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ABSTRACT: The sequence of a 3265 base pair HindIII-EcoRI 
restriction fragment spanning the glt A gene from Escherichia 
coli was determined. Translation in the direction HindIII - 
EcoRI revealed an open reading frame coding for a biosyn- 
thetic product of 427 amino acids, which corresponds to the 
chemically determined protein sequence for E. coli citrate 
synthase. The sequences for initiation and termination of 
transcription as well as ribosome binding are predicted. The 
frequency of codon usage within glt A is consistent with that 
expected for a gene which is strongly expressed. Comparison 

x e  citrate synthase [citrate oxaloacetate-lyase [coenzyme 
A (CoA)' acetylating], EC 4.1.3.71 gene locus is known as 
glt A and is located at 16.2 min on the Escherichia coli linkage 
map (Ashworth et al., 1965). The glt A gene has been located 
on an approximately 3240 base pair HindIII-EcoRI restriction 
fragment (Guest, 1981). This fragment, as well as the Hin- 
dIII-Sal1 fragment, has been subcloned into pBR322 and has 
proved especially useful in amplifying the expression of enzyme 
protein (Duckworth & Bell, 1982; Bloxham et al., 1983b). In 
order to complement the work on protein sequence, we have 
determined the corresponding gene sequence. Experiments 
proving the relationship of the gft A promoter to the translation 
start site have already been presented (Bloxham et al., 1983a). 

Materials and Methods 

Restriction endonucleases, T4 DNA ligase, 
M13mp8, and M13mp9 were obtained from BRL Laboratories 
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of the structure of E. coli with pig heart citrate synthase 
revealed strong sequence conservation of residues in the active 
site. An exception is that E. coli citrate synthase does not 
contain a residue equivalent to Arg-46 in the pig heart se- 
quence. This residue is implicated in binding the S-di- 
phosphate of coenzyme A, and the absence of this feature 
might contribute to diminished affinity for coenzyme A de- 
rivatives and altered regulatory properties of E. coli citrate 
synthase. 

(Cambridge, England). The 15-mer sequence primer and 
dideoxynucleoside triphosphate were purchased from P-L 
Biochemicals (Northampton, England). DNA polymerase I 
(Klenow fragment) was from Boehringer Corp. Ltd. (Lewes, 
England). 

Preparation of Double-Stranded DNA. Construction and 
isolation of a hybrid plasmid containing the citrate synthase 
structural gene and the mapping and isolation of the Hind- 
111-EcoRI fragment containing the structural gene were 
performed as previously described (Bloxham et al., 1983a,b). 
From this fragment, BglII(2)-EcoRI (0.27-kb), BamH1- 
EcoRI (2.53-kb), BamH1-BgfII (2-kb), HindIII-BglII( 1) 
(2.72- kb) , and HindIII-BamH 1 (0.73- kb) fragments were 
generated with double restriction enzyme digests as outlined 
previously (Bloxham et al., 1983a) and cloned in M13mp8 or 
M13mp9 (Messing & Vieira, 1982). 

Restriction Endonuclease Digestion. DNA digestions were 
performed as follows: EcoRI in 100 mM Tris-HC1 (pH 7 .9 ,  
50 mM NaCl, and 10 mM MgCl, at  37 O C ;  AccI, BamH1, 
BglII, HindIII, Sau3A, and TaqI in 6 mM Tris-HC1 (pH 7.5), 
60 mM NaC1, 6 mM MgCl,, and 6 mM 2-mercaptoethanol 

' Abbreviations: CoA, coenzyme A; kb, kilobase; Tris, tris(hydroxy- 
methy1)aminomethane; ATP, adenosine 5'-triphosphate; EDTA, ethyl- 
enediaminetetraacetic acid; NADH, reduced nicotinamide adenine di- 
nucleotide; CoASH, sulfhydryl-containing coenzyme A. 
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FIGURE 1 : Sequence strategy for the E .  coli glt A gene. The numbered lines (left) indicate the following: (1) restriction map of the HindIII-EcoRI 
fragment [the solid bar indicates the predicted length of the primary transcript of the glt A gene; residue 587 corresponds to the predicted 
site for initiation of transcription (Figure 2); the open bar indicates the translated region]; (2) Sau3A restriction map; (3) TaqI restriction 
map; (4) HpaII restriction map. Numbers on restriction sites indicate the position of the first base. Sequences actually determined are indicated 
by the arrowed lines beneath the restriction map. The star indicates that sequences were located in partial digests of T4 DNA ligase polymerized 
fragments. 

a t  37 "C except for TaqI (65 "C). Partial Sau3A digestion 
was performed in the appropriate buffer a t  30 OC for 3 min. 
Partial HpaII digestion was performed in the HpaII buffer 
a t  37 OC for 9 min. 

Polymerization of DNA Fragments. Double-stranded 
HindIII-BglII( 1) and BamH1-BglII( 1) fragments were in- 
dividually polymerized to generate large molecular weight 
fragments. DNA (30-50 pg) in 20 mM Tris-HC1 (pH 8.0) 
containing 10 mM MgSO,, 1.5 mM dithiothreitol, and 2 mM 
ATP was incubated with 1 unit of T, DNA ligase at 4 O C  for 
48 h. Polymerized DNA was isolated by ethanol precipitation 
at -70 OC, and polymerization was confirmed by electropho- 
resis on 0.9% (w/v) agarose gels in 40 mM Tris-acetate buffer 
(pH 8.1) containing 2 mM EDTA on minigels (8 X 6 cm) run 
a t  100 V for 2 h. 

Isolation of Partially Digested Fragments. Polymerized 
HindIII-BglII(1) and BamH1-BglII( 1) fragments were 
partially digested, and DNA precipitated out from ethanol at 
-70 OC. Partially digested DNA was electrophoresed on 0.9% 
agarose gels in 40 mM Tris-acetate buffer (pH 8.1) containing 
2 mM EDTA for 18 h a t  1.5 V cm-I. Bands of DNA greater 
than 300 base pairs were cut out and extracted by the 
freeze-thaw technique described by Bloxham et al. (1983a). 
The resultant DNA was dissolved in 50 p L  of 10 mM Tris- 
HCl, pH 8.0, containing 0.1 m M  EDTA, ready for ligation. 

Construction of SauJA,  HpaII,  and TaqI Restriction 
Fragment Libraries. Fragments from Sau3A digests were 
ligated into BamHl-cleaved M13mp9. Fragments from HpaII 
and TaqI digests were ligated into AccI-cleaved M13mp9. 
Ligation reactions were carried out in 60 mM Tris-HC1 buffer 
(pH 7.5) containing 10 mM MgCl,, 10 mM dithiothreitol, and 
0.05 mM Na2ATP. T4 DNA ligase (0.2 unit) was added and 
the mixture incubated a t  4 "C for 24 h. Competent E. coli 
JM103 cells were prepared as outlined (Bloxham et al., 1983a) 
and were transformed by each ligation reaction mixture. M13 
bacteriophage single-stranded DNA containing inserted 
fragments was isolated according to the procedure of Sanger 

et al. (1980). DNA was sequenced by a dideoxynucleoside 
triphosphate chain termination procedure (Sanger et al., 1977; 
Smith, 1980). Data were analyzed according to a program 
kindly provided by Dr. Roger Staden (Cambridge, England). 

Results and Discussion 
Sequence Strategy. DNA fragments sequenced in this work 

are shown in Figure 1 along with sites for restriction endo- 
nucleases. The relative positions for HindIII, AuaI, BamH1, 
SstI, BglII (sites 1 and 2), and EcoRI were originally placed 
by restriction mapping of plasmids from the E. coli gene bank 
(Guest, 1981; Bloxham et al., 1983b), and the current solution 
confirms their presence. The present sequence revises the 
position for KpnI cleavage, which was incorrect in the original 
map (Guest, 1981). The presence of this single site was 
confirmed by restriction mapping with KpnI. 

Initially, the purified HindIII-EcoRI fragment, the Hin- 
dIII-BamH 1 fragment, the HindIII-BglII( 1) fragment, the 
BglII(2)-EcoRI fragment, and the BamHl-EcoRI fragment 
were ligated into the appropriately cleaved M13mp8 and 
M13mp9 to construct a series of modified phage (M13 glt 
A1-10; Bloxham et al., 1983a). By studying the expression 
of citrate synthase in E. coli strain JM103 infected with these 
phage, we proved that the glt A promoter was on the 5'-side 
of the BamH1 site whereas the initiation of translation was 
on the 3'-side of BamH1 (Bloxham et al., 1983a). Single- 
stranded DNA from each of the new phage was sequenced. 
This gave approximately 45% of the complete sequence but 
revealed very little of the structural gene apart from the am- 
ino-terminal sequence (Bloxham et al., 1983a; Duckworth & 
Bell, 1982). 

To generate additional sequences, we used a "shotgun" 
cloning procedure (Messing et al., 1981). Initially, we se- 
quenced a library of Sau3A restriction fragments from the 
HindIII-EcoRI fragment. This resulted in a series of pre- 
dominantly short sequences since these have the highest fre- 
quency of insertion into the cloning vector (M13mp9). To 
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Table I: Triplet Codon Usage in the glr A Gene 

F UUU 9 S UCU 
F UUC 14 S UCC 
L UUA 0 S UCA 
L UUG 1 S UCG 
L cuu 0 P ccu 
L CUC 4 P ccu 
L CUA 0 P CCA 
L CUG 30 P CCG 
I AUU 15 T ACU 
I AUC 13 T ACC 
I AUA 0 T ACA 
M AUG 19 T ACG 
V GUU 8 A GCU 
V GUC 3 A GCC 
V GUA 1 A GCA 
V GUG 7 A GCG 

7 Y UAU 6 C 
7 Y UAC 10 C 
3 term UAA 1 term 
4 term UAG 0 W 
2 H CAU 5 R 
0 H CAC 10 R 
3 Q CAA 1 R 

14 Q CAG 7 R 
5 N  A A U 6 S  

16 N AAC 11 S 
3 K AAA 18 R 
4 K AAG 5 R 
9 D GAU 15 G 
8 D GAC 12 G 
7 E GAA 22 G 

13 E GAG 4 G 

UGU 4 
UGC 3 
UGA 0 
UGG - 3  
CGU 16 
CGC 8 
CGA 0 
CGG 0 
AGU 1 
AGC 3 
AGA 0 
AGG 0 
GGU 17 
GGC 8 
GGA 2 
GGG 1 

generate overlapping sequences, we modified the approach as 
follows. Essentially, the HindIII-BglII( 1) fragment was 
end-end polymerized by incubation with T4 DNA ligase and 
partially digested with Sau3A. Polymerization is essential 
prior to partial digestion since otherwise the fragments are 
derived predominantly from the 5’- and 3’-terminals. Fol- 
lowing partial digestion, all fragments greater than 300 base 
pairs were isolated and sequenced after cloning. The sequence 
data from this library virtually completed the structure apart 
from two overlaps at 1230-1233 and 1563-1566. These 
overlaps were established by sequencing a library of HpaII 
restriction fragments from the T4 DNA ligase polymerized 
BamHl-BglII( 1) fragment. Additional sequence data were 
also obtained from a TaqI and HpaII digest of the HindIII- 
EcoRI fragment. The final solution shows only a minimal 
overlap of six bases at the BglII(1) site (2726-2731). 

Structure of the glt A Gene. The sequence of 3265 bases 
of the HindIII-EcoRI fragment containing the entire glt A 
gene is shown in Figure 2. The sequence is numbered from 
the putative site of transcription initiation. This is based on 
the location of a strong promoter sequence consisting of a 
T/A-rich region (-93 to -58), a -35 recognition site (-38 to 
-32), and a Pribnow box (-12 to -6) on the 5’-side of the 
BamH1 restriction site (148-153; Bloxham et al., 1983a). 
Translation using the standard genetic code indicates that there 
is only one open reading frame sufficiently large to accom- 
modate E. coli citrate synthase, and this is preceded by a 
repeated strong ribosome binding site (284-298; Bloxham et 
al., 1983a). The translation stop codon is followed by a se- 
quence (1621-1652) that resembles other transcription ter- 
mination structures in E.  coli (Rosenberg & Court, 1979) in 
the possession of a stretch of T residues preceded by a G-C-rich 
region, which could form a hairpin-loop structure. 

On the basis of DNA sequence we predict that E. coli citrate 
synthase is biosynthesized with 427 amino acids (mol wt 
48 069). The protein molecular weight and predicted amino 
acid composition .agree very closely with the most recent ex- 
perimental estimates of these parameters (Duckworth & Bell, 
1982). Furthermore, 377 residues of the protein sequence have 
been determined (underlined in Figure 2). The details of the 
chemical determination of protein sequence will be published 
at a later date. The residues that have been determined show 
agreement with the predicted sequence apart from the fact that 
the initiator codon (Met-1) is lost during biosynthesis. Asp-10 
is present in the enzyme isolated by the Duckworth & Bell 
(1982) procedure rather than Asn-10 predicted by the gene 
sequence. By use of plasmid-encoded enzyme purified at 
Southampton (Bloxham et al., 1983b), the amino terminal was 
redetermined (K.  A. Walsh, Seattle) and found to contain 

Table 11: Prediction of Equivalent Residues in Pig Heart and 
E. coli Citrate Synthase‘ 

equivalent 
residue in residue in 

ligand bound in heart citrate E. coli citrate 
crystal structure synthase synthase 

citrate Arg-329 
Arg-401 
Arg-42 1’ 
His- 23 5 
His-238 
His-274 
His-320 
Asp-315 

CoASH 3’-phosphate Arg- 16 4’ 
CoASH 5’-diphosphate Arg-46 

Arg- 3 24 
Me,Lys-36 8 

Arg-314 
Arg-387 
Arg-407 
His-226 
His-229 
Hip264 
His-305 
A SP-36 2 
Arg- 157 
none 
Lys-309 
LYS-355 01 -356 

‘ Pig heart and E. coli citrate synthase were aligned to give the 
optimum sequence match for all residues. 
ligand binding were identified from the X-ray crystal structure 
(Remington et  al., 1982). 
second subunit in the dimer. 

Residues involved in 

These side chains are donated by the 

asparagine at residue 10, confirming the accuracy of the gene 
sequence prediction. 

Codon Selection. Codon usage in the translated portion of 
the glt A gene (Table I) shows many of the features predicted 
for E. coli genes encoding strongly expressed proteins 
(Grantham et al., 1981; Grosjean & Fiers, 1982). In quartet 
codons (amino acids coded by four triplets) there is a pref- 
erence for a pyrimidine at the third base position with the 
notable exception of CUG, CCG, and GCG. However, both 
CUG (leucine) and CCG (proline) are generally used pref- 
erentially in strongly expressed proteins. A further distinction 
in quartet codons is that U is preferred to C in the third base 
position. This is shown for GUU, CCU, GGU, CGU, and 
GCU but not for UCU and ACU. In contrast, for duet co- 
dons, C is frequently preferred to U in the third position, and 
this is shown for UUC, UAC, CAC, AAC, and AGC in the 
glt A gene. A final feature of high expression in glt A is the 
more frequent use of AAA, CAG, and GAA in duet codons 
where the choice is A or G at the third base position. Features 
of strong expression within the structural gene would be 
consistent with the strong promoter structure proposed for the 
glt A gene (see Figure 2; Bloxham et al., 1983b). Further, 
when glt A was inserted into M13 and used to infect E .  coli 
strain JM103, citrate synthase accounted for nearly 30% of 
the total soluble protein in the bacteria (Bloxham et al., 
1983a), showing that under appropriate conditions it is strongly 
expressed. 

Sequence Homology. The availability of the amino acid 
sequence for both E. coli and pig heart (Bloxham et al., 1982) 
citrate synthase allows comparison of their sequence homology. 
Furthermore, the X-ray crystal structure of heart citrate 
synthase has defined a number of key residues that participate 
in citrate and CoASH binding (Remington et al., 1982). On 
the basis of sequence homology, equivalent residues in the E .  
coli enzyme can be predicted (Table 11). The homologies 
commencing at pig heart citrate synthase residues 3 19 and 372 
have already been identified by Bell et al. (1983), who drew 
attention to the conservation of active site residues. The 
conservation of sequence is well demonstrated in the four 
stretches of the sequence shown in Chart I, all of which contain 
catalytically essential residues in heart citrate synthase 
(marked with an asterisk). 
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5 ' - - A A G C T 1 G C T C G A A A C 1 1 C A G G G G A A G A G A G G ~ 1 G L ; T A ~ C C A G A A G C C A C A G C A G G A 1 G C C C A ~ T G C A A C A A A G G 1 G A T C A C A C C G G  

-581 -571 -561 -55 1 -541 -531 -521 -511 -501 

AAACGCGAlGGAGAAlGGACGClAlCGCCGTGAlGGGGAACC~GAlGGlCTGlAGGlCCAGAlTAACAGGlClllGlllTllCACAlllC 
-491 -481 -471 -461 -451 -441 -431 -421 -411 

T T A T C A T G A A ~ A A C G C C C A C A ~ G C ~ G ~ ~ C ~ ~ A ~ ~ A ~ ~ C C C T G ~ ~ G A C T A C G G G C A C A G A G G ~ ~ A A C ~ ~ ~ C ~ G ~ ~ A C C ~ G G A G A C G ~ C G G G  

-401 -391 -381 -371 -361 -351 -341 -331 -321 

ATTTCCTTCCTCCGGlClGCllGCGGGTCAGCGTCCTlT~lAlAACT~CGC~lCAlGCAAAACAClGCllCCAGAlGCGAAAACGA 
-301 -291 -281 -271 -261 -25 1 -241 -231 -31 1 

~ACGTTACAACGCTGGGTGGClCGGGAllGCAGGGlGllCCGG~GACClGGCGGCAG~AlAGGClGllCACAAAAlCAllACAAllAACC 
-211 -201 -191 -101 - 1  7 1  - 1 b l  -151 -141 -221 

T A C A I  A 1  ACT 1 1 G l  C( iGG11  1 1 A I  C C  I G A A C A G I  G A l  CCAIi l ;  I ( :A ( : l iA  1 AACAA(;A I I I A  I 1 1 A A l  I 1 I I A A l  C A  IC 1 AAT T TGACAA I C  
-131 -121 - 1 1 1  -101 ;91 -81 -71 -61 , -51 

[ f A  r 1 0 i  

A l l C A A C A A A G T I G l l A C A A A C A l l A ~ C A ~ ~ A A A A ~ C A l A l A A l G C t i l A A A A G l l A l G A A ~ T C G G T A l l T C A C C l A A G A l l A A C l l A T G l  
10 20 30 40 - 1 1  I -lt - 4 1 1  -3,' -21 

- j~ rcxo)-ii L t io i i  I ' r ihi ic iw 1 1 ~ ) \  I i i i t i  i t  11m o f  tr i i i5c r i l ' t  1011 

AACAGTGTGGAGlAlTGACCAATTCAITCGGL;ACAGllATlAGIG~~lAGACAAG1TTAAlAAATTCGGAllGCTAAGlACTlGAllCGCC 
50 60 70 8 0  98 1 00 110 120 130 

ATlTAlTCGTCAlCAAlGGATCCTTTACClGCAAGCGCCCAGAGClClGlAC~CAGGllTlCCCCTClllCACAGAGCGGCGAGCCAAAT 
140 150 I 168 178 180 190 200 210 220 

15 1111H I 

M A  
AAAAAACGGGlAAAGCCAGGllGAlGlGCGAAGGCAAATTTAAGllCCGGCAGlCTlACGCAAlAAGGCGClAAGGAGACClTAAAlGCC 

230 240 258 260 270 280 1 290 300 310 
rthozome h l n d i n g  5ite 

D T K A K I I " P P 1 S u r L o v L h ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
TCATACAAAAG~AA~ACTCACCCTCAACGGGGATACAGCTG~TGAACTGGATGTGCTGAAAGGCACGCTGCCTCAAGATGTTATTGATAT 

328 338 348 358 368 378 380 390 400 

R 1 L G I K G V I _ L f O P C I _ 1 _ I L A S C I S I I  I If I D &  
CCGlACTCTCGGTTCAAAAGGlGTGllCACCTTlGACCCAGGCllCACllCAACCGCATCCTGCGAAlClAAAATlAClTTlATTGAlGG 

418 428 430 448 458 460 470 480 498 

D E G I L L H R ~ ~ ~ ~ O ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
TGATGAAGGTAlTTlGCTGCACCGCGGTllCCCGATCGATCA~CIG~CGAC~GAlTCTAACTACClGGAAGlllGTlACATCCTGClGAA 

5 8 8  518 52A 530 540 558 560 578 580 

598 b 8 8  b18 b20 b38 b48 658 668 b78 

H A F R R D S H P M A V M C G I  T G A L A A F Y H E L ' D "  
c CTT GTT TTC CFT CFCGXC TTG CTT EA ATG GFAGTC ATG TTT GFT ATT ATC GGCGTG CTG GCG GCG TTC TTT c A CG A c T CG c T GG A T G T 

680 698 7 0 8  718 7?8 738 748 75 8 760 

N N P R H R E I A A F R L L S K M P T M A A M C Y K Y L L L  
T A A c AAT c c T c G T CA c c G T GAA AT' GCC GCG TTC CGC CTG CTG TTG AAA ATG CCG ACC AEG E? GFG ATG TTT TTC AZ TTT T c c A T T G G 

778 788 798 888 81 8 028 830 84 8 e5 e, 

Q P F V Y P R N D L S Y A G N F L N M M F S T P C E P L L V  

868 878 00 0 0 9 8  980 918 92 0 930 940 
TCTGCTATTTGTT T ~ C C ~ G C ~ C A ~ C G ~ T C ~ C T ~ C T ~ C G ~ C G ~ T A ~ C T ~ C C ~ G A ~ T A ~ G A ~ G  TTCTFCAFGCTG TFCGTACFGTATGAAGT 

1 ' I ' ~ R A M D R I ' L ' " h ~ " ~ Q L ~ ~ ~ ~ ~ ~ ~ ~ ~  
TAATCCGATTCTGGAACGlGClATGGACCGlATlClGAlCClGCACGCTGACCAlGAACAGAACGCClCTACClCCACCGlGCGlACCGC 

956 968 978 988 990 1888 1010 1820 1038 

G S S G A L P F A C  I A A G  I A S L W G P A H L L A N E L L  
T GZC TFT TFGGFT GTG A AC CFG T ~ T  GFC TTT ATCGTAGTAGFT AFT GCT TTA CTG TGG GGA CTT GTG CACG G CGC T GFT ATCCTAG CGG c 

1848 1050 1068 1078 1 888 1898 1100 1110 1120 
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L K M ~ ~ ~ I S S V K ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ S F R ~ ~  
GCTGA~AATGCTGG~AGAAA~CA~CT~CG~TA~ACACATTCC,GGAATTTTTTCGTCGTGCGAAAGACAAAAATGATTCTTTCCGCCTGAT 

1138 1140 1158 1160 1170 1180 1190 1200 1210 

1228 1238 1240 1250 1260 1270 1280 1290 1300 

K D D ~ L E V A M E L E ~ I A L N D ~ Y F I E K K ~ ~ ~ ~ V  

1310 1320 1330 1340 1358 1360 1370 1380 1390 
GATGG~~T GTCC T G C T ~ G ~ A G ~ G G ~ T A ~ G G ~ G C ~ G G ~ A A A C A T C ~ G A ~ C G ~ C C C G  TTCTTTATCG~GATGATACTG T A C C C G A A C G ~  

D F Y S G I  1 L K A M G I P I S M F T V I F A M ” e ~ ~ ~ ~  
CGTT T ~ C  TTC TTTG~ZT A~CA~CCTGA~AG~GATGG~T ATTCCG T C T  TFCATGT T CACCG T C A T  T T TCGCAATGGCACGTACCGT TGGCTG 

1400 1410 1428 1438 1440 1450 1460 1470 1480 

1490 1500 1510 1520 1530 1540 1550 1568 1578 

1 1  riiiiii.11 i t , i i  t r . i n + <  r i p t  i ~ m  
l o L x R n  - 

AAGCGATATCAAGCGTTAATGGlTCGATTGClAAGTTGTAAAlAl~lTAACCCGCCGTTCAlATGGCGGGCTTGAlTTlTA~A~GC~~AA 
1580 1590 1600 1610 1620 1 b30 1640 1 b50 1 bb0 

A C A C A A A A A A C T T G T A A A A A l A A A A l C C A T T A A C A G A C C T A T A l A ~ A T A T l l A A A A A G A A T A G A A C A G C T C A A A T T A T C A G C A A C C C A A T  
1670 1680 1690 1708 1718 1728 1730 1740 1758 

A C T T T G A A T T A A A A A C T T C A T G G T A G T C G C A T T l T A T A A C C C l A T G A A A A r G A C ~ T C T A T C A T A T C C C C C C T A T A T T T A T C A T C A T A C A A  
1760 1770 1780 1790 1 880 1810 1820 1830 1840 

C A A T T C A T G A T A C C A A T A A T T T A G T T T T G C A A T T T A A T A A A A C T A A C A A T A T T T T T T A A G ~ A A A A C T A A A A A C T A G C A A T A A T C A A A T A C  
1858 1860 1878 1008 1098 19k38 1910 1920 1930 

G A T A T T C T G G C G T A G C T A T A C C C C T A T T C T A T A T C C l T A A A G G A C T C T G T l A l G T l T A A A G G A C A A A A A A C A T T G G C C G C A C T G G C C G T A  
1948 1950 1960 1970 198R 1 99R 2000 2010 2020 

T C T C T G C T G T T C A C T G C A C C T G T l T A T G C T ~ C T G A T G A A G G T T C T ~ G C G A A A l T C A C T T T A A G G G ~ G A G G T T A T T G A A G C A C C T T G T G A A  
2030 2040 2050 2060 2070 2000 2090 2100 2110 

A T T C A T C C A G A A G A T A T T G A T A ~ A A A C A T A G A T C T T G G A C A A C T C A C G A C A A C C C A T A T A A A C C G G G A G C A T C A T A G C A A T A A A G T G G C C  
2120 2130 2140 2150 2160 21 70 2180 2190 2200 

G T C G A C A T T C G C T T G A T C A A C T G T G A T C T G C C T G C T T ~ T G A C A A C G G T A G ~ ~ G A A T G C C G G T A T C C A A A G T T T G G C G T A A C C T T C G A T A G  
2210 2220 2230 2240 2250 2260 2270 2280 2290 

C A C G G C T A A G A C A A C T G G T G C T A C G C C T T T G T T G A G C A A C A C C A G T G C A G G C G A A G C A A C T G G G G T C G G T G T A C G A C T G A T G G A C A A A A A  
2308 2310 2320 2330 2340 2350 2360 2370 2380 

T G A C G G T A A C A T C G T A T T A G G T T C A G C C G C G C C A G A T C T T G A C C T G G A T G C A A G C T C A T C A G A A C A G A C G C T G A A C T T T T T C G C C T G G A T  
2390 2400 2410 2420 2430 2440 2450 2460 2470 

G G A A C A A A T T G A T A A T G C A G T C G A T G T C A C C G C A G G T G A A G T A A C C G C T A A C G ~ A A C C T A C G T G C T G G A T T A T A A A T A A G T A T T A T T T T G  
2480 2490 2500 2510 2520 25 30 2540 2550 2560 

C G G C A T C A T C G C C G C C T T T C A T A A A A T A T l l A l ~ A ~ G T A T ~ ~ A C A ~ C G l G A A ~ A l l T A T C ~ A C T C T C T T T T ~ T A T ~ C T G C C T G G T C A ~ G G  
2570 2580 2598 2680 2618 2620 2630 2640 2650 

C G A T G C C T T G C G C A A T G G C G G T C G A A l T C - - 3  
2668 2670 2b00 

FIGURE 2: Sequence of the anti sense strand of the glt A gene and the predicted protein sequence of E.  coli citrate synthase. The gene sequence 
is numbered from the predicted site for initiation of transcription (Bloxham et al., 1983a) and indicates potential regulatory sites based on 
strong sequence homology. The predicted protein sequence was obtained by using the standard genetic code. The protein is numbered from 
the first residue (Ala-1) after the initiator methionine. Residues that are underlined have been identified by chemical sequencing of the protein 
product. The single letter amino acid code is as follows: A, alanine; C, cysteine; D, aspartate; E, glutamate; F, phenylalanine; G, glycine; 
H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine; N,  asparagine; P, proline, Q. glutamine; R, arginine; S, serine; T, threonine; 
V, valine; W, tryptophan; Y, tyrosine. 
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Chdr t  I 
232 * * 
2 2 2  

h e a r t  L T I H S D H E  

E . c o l i  L I L H A D H E 

2 7 1  * 
2 6 1  

h e a r t  G P L H G L A N Q  

E . c o l i  G P A H G G A N E 

3 1 5  * * * 
300 

h e a r t  V P G Y G H A V L R K T D P R Y T  

E . c o l i  L M G F G H R V Y K N Y D P R A T 

37 1 * 
358 

h e a r t  W P N V D A H S G V L L  

E . c o l i  Y P N V D F Y S G I I L 

The crystal structure of heart citrate synthase (Remington et 
al., 1982) predicts that Asp-375, His-274, and His-320 are 
the most likely residues to participate in bond-forming and 
-cleavage events during catalysis. Clearly, sequence conser- 
vation (Le., Asp-362, His-264, and His-305 in E. coli citrate 
synthase) in these regions is very striking and emphasizes the 
importance of these residues. 

The crystal structure of citrate synthase showed that the 
adenine of CoA was bound by a series of hydrogen bonds from 
the peptidyl backbone of the main chain (residues 314-320) 
that wrapped around the adenine ring in an edge-on manner. 
Such a structure, which does not rely on side-chain interac- 
tions, might constitute a primitive binding site (Remington 
et al., 1982). Interestingly, there is reasonable homology in 
this region between the two proteins (315-320 in pig heart; 
300-305 in E.  coli), indicating that the side chains may well 
be important in establishing this loop structure although 
participation of the side chains in bonding is not required. 

Although the preceding discussion emphasizes areas of 
similarity between eukaryotic and prokaryotic citrate synthase, 
there are critical differences between the two proteins. Thus, 
the eukaryotic enzyme exists as a dimer (Singh et al., 1970; 
Srere, 1975) whereas the E. coli enzyme exists in multiple 
oligomeric forms. In the presence of 0.1 M KC1, the hexamer 
appears to be the most stable and catalytically active form 
(Tong & Duckworth, 1975). Furthermore, whereas eukaryotic 
enzymes are inhibited by ATP (competitive with acetyl-coA) 
(Hathaway & Atkinson, 1965), the enzyme from E.  coli is 
only weakly inhibited by this nucleotide (Weitzman, 1966; 
Jangaard et al., 1968). Rather, the E. coli enzyme (Weitzman 
& Danson, 1976) is inhibited by NADH (competitive with 
acetyl-coA) and a-ketoglutarate (competitive with oxalo- 
acetate). 

Comparing sequence homology between E. coli and pig 
heart citrate synthase using DIAGON plots (Staden, 1982) 
reveals that the least statistically significant structural cor- 
relation can be identified in the amino-terminal region (res- 
idues 1-100). Homology within this region appears to be 
fortuitous. This situation can be contrasted with sequence 
studies on chicken and pig heart citrate synthase, which show 
excellent homology in the amino-terminal region (Beeckmans 
& Kanarek, 1983). It may be suggested that structural 
variations in the amino-terminal region may be responsible 
for differences between the prokaryotic and eukaryotic en- 
zymes. As an example, Arg-46 is one of the groups capable 
of forming an ionic interaction with the 5’-diphosphate of CoA 
in heart citrate synthase (Remington et al., 1982), and there 
is no equivalent homologous residue in the linear sequence of 
the E .  coli protein. This suggests that, if the loss of this ionic 
interaction is significant, then the E.  coli enzyme should bind 
CoA derivatives less strongly than the heart enzyme. This is 

consistent with K, measurements of acetyl-coA which are 4-6 
pM for heart (Johansson & Pettersson, 1974; Beeckmans & 
Kanarek, 1983) and 50-400 pM for E.  coli (Jangaard et al., 
1968; Faloona & Srere, 1969) citrate synthase, respectively. 
The variation in K,  of acetyl-coA for the E.  coli enzyme 
reflects the f&t that this value is very sensitive to ionic 
strength. 

Conclusion 

The current work provides a complete description of the glt 
A gene from E. coli, which allows identification of a number 
of sequences that might control expression. Furthermore, the 
complete amino acid sequence of the protein can be predicted, 
and this corroborates experiments on the chemical determi- 
nation of the protein structure. The strong homology in 
predicted active site aspartate, histidine, and arginine residues 
between E. coli and pig heart sequences emphasizes the fun- 
damental nature of the catalytic mechanism predicted by the 
crystallographic study of heart citrate synthase. Comparison 
of the two sequences reveals critical differences in residues that 
bind the 5’-diphosphate of CoA, which could be the basis for 
the difference in sensitivity of the two enzymes to inhibition 
by ATP. 
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Articles 

Effects of Deletions near Escherichia coli rrnB Promoter P2 on Inhibition of 
in Vitro Transcription by Guanosine Tetraphosphate? 

Robert E. Kingston* 

ABSTRACT: The regulatory nucleotide guanosine tetra- 
phosphate (ppGpp) inhibits in vitro transcription from the rrnB 
P2 promoter. In order to locate the sequences responsible for 
this inhibition, plasmids have been constructed that contain 
deletions that extend to various points near the rrnB P2 ini- 
tiation site. Guanosine tetraphosphate has little or no effect 
on transcription of certain of the altered promoters. The loss 
of ability of a P2 promoter to be inhibited by ppGpp correlates 
with changes around the transcription initiation site, suggesting 

w h e n  growing Escherichia coli aTe deprived of an amino 
acid or otherwise blocked in the aminoacylation of tRNA, they 
undergo what has been termed a stringent response [Stent & 
Brenner, 1961; reviewed by Gallant & Lazzarini (1976)l. The 
level of expression of numerous operons changes substantially 
[review by Nierlich (1978) and Gallant (1979)l; in particular, 
the rate of ribosomal RNA synthesis decreases 10-20-fold. 
Genetic and physiological studies, as well as in vitro tran- 
scription studies, have implicated the nucleotide guanosine 
tetraphosphate (ppGpp)’ in these changes (Nierlich, 1978; 
Gallant, 1979; Travers, 1976a,b; van Ooyen et al., 1976; 
Travers & Baralle, 1976; Debenham & Travers, 1977; Oostra 
et al., 1977; Travers et al., 1978; Hamming et al., 1979, 1980). 
ppGpp specifically inhibits transcription from each of the 
tandem promoters (PI, P2) found in rRNA operons in vitro, 
though it has no effect on transcription from several phage 
promoters (Hamming et al., 1979, 1980; Kingston et al., 
1981a,b). These results suggest that there are specific areas 
in promoters involved in the stringent response that render 
them sensitive to ppGpp. After comparison of the known 
sequences of promoters involved in the stringent response, 
Travers proposed that a specific sequence near the transcription 
initiation site determines sensitivity to ppGpp (Travers, 1980a). 
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that these sequences are involved in the interactions that de- 
termine sensitivity of a promoter to ppGpp in vitro. RNA 
polymerase that initiates at rrnB promoter PI has been shown 
to pause in the region of P2 in vitro. The effects of the deletions 
on these pause sites have been determined. The results strongly 
support the hypothesis that RNA polymerase at P2 can cause 
RNA polymerase that has initiated at promoter P,  to pause 
for a substantial length of time. 

A tRNATyr promoter altered in this region has been reported 
to show a changed response to ppGpp (Travers, 1980b). Here 
the sequences in the rrnB P2 promoter that determine its 
sensitivity to ppGpp in vitro are defined. 

The region around the initiation site of promoter P2 is of 
interest not only because of its possible involvement in de- 
termining sensitivity to ppGpp but also because this region 
apparently determines three sites where RNA polymerase 
pauses during elongation from promoter PI in vitro (Kingston 
& Chamberlin, 1981). These pause sites could potentially play 
a role in regulating rRNA expression by limiting the maximal 
rate of transcription of rrn operons (“turnstile attenuation”; 
Kingston & Chamberlin, 1981; Kingston et al., 1981b). 
Plasmids have been constructed containing deletions extending 
into the initiation site of promoter P, (J. Brosius, unpublished 
results). The effects of these deletions both on the ability of 
ppGpp to inhibit transcription from P2 and on the pausing of 
RNA polymerase in this region are reported here. 

Experimental Procedures 

Materials. Plasmids were constructed by and were the 
gracious gift of Dr. Jiirgen Brosius (Columbia University). 
DNA templates containing P2 deletions were prepared for 
transcription by digesting crude plasmid DNA with the ap- 
propriate restriction enzyme (pKK34-121, PstI; pKK35- 120 
and derivatives, BamHI), separating the linearized plasmid 
DNA from chromosomal DNA and RNA on an agarose gel, 
and isolating the plasmid DNA by the method of Vogelstein 

’ Abbreviations: ppGpp, guanosine tetraphosphate; EDTA, ethyl- 
enediaminetetraacetic acid. 
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