguence (Table 1). It should be noted, howsver, that in
the determination made by these authors the number of
phenylalanine residues {14.4) seems significantly higher
than the number derived from the sequence (8 residues),
but the latter figure fits with the value obtained by Becker
et al. (1989 for the S. typhimurium enzyme (7.2 residues).

Immediately upstream from the gene, a palindromic
sequence {nucleotides 630-651) is likely to mark the end

Tahle 1. Amina acid composition of O-acetyiserine sulphydrylase A

Frotein Protein Predicted
Aming acid E coif? S, typhimuriun® E cofi®
Ala 304 30.8 32
Arg 12.7 13.4 13
Asn + Asp 247 25.5 25
Cys 0.0 [0 1
Gln+ Glu 3ra 375 37
Gly 354 32.6 32
His 31 3.0 3
lle 24.5 241 27
Leu ER I 3.6 32
Lys 229 255 23
tet 4.4 449 6
FPhe 14.4 7.2 8
Pro 15.2 158 15
Ser 221 17.0 19
Val 188 19.2 19
Thr 21.0 24.0 22
Tm N.D. 5.0 2
Tyt 5.6 6.4 5

MN.D.2 not determined. The compasition is given as mal per subunit,
a. Boronat et al {1984}

b. Bockar af al {19649

c. This work.

rep [ ]

segments. The direction of transcription (when
known} 1s indicated by an arrow underncath the
box. The symbol 'rep’ specifies the plasmid
replication region. The kg gene was localized by
analysis of the ability of different subclones ta
complement the thermosensitive ligase defect of
strain GR301. Uncentainty about the exact limits
of the coding region is indicated by the dotted
part of the box. The notch at the end of the box
and the single quote next ta pisf indicate that the
gene is truncated. Restriction enzymes sites are
as follows: B, BamH By, Bglll; C, Cial k,
EcoRb H, Hindlil, P, Pstl; 5, 3ail.

of a preceding transcript. Ancther palindrornic sequence,
immediately downstream (nuclectides 1770-1797), might
act as a terminator. These features suggest that cysk
might be expressed as a monacistronic operon.

Similarity between the cysK gene product and the beta
subunit of lryptophan synthase

The amino acid sequence deduced from the cysK nucleo-
tide sequence was compared with G467 protein
sequences present in the PSeqlP data bark using the
FASTP program {(Lipman and Pearson, 1985). A very
significant similarity was detected between the second
half of the £. colf O-acetylserine sulphydrylase A and the
second half of the beta subunit of tryptophan synthase
from £. cofi, 8. typhimurium and Baciffus subtifis. This
similarity encompasses 157 amino acid residues. It is
rernarkable that, in this region, the extent of similarity
between heterologous enzymes from homolagous
organisms is similar to the one observed between homoic-
gous enzymes from heterologous organisms.,

Figure 3 displays the alignment of homologous
segments of £. colf O-acetylserine sulphydrylase A, £. coli
tryptophan synthase beta chain (Crawford et af., 1980) and
B. subtilis tryptophan synthase beta-cham sequences
{Henner et af, 1984). in the alignment with the £ co¥
enzyme, 6 gaps have been introduced. Qut of the
remaining 148 positions compared, 37 are occupied by
identical residues (25%) and 39 by conservative replace-
ments (as defined in the legend of Fig. 3). This gives a total
score of 51% similarity. In the alignment with the B. subtifis
enzyme, 7 gaps have been introduced. Qut of the
remaining 149 positions compared, 39 are occupied by
identical residues {26%) and 31 by conservative replace-
ments, resulting in a score of 47% similarity. The most-
conserved regions in this alignment are also highly con-
served between the beta chains of tryptophan synthase in
E. coli, Pseudomonas aeruginosa, B. subtifis and Saccha-
romyges cergvisiae (Hadero and Crawford, 1986},
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Fig. 3. Comparisn of the carboxy-terminal aming
2 acid sequences of the beta chain of tryptophan
2 synthase from £ coti (ECTRPB), 8. subtis

4 PMMQTEDGQIE[ESYSISAGLDF § 5VGPLHAYLNS[ZGRADY] [VSITLDEAL £ AFfR[le
VInEPIT DS ETA A EE X PaPR K TG I GARGRE ZPAN:. DRIV DR V[T G T TH Kk A 2 [F]aRRUM
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(BSTRPB) and E. caff O-acetylsaring
sulphydrylase A (ECCYSK). Single-letter
abbrewviations are used and gaps have been
intreduced to permit optimal pairwise alignment.
Pasitions having identical residues are

EEEGILAGIEssEav ARALKLS HeEsF NEHIVY
EKEGILFAIESAHALAKAFKU: 5

Tt P S{E6 £ AELsT]

CILSGRGDKDVNT

ﬁacn PAL.ESSHALAHALKHMREN?DKEQL; vy

N L._éGRGDKDi(?T

QLILY

The pyridoxal phosphate binding site

O-acetylserine sulphydrylase A is a pyridoxal phosphate
{PLP) enzyme. Itis known that PLP is covalently bound to a
lysine residue. A window of 28 aming acids was centred on
every lysine residue present in the cysK sequence and
compared with known PLP binding sites {Tanase et al.,
1979; Parsot et al., 1987). As a result, lysine 137 can be
proposed as the PLP binding site present in O-acetylser-
ine sulphydrylase A. As shown in Fig. 4, the lysine 137
region exhibits significant similarity with the cognate PLP
binding site of E. coli metB and metC gene products.
Morecver, a weaker similarity can be detected between
this same sequence and the PLP binding sites from
enzymes involved in serine and threonine dehydration, as
well as tryptophan synthase (Parsot et al., 1987).

Discussion

Understanding the molecular origin of metabolic path-
ways IS a major challenge for the near future. Because of
the large number of known DNA sequences, the deduced
primary structure of many proteins involved in inter-
mediary metabolism has become available. As a first step,
it seems possible to evaluate the hypotheses of Horowitz

ecpsnpaA (104 LiYk[Kps Hilp[1segr [l
ECTREPE 1731 [MyulglR/EDL U k| rw
BSTHREC (4% LHVKTEUE K| DR:
ECCYSK (1231 |asjolkaEETY

ECMETC (194 AL.DFGID\-’[EI K| vy uv
KOCMETE (84 [PLaLlgGapLyy K] |Y LIk

‘\‘H

L¥]

Kl [YLILLOQESNP

GlH
GlH

emphasized and boxed, those having
conservative residuas are boxed. Conservative
aming acid substitutions were determined
according ta the following groupings: |-L-V-M;
R-K-H; A-3-T-P-G: Y-F-W. N-Q-D-E. Numbers
between brackets indicate the tocation of each
first aming acid of the fragment in the complete
saquence.

{1945), as well as the hypotheses of Y¢as (1974) and
Jensen (1976), who proposed that poorly specific primitive
enzymes could have evolved towards greater specificity.
In £ cofi, for instance, hiosynthesis of homocysteine from
homoserine (catalysed consecutively by the metB and
metC gene products) is strikingly similar to the biosynthe-
sis of cysteine from O-acetylserine (catalysed by the cysk
gene product). In 5. cerevisiae, a single enzyme (coded by
the MET25 gene) catalyses both reactions. Parsot et af,
(1887} predicted, accordingly, that the ¢ysK gene product
would have a common descent with metB, metC and
METZ25 gene products. Analysis of the deduced amino
acid sequence of the cysK gene shows, however, that this
is not the case. Rather, O-acetylserine sulphydrylase A is
similar to the beta subunit of tryptophan synthase. The
similarity applies only to the second half of the sequence,
thus suggesting madular enzyme evolution. The observa-
tion presented here suggests that tryptophan and eysteine
biosynthetic pathways are more closely related than was
previously thought. It seems remarkable that these two
amino acids, which share sister codons, are both highly
sensitive towards oxygen. This suggests that their
metabolism might have criginated at a time when oxygen
was absent from the earth’s atmosphere, Thus one might
speculate that both amino acids were constituents of very
early proteins.

Fig. 4. Comparisan of the PLP hinding site regian
from n-serine dehydratase trom E. coll (ECDSDA),
tryptophan synthase from £ col (beta chain)
[ECTRPBY}. threonine synthase from B. subtis
{BSTHRC). cystathionine-g-lyase from E. cali
{ECMETC) and cystathioning-vy-synthase trom £
calf (ECMETE), with the lysine 137 region from
Oracetylsering sulphydrylase A of £, cofi
{ECCYSK). Corresponding references can be
found in Parsat et al. (1886). Same comments as
in Fig. 3. When two classes of three amino acids
appear simultaneously amang the six sequences,
one class is boxed while the other one is
undertined.



Reactions catalysed by E.coli tryptophan

Reaction

[ Indole-3-glycerolphosphate + L-sering —»
L-tryptophan + D-glyceraldehyde 3-phosphate + H,O

2 Indole + L-serine —» L-try'ptoph.an +H,O
H COOH

N HC - NH
2
[ cH [.] s
e ~CH, - CH-COOH

3 [-Mercaptoethanol + L-serine —>
S-hydroxyethyl-L-cysteine + H;O

4 CH,SH + L-serine — SCH,-L-cysteine + H,O

5.H,S + L-serine — — L-cystemne + H,O

6 _Indazole + L-serine —— (-1 indazole-L-alanine

CODH
I
H COOH H(I;.MH2
i Hb nrz CH,
1

R ey
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synthase and its subunits.

catalysed by

a3,
Ba, 5B,

B, aB,

B
O‘QBQ
O‘zﬁz

Reactions eatalysed by E.coli OB-acetylserine sulfhydrylase A.

a . 1,5+ O-acetyl-L-sering ——s L-cysteine + acetate + H;O

b . Triazole + Q-aretyl-L-serine —> Triazole-L-alanine + acetate + H,0

£00H cood
] -
N HC-NH, HE -NH;

i s s
” Oy
N

Analysis of the biochemical properties of the two
enzymes indicates that their carboxy-terminal region
could bind common substrates. (-acetylserine sul-
ohydrylase A is a homodimer catalysing the biosynthesis
of cysteine from O-acetylserine and sulphide {reaction a,
Fig. 5). The activity of this enzyme depends on a PLP
cofactor. Tryptophan synthase is a heterodimer catalysing
in vive reaction 1 of Fig. 5. Moreover, different combin-
ations of the »- and [ subunits can calalyse, in witro, a
series of other PLP-dependent reactions; some of these
are illustrated in Fig. 5. Thus the dimer B, can use
substrates other than indole, such as B-mercaptoethanol
{reaction 3) {Miles et al., 1968) and CH;SH (reaction 4)

Fig. 5. Reactions catalysed by E colf tryptophan
synthase and O-acetylserine sulphydrylase.

{Kumegai and Miles, 1971), in1 vitro. In this respect it must
be pointed out that Goldberg and Baldwin (1967) have
shown that the «.-p; complex was able to produce
cysteine from serine and sulphide {reaction 5). A some-
what symmetrical reaction, i.e. synthesis of tryptophan
from indole and O-acetylserine by O-acetylserine sulphy-
drylase A, has not yet been described. This enzyme,
however, can use triazole {reaction b} (Kredich et al., 1375}
as a substrate. Triazole is a compound closely related to
indazole which can be used by tryptophan synthase
{reaction 6} (Tanaka et al., 1986). On the basis of these
comparisons, it can be proposed that O-acetylserine
sulphydrylase A and the beta subunit of tryptophan
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synthase could bind both indole and sulphide. The
residues in the tryptophan synthase beta subunit which
have been identified as interacting with serine belong to
the amino-terminal part of the sequence (Miles, 1979). No
residues interacting with indole have yet been identified.
Sequence similarities reported above suggest that the
indole- or sulphide binding region in both enzymes could
be carboxy-terminal.

Finally, another region in the O-acetylserine sulphydry-
lase A amino acid sequence exhibits a further set of
similarities with enzymes involved in biosynthetic path-
ways. The seguence shown to represent a PLP binding
site could be aligned with both of the homgologous sites
present in sering, threonine and tryptophan biosynthetic
or degradation enzymes, as well as to the methioning PLP
sites. The cysK gene product might thergtfore represent a
link between these metabolic pathways. Thus it can be
proposed that pyridoxal phosphate, bound at a site
present in a broad range of primitive enzymes, might have
evolved towards different specificities in catalysing
reactions involving serine, thregnine, tryptophan, cysteine
and methicnine.

After submission of this article, a paper dealing with the
nucleotidic sequence of E. cofi cysK gene and the
identification of the promoter region was published {Byrne
et al., 1988). Comparing the two nuclectidic seguences,
we found four differences in the region from nuclectide
1320 to 1335. This leads to the following differences in
O-acetylserine sulphydrylase A sequence: we find amino
acids Leu, Ser and Arg, respectively, in positions 182, 186
and 187 instead of Trp, Thr and Pro in their sequence. This
may be accounted for by allelic variation in the cysK locus
of E. coli. Furthermore, Byrne et al. have mapped the major
transcription initiation site for cysK gene at nuclectide 744.
They proposed a promoter region with a —10 region
TATGCT) located between nucleotides 731 and 736 and a
—35 region {TTCCGC) located between nucleotides 709
and 714. This —35 region clearly deviates from the
CONSENSUS region.

Experimental procedures

Bacterial strains and growth media

£. colf K12 strain GR01 (fig-251 retA bgiB7 thi spoT1) (Dermody
et at, 1979) was used for cloning experiments and to select
plasmids able to complement the kg mutation. Strain 71-18
tAlac-proAB thi supE (F proAS fact lacZ AMI5S)) {Yanish-Perron et
al., 1985) was used as a recipent for M13 derivatives. Strain
TP2111(F . xylilvA aroB lac AX74 argH1) (Roy et af., 1983) was
used as the source of chromasarmal DNA. Growth media were
according to Miller (1972) and were supplemented with ampicillin
{100 pg ml ') when appropriata.

DNA cloning and sequencing

DNA preparation, DNA restriction and fragment separation on
agarose gels by electrophoresis, ligation and bacterial trans-
formation wera performed according to the methods described in
Maniatis et 2f. (1982). Cloning of an EcoR| DNA fragment, isolated
from strain TP2111 chromosome, carrying the fig gene into
plasmid pBR322 was performed by complementing a strain
expressing a temperature-sensitive DNA ligase (GR501). The
restriction map of the resulting plasmid. pDIA4535. is presented
in Fig. 2. Comparison of this map with the map of the chromo-
somal DNA fragment of plasmid pDIA3206, carrying the entire pts
operon (De Reuse et al., 1884), showed that plasmid pDIA4535
also carries the ptsH gene and part of the pts! gene. Nuclectide
sequences were determined using the dideoxynucleotide chain
termination procedure (Sanger et af., 1977) on single-stranded
M13 DNA cobtained after cloning of the DNA fragments into
plasmid pTZ18R. Unidirectional deletions on single-stranded
DNA were obtained by following the procedure of Dale et al.
{1985). All the fragments used for sequencing overlapped and the
whole sequence was determined an both strands,

Chemicals

Restriction enzymes. T4 DNA ligase and Klenow fragment of E.
coli DNA polymerase were used as recommended by the
suppliers (Boehringer Mannheim, FRG; Pharmacia, Sweden; or
Amersham. UK} Agarose type |l for gel electrophoresis was from
Litex (Denmark}, ampicillin was from Sigma and other chemicals
were from Merck (Darmstadt, FRG). The alpha-[**S]-dATP was
from Amersham (UK). pTZ18R plasmid vector was purchased
from Fharmacia {(Sweden} and the cyclone deletion kit was from
1BI (LUSA).
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