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The amino acid sequence of the enzyme S5-enolpyruvylshikimate 3-phosphate synthase (EPSP synthase)

from Escherichia coli has been determined using a combined strategy involving amino acid and nucleotide

sequencing techniques. The complete polypeptide chain consists of 427 amino acids and has a calculated
M; of 46 112.

S-Enolpyruvylshikimate 3-phosphate synthase
aroA gene Escherichia coli

1. INTRODUCTION

The mechanism of the shikimate pathway en-
zyme EPSP synthase (EC 2.5.1.19, alternative
name 3-phosphoshikimate 1-carboxyvinyltransfer-
ase) is being actively studied in a number of labora-
tories [1-3]. Much of the current interest follows
the discovery that glyphosate (N-phosphonome-
thylglycine, ‘Roundup’), a successful, broad-
spectrum, post emergence herbicide, acts by in-
hibiting this enzyme [2,4—8]. Until recently, de-
tailed mechanistic studies of EPSP synthase have
been hindered by a lack of adequate quantities of
purified enzyme.

This situation has now been remedied by the
development of a simple purification procedure
which gives homogeneous preparations of both the
Escherichia coli [9] and pea seedling [10] enzymes
and by the application of this procedure to the
purification of the E. coli enzyme from an over-
producing strain [11]. The availability of milligram
quantities of pure EPSP synthase and of the cion-
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ed gene (aroA) [11] have now allowed us to
establish its complete amino acid sequence.

2. MATERIALS AND METHODS

2.1. Reagents

Restriction enzymes were purchased from
Bethesda Research Laboratories (Cambridge). All
the reagents for M13 cloning and sequencing were
purchased in the form of kits from Amersham plc
(Amersham). [o-*’S)dATPaS was also obtained
from Amersham plc. Bacteriological reagents were
from Difco (Detroit). 2 X TY medium contained
16 g bactotryptone, 10 g yeast extract and 5 g
NaCl per litre.

2.2. Purification of EPSP synthase
EPSP synthase was purified from E. coli strain
AB2829/pKD501 as in [11].

2.3. Automatic amino acid sequence deter-
mination

This was carried out as in [12] using a Beckman
Model 890 liquid phase sequencer. The phenylthio-
hydantoin samples were analysed by chromatogra-
phy on a Waters Resolve C;; reverse phase column
with a pH 5.0 acetate—acetonitrile buffer system as
in [13]. Amino acid analysis after back hydrolysis
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with HI was used to confirm any doubtful residues
(14].

2.4. Amino acid analysis

Samples of performic acid-oxidised EPSP syn-
thase [15] were hydrolysed and analysed on an
LKB Model 4400 amino acid analyser as in [16].

2.5. Preparation of DNA for sequence analysis
The Clal—-Pvull insert in pKD506 was isolated
by restriction endonuclease digestion followed by
electrophoresis in low-melting-point agarose [17].
This was then digested (without further purifica-
tion) with the enzymes Tagl and Hpall. Elec-
trophoresis on 2% agarose revealed that the frag-
ment had been broken down into at least 6 Tagl
and 9 Hpall fragments. An aliquot of each diges-
tion mix containing approximately 100 ng of
fragments was purified by phenol and chloroform
extraction and ethanol precipitation. After
recovery the fragments were ligated to Accl-
cleaved M13mp8 [18] and transformed into E. coli
strain JM101 [14]. A 0.8 kb Hincll-Pvull frag-
ment of pKD506 was isolated in a similar way from
a low-melting-point-agarose gel, ligated to Smal
cleaved M13mp8 and transformed into JMI101.
After overnight incubation, clear M13 plaques
were picked and grown at 37°C in 1.5 ml of fresh
2 x TY medium containing 0.1 mi/10 ml of an
overnight culture of JM101 for 5 h. Single strand
recombinant M13 DNA was purified as in [19].

2.6. DNA sequencing

The Sanger di-deoxy chain termination method
was used [20]. The conditions for annealing and
the sequencing reactions were carried out as
described in the Amersham M13 Cloning and Se-
quencing Handbook [19]. [¢-*’S]dATPaS was
used as label. Electrophoresis was on 6% poly-
acrylamide gels (20 x 40 x 0.04 cm); both linear
and buffer gradient gels were used [19]. Gels were
dried on Whatman 3MM paper using a Bio-Rad
Model 1125 gel dryer before overnight autoradio-
graphy.

3. RESULTS AND DISCUSSION

The aroA gene has been previously located on a
4.6 kb Pstl fragment subcloned from the A-
transducing phage A-pserC [11]. Further subclon-
ing of A-pserC has narrowed down the location of
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the aroA gene to a 1.9 kb Clal-Pvull fragment
(K. Duncan and J.R. Coggins, unpublished). This
fragment has been cloned into pBR322 [21] and the
resulting recombinant plasmid (pKD3506) is able to
transform the aroA~ E. coli strain AB2829 so that
it will grow on minimal medium [11]. The sequenc-
ing work was done on this Clal—Pvull fragment.

The first step in our sequencing strategy was to
establish the amino terminal sequence of EPSP
synthase using the liquid phase sequencer. The
resulting sequence is shown in fig.1. The identifica-
tion of the first 12 amino acid residues was unam-
biguous. Residue 13 could not be identified direct-
ly as the phenylthiohydantoin. However, back
hydrolysis with HI followed by amino acid analysis
showed that aspartic acid was the most abundant
amino acid present. The sequence then continued
unambiguously as far as residue 25 which could
not be identified. Residue 33 gave alanine and
valine in ratio 2: 1 and was tentatively identified as
alanine. Residues 39 and 42 could not be identified

Met - Glu - Ser -~ Leu - Thr - Leu - Gln - Pro - Ile - Ala -

11 20

Arg - Val - (=) - Gly - Thr - Ile - Asn - Leu - Pro - Gly -
(Asp)

21 30

Ser - Lys - Ser - Val - (-} - Asn - His - Ala - Leu - leu -

31 40

Leu - Ala - Ala - Leu - Ala - His - Gly - val - (-) - val -
{Val)

41 44

Leu - (-) - Asn - Leu -

Fig.1. The N-terminal amino acid sequence of E. coli
EPSP synthase. The sequence was determined on a
liquid phase sequencer as described in section 2. The
initial amount of protein sequencing was 19 nmol and
the repetitive yield from residue 1-44, by least square
regression analysis, was 93% (correlation coefficient
0.95). Residues 11, 27 and 36 were identified only after
back hydrolysis with HI followed by amino acid
analysis. The gaps and the aspartic acid and valine
detected at positions 13 and 33 are discussed in the text.
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but the sequence could then be followed up to
residue Leu-44. The open reading frame encoding
the aroA gene could now be identified by com-
parison of this N-terminal amino acid sequence
with sequences downstream of methionine codons
in the DNA sequence.

The overall strategy for the nucleotide sequence
analysis is shown in fig.2. Tagl and Hpall clones
were sequenced and the sequences entered as
separate files on a Digital PDP11-34 computer.
The sequences were linked up using Staden’s pro-
grammes [22] until both strands of the DNA were
complete and all the restriction sites used in the
cloning had been overlapped (see fig.2). The open
reading frame was found to run past the Pvull site
used to construct pKD506 (fig.2). In order to se-
quence beyond this site, a Haell fragment of
pKD3502 [11] was isolated. This DNA fragment ex-
tends from position 1228 in fig.3 to the Haelll site
at position 3757 in the sequence of pBR322 [21].
The fragment was cloned into Smal-cleaved
M13mp8 and the sequence of both stands
determined.

The complete nucleotide sequence of the aroA4
gene together with the deduced amino acid se-
quence for EPSP synthase is shown in fig.3. In the
N-terminal region there is exact agreement between
the experimentally determined amino acid se-
quence and the amino acid sequence deduced from
the DNA sequence. The predicted amino acid se-
quence corresponds to a 427 amino acid polypep-
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Fig.2. Overall strategy for the sequence analysis of the
aroA gene. The sequence corresponding to the coding
region is indicated by the box; the solid part of the box
corresponds to the N-terminal amino acid sequence.
Only the positions of the relevant restriction sites are
indicated; the nucleotide numbers correspond to those
given in fig.3. The horizontal arrows indicate the
direction and extent of sequence determination.
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tide chain of calculated M, 46112. This is in good
agreement with the subunit M; value of 49000
determined by SDS-polyacrylamide gel elec-
trophoresis [9] and with the native M, of 42000
determined by gel permeation chromatography on
a TSK G2000SW column [11]. A comparison of
the experimentally determined amino acid com-
position with the amino acid composition
predicted from the nucleotide sequence is shown in
table 1. The overall agreement is very good. Thus
the protein chemical results are entirely consistent
with the predicted amino acid sequence and there
can be no doubt that the sequenced gene is aroA.

Now that the complete amino acid sequence of
EPSP synthase is known it will be possible to use

Table 1

The amino acid composition of E. coli EPSP synthase
compared with the amino acid composition deduced for
EPSP synthase from the E. coli aroA gene sequence

Amino acid Relative amino Theoretical amino

acid composition  acid composition
based on predicted from

Leu = 48 residues the DNA sequence

Asp 41.9 44

Thr? 31.1 34

Ser® 19.7 21

Glu 38.8 34

Pro 18.1 18

Gly 42.8 37

Ala 44.1 46

CysP 4.9 6

Val 21.7 24

Met© 13.6 14

Ile 24.2 26

Leu 48.0 48

Tyr 13.1 13

Phe 13.2 13

His 8.1 8

Lys 17.0 17

Arg 17.2 22

Trp nd 2

* Experimental values were extrapolated to zero time
Y Determined as cysteic acid
¢ Determined as methionine sulphone

Samples were analysed in duplicate after hydrolysis of
performic acid oxidised-protein with 6 M HCl at 105°C
for 24, 48, 72 and 96 h. The 8 experimental values were
simply averaged except where indicated in the footnotes

61



Volume 170, number 1 FEBS LETTERS May 1984

MET  OlU  SER  LEU THR  LEU  GLN PRO  ILE  ALA ARG VAL ASP  GLY THR  ILE_ ASN_ LEU  PRO  GLY
ATGLBAATCCCTGACGITACAACCCATCGCTCGBTGTILGATGBBGCACTATTAATCTGCCECGOT
{1] 10 20 30 40 50 80

SER LYS THR VAt SER ASN ARG ALa LEU LEU LEU ALA ALA LEU ALA HIS GLY +¥Ys THR vat
Iﬁcaasaccutvrcraaccscacrrrarrccru GLCACACBOCAAAACAGT A
21 70 - 20 00 110 120

-3
el
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3}

D
-
e
>

LEU THR ASN LEY LEY ASF SER (1 ASF VAL ARG Hls MET LEUY ASN ALA LEU THR ALA LEU
ITAACCAATCIGCECTGOATAGCGBATGALGIBEGLEEATATIGCTGAATBECATTAACAGCDT T A
{41] 130 140 150 140 170 i8%

GLY VAL SER TYR THR  LEU  SER  ALA  ASF ARG THR ARG CYS  GLu ILE LE GLY ASN 8Ly GLY
COEBTAABCTATACGCTTICAGCLGAICGTYTALGBCGT T B AARATTATLGGYAACGGLEET
st} 190 200 210 230 240

PRO  LEU HIS ALA  GLU GLY ALA LEU 6GLU  LEU PHE LEU GLY ASN ALA GLY THR ALA HET ARG
CCATTACACEBCAGARBGETOGCCCTEGASTTIGTTCLICG6GTAACGECCGBGEAACGGBCAATGCGT
{81} 250 260 220 Py 290 300

PRE LEU ALA  ALA  ALA  LEU £Ys LEU  GLY SER ASR ASF ILE vaL. LEUY THR GLY GLU  PRO ARG
CCBCTBGECEECABETCTTIGETICTGEGG6TAGCAATGBATATTIGTGCTGACCEGBTGAGRECGCG T
[101) 310 320 330 340 350 340

MEY  LYS GLu ARG FRO ILE GLY HIS  LEU VAl ASF ALA  LEU ARG LEU GLY GLY ALA  LYS nE
ATGARAGAACGCCCHATTIBGETLOATCY GTEGRITHLLCECTECECCTEEOECLEBBCOAAGBATTCT
{121} 379 380 390 400 410 420

I3

THR  TYR LEU GLU  GLN  GLU  ASN  TYR FRO  PRO LEU ARG LEU GLN  GLY GLY FHE THR  GLY  GLY
ACTTACCTBGAACAAGAAAATTATCOGCLEGTI GCGTTTACAGBGBGCGOCETTTACTEOCOGC
{ras] 430 440 450 450 470 480

ASR VAL ASP VAl ASF GLY SER VAL SER SER GLN PHE  LEU THR ALA  LEY  LEU  KET THR ALA
ﬁéCGYTGACGTTGATGGL'ICCGIXTLC&GCCAA!TCCTCQCCGCACTGTTARIGACYBCG
{1} 450 500 510 520 530 540

PRO . LEU  ALA PRD  GLU  ASP  THR WAL ILE ARG ILE  LYS GLY ASP  LEU VAL SER LYS PRD TYR
CCTILEYTGCOCCOEAMNBATACGETIGAT ICEIATTARAAGGEBCOBATCTGOTTICTARACCTTAT
e 550 560 570 580 570 600

ILE  ASP  ILE  THR  LEU  ASM  LEU O MET  LYS  THK  PHE  GLY AL  GhU  ILE  GLU  ABN  GLN KIS TYR
ATCOGACATCACACTLCARTCTGATOAAGACGT TTIGGTGTTOAAAT TOAAAMTCAGELACTAT
[201} 610 620 430 640 450 660

BLM  GLN PHE VAL VAL LYS GLY GLY GLN SER TYR BLN SER FRO oLY THR TYR  LEU VAL BLU
LAACAATTTEBTICG6TAARAGSLCOG6CALGTCTTATCAGYICTCOG608GIACTTATTTERTICGAR

221} 870 580 870 700 710 720,
GLY  ASE_ ALA  BER  SER  ALA SER  TYR  PHE  LEU  ALA  ALA  ALA  ALA  ILE  LYS GLY GLY THR VAL

LGECGATBCATLTITEGGETTILCT IAETTICTILO6LAGCAGCAGCAATCAANAGGLEGGCACTOT A
[201) 730 740 750 760 770 780

LYS  vaL THR  BLY ILE GLY ARG ASN SER HET GLN GLY ASF ILE ARG PHE ALA ASP VAL LEU
AAARGTBACCBGTATTIGGEACGETAACAGTATGLCAGOBGTGATATTCBCTTTIGECTITGATGETIGE TS
* a3 T 840

GLYU  LYS HET Gt.Y ALA THR ILE cys TRF GL.Y ASF ASF TYR e SER cYs THR ARG GLY 8Ly
GAAhAA“YGGHCGCGQCCA1TTGCIGGGDL()AIG“TYaTﬁT"TCCTGCACGCBYﬂaB'(GA*
8 $00

LEU  ASN  ALA  ILE  ASP  MET  ASF  MET  ASN  MIS ILE  PRO  ASP  ALA  ALA HMET THR ILE  ALA  TNR
CTBAACOGCTATTGATATGBOATATBAACCATATTLCTGATBCGGCGATGACLATTIOECACE
) 710 920 930 940 930 760

ALA  ALA LEU PHE ALA  LYS BLY THR THk ARG LEY ARG ASN ne TYR ASN TRP ARG VAL LYB
BLEGEC BT TATTITIOLAARAAAGOGLCACCALCLCAGGETOCOGLABTATCTATARCISBEGTOTTARR
P8 0 1010 1020

GLU ~ THR = ASP ARG LEU PHE  ALA  WET  ALA  THK  GLU LEU ARG  LYS VAL GLY ALA GLU VAL OBLU
GAGACCGATCGCCTGETTTGLBATGOLUAALAGAALIBGLCOTAAAGTCOGCGCOBGAAGBTOOAR
(341} 1030 1040 1050 1060 1070 1080

By BLY Kis ASF TYR ILE ARG Itg ThE FRU  FRG BLU LYS  LEU ASN FHE ALA oLy ILE ALR
GAGBGOGOELARCEAT TACATTILGTIATCALTICCICCLOLAARAACT BAACT ITBLCLEOAMGATESBC S
1381} 1090 1100 1110 1120 1130 1340

THR  TYR  ASN  ASP  HIS ARG MET  ALA  MEY  CVS  FHE  SER  LEU VAL ALA LEU SER ASP THR PRO
ACATACAATGATCACCGBATBELEECGATIGTGETITTCIEGCTGO6 I 66C6TTGTCAGATACACCA
[381] 1150 1160 1170 1180 1190 00

vaL THR I¥E  LEY ASP PR LYS cYs THR ALA LYS THR PHE PRG  asp TYR PHE GLU OGLN  LEU
SITEAEBATTCTTY CCCAAATGLECALGOELAAAALCATT ICLGOBATTATTITLGA
{401} 1250 3220 1230 1240 1250

2]
k4
-
-]
2]
»
-]
iz
-
o

ALA ARG ILE SER GLN ALA ALA 5x
GCGBGLOBGBATTABLCCAGGBCAGCCTTTGA
fa21} 1270 1280
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Fig.3. The complete nucleotide sequence of the E. coli aroA gene and the corresponding amino acid sequence of E.
coli EPSP synthase. Nucleotides are numbered in the 5’ to 3’ direction beginning with the first residue of the ATG
triplet encoding the N-terminal methionine. The bracketed numbers refer to the amino acid positions in the sequence.

a combination of protein chemical and genetic
techniques to locate the active site and learn more
about the enzyme’s mechanism and in particular
how it is inhibited by glyphosate [2—5]. In this
respect it is of interest to note that mutant bacterial
strains [7,8] and a mutant plant cell line [7] have
been reported to be resistant to glyphosate. In one
case this resistance was claimed to be due to a
modification of the enzyme that diminished its af-
finity for glyphosate but did not significantly ef-
fect its catalytic properties [8]. If this can be con-
firmed then it may be possible to engineer strains
of crop plants that are glyphosate-resistant by the
insertion and expression of a modified EPSP syn-
thase gene coding for a glyphosate-insensitive form
of the enzyme.
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