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The yeast imidazoleglycerolphosphate dehydratase gene HIS3, when introduced into 
Escherichia coli, is transcribed and translated with sufficient fidelity to produce functional 
enzyme. The following lines of evidence indicate that E. coli RNA polymerase recognizes a 
particular region of HIS3 DNA as a promoter sequence. First, this promoter contains 
nucleotide sequences that resemble the canonical prokaryotic promoter elements, the - 10 
and -35 regions. Second, HIS3 transcription in vitro by E. coli RNA polymerase is 
initiated at the predicted site downstream from the conserved sequences. Third, deletion 
mutations that successively encroach upon the 5’ end of the HIS3 gene indicate that t,he 
promoter is necessary and sufficient for expression in E. co&. Fourth, a single base-pair 
change that behaves as an “up-promoter” mutation alters the -35 region such that it 
becomes identical with the consensus sequence. 

Because the - 10 region of this promoter coincides with the TATA promoter element) 
that is necessary for expression in yeast cells, it is possible directly to compare prokaryotic 
and eukaryotic promoter function. Analysis of 51 deletion and substitution mutations 
indicates that the patterns of mutant phenotypes are quite different for each organism. 
Therefore, although prokaryotic - 10 regions are similar in sequence to eukaryotic TATA 
elements and although the same his3 region serves both functions, it appears that this 
represents an evolutionary coincidence whose current functjional basis is minimal. The 
evolutionary significance of the homology between prokaryotic and eukaryotic promoter 
elements is discussed. 

1. Introduction 

Eukaryotic proteins can be synthesized in 
Escherichia coli, usually by converting a eukaryotic 
gene into a bacterial gene. Specifically, eukaryotic 
protein-ending sequences are fused to a prokaryotic 
regulat,ory region that specifies signals for efficient 
transcription and translation in _E’. coli. In many 
cases, the eukaryotic gene product is made as a 
hybrid protein in which the N-terminal amino acid 
residues derive from a bacterial gene. 

(consensus sequence TATAAA; for a review, 
see Breathnach & Chambon, 1981) is frequently 
insufficient for expression of foreign genes in E. coli. 
For example, lack of expression can be due to 
mRNA instability, inefficient translational 
initiation, or protein instability. 

Such genetic engineering is usually necessary. 
Most eukaryotic protein-coding regions are split by 
intervening sequences. These must be removed by 
RNA splicing in order to produce a functional 
message, a feat P. eoli is unable to manage. In 
addition the identity of the genetic code and the 
homology between the prokaryotic -10 region 
(consensus sequence TATAATT; for reviews, see 
Rosenberg & Court, 1979; Hawley & McClure, 1983) 
and the eukaryotic TATA promoter element 

Nevertheless, functional expression of eukaryotic 
DNA in E. coli was initially demonstrated with 
native yeast DNA, specifically a segment encoding 
the imidazoleglycerolphosphate dehydratase gene 
HIS3. When introduced into E. coli, this segment 
permits bacterial mutants that lack the analogous 
bacterial gene (hisB) to grow in the absence of 
histidine (Struhl el al., 1976); furthermore, it directs 
the synthesis of the yeast enzyme (Struhl &, Davis, 
1977). The protein synthesized in E. coli is almost 
certainly identical with that produced in yeast 

t Srquen~ hyphens have been omitt’ed throughout for 
clarity. 
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because (1) the III&3 gene contains no intervening 
sequences and (2) a particular AUG codon is the 
only reasonable candidate for translation initiation 
in either organism (Struhl & Davis, 1981). 

Because this expression was originally observed 
in the absence of any known prokaryotic promoter 
sequence, it was concluded that the segment of 
yeast DNA was responsible for transcriptional 
Initiation (Struhl rt al., 1976). The existence of such 
a promoter was demonstrated by deletion 
mutations that eliminated it (Struhl et al., 1980). 
and crude deletion analysis suggested that it was 
located close to the structural gene (Struhl & 
Davis, 1980). However, precise localization was 
complicated because many of the deletion mutants 
examined conferred HIS3 function as a 
consequence of the promoter at the bacteriophage /z 
at’tachment site (Struhl, 1981a). 

Nevertheless, a probable site for the promoter 
that functions in E. coli can be inferred from the 
IifS DNA sequence (Struhl, 1985; Fig. 1). The 
best fit to a typical E. coli promoter is a 
presumptive - 35 region (TTGGCA located 94 to 99 
nucleotides upstream from protein-coding 
sequences) and a potential - 10 region (TACATT 
located between nucleotides -75 and - 70). 
Although other DNA sequences in the general 
vicinity are more homologous to the canonical - 10 
region, they are not associated with sequences that 
even remotely resemble a classical -35 region. 

Although eukaryotic promoters differ in many 
ways from their prokaryotic counterparts, one 
siiilarity has been mentioned frequently. The 
prokaryotic - 10 and eukaryotic TATA elements 
are homologous in DNA sequence, and both are 
critical for achieving the maximal level of tran- 
scription and for specifying the actual start point 
(Rosenberg & Court,, 1979; Mathis &, Chambon, 
1981; McKnight &, Kingsbury, 1982; Grosveld et al.. 
1981; Struhl, 1982a). In this light. the proposed 
promoter that mediates expression in E. coli is of 
interest) because it#s - 10 region coincides wit,h the 
HIS3 TATA element. Thus, it is possible directly to 
compare prokaryotic and eukaryotic promoter 
function by assessing the phenotypes of his3 
promoter mutants in yeast and in E. coli. In 
addition, this situation permits an unusual method 
for creating eukaryotic promoter mutations. By 
selecting for point mutations that’ cause either 
increased or decreased levels of expression in 
E. coli, alterations of the HIS3 TATA element may 
arise; these could then be analyzed in yeast cells. 

This first part of this paper demonstrates that the 
promoter necessary for HIS3 expression in E. coli is 
indeed determined by the sequences that best fit 
the E. coli consensus. This is accomplished by 
transcription of HIS3 DNA by E. coli RNA 
polymerase in vitro, and by DNA sequence analysis 
of “up-promoter” mutations. The second part of 
this paper compares the phenotypes of numerous 
his3 derivatives for their ability t)o support’ 
expression in yeast and in E. coli. The main 
conclusion is that,, although t’he HIS3 TATA 

element, and - 10 region play important, roles in thv 
relevant host. t,heir coincidence is fort,uitous. 

2. Materials and Methods 

(a) Phenotypie analyses 

The Ihi83 hybrid phages that successively delete HZ93 
5’-flanking sequences were isolated and characterized in 
previous work (Struhl. 19816). These delet,ion mutant.s 
were tested for HIS3 expression in E. coli by the double 
lysogen method (Struhl et al.. 1976. 1980). The phages 
were infected into wild-type i, lysogens of hisR463, a 
strain lacking IGPt dehydratase a&&y. As the 1HIS,3 
phages are defective in int and ntt function. t’hey are 
presumably integrated into the E. CO& genome by 
homologous recombination wit,h the prophage. The 
infected mixtures were plated in glucose minitnal medium 
in the absence of histidine; derivatives capable of HIS3 
expression produce His+ colonies. This met,hod direct]) 
t’ests for the promoter, because all the derivatives rontain 
the intact structural gene, and because all relevant, R 
promoters are repressed (Struhl et al.. 1980). 

Internal deletion and Ml3 substitution mutat,ions of 
the HIS3 promoter region have been described (Struhl, 
1982a,b). All the molecules contain a 6.1 kb hisd DNA 
segment generated by EcoRI and Sal1 cleavage that is 
cloned into the TRp14 vector. The mutant DNSs were 
introduced into t,he hisR463 st,rain by select,ing for 
ampicillin-resistant transformants. The resulting strains 
were tested both for their a.bi1it.y to grow in the absence 
of histidine. and for their ability to grow in the presence 
of 10 mM or 20 mM-aminotriazole. As the yeast HIS3 
gene is not regulated in E. coli as a function of histidine 
starvation (Struhl e! nl.. 1980), such growth t,ests 
constitute a direct assay in ~ivo for the level of HIS3 
expression in iY‘. co&. 

(b) HIS3 transcription in vitro 

Transcription of 1 pg of pUC8-Se2605 (closed circular 
form) was performed in 5.~1 reactions containing 40 mM- 
Tris. HCl (pH 7.9), IO mM-MgCl,, 0.1 mM-dithiothreitol, 
250 pM each ATP. GTP, CTP and UTP. 10 units of 
RNase inhibitor (Promega, Riot,ec), KC1 (at 0. 50 or 
150 mM. depending on the react,ion) and 1 unit of E. coli 
RNA polymerase holoenzyme (Kew England Biolabs). 
pUWSc2605 contains the 6.1 kb li:coRILSaZI HIS3 
fragment (Struhl & Davis, 1980) cloned into the pUC8 
vector of Vieira & Messing (1982). The reactions were 
incubated for 15 min at 37°C and terminated bv the 
addition of 15 ~1 of a hybridization solution containing 
approx. 5 ng of 32P-labeled probed (lo5 cts/min) and 
40 pg of tRNA. such that the final concentrations were 
4O”/b (v/v) formamide, 0.1 M-Tris. HCl (pH 7.5), 0.4 M- 

Pu’aCl, 5 mM-EDTA. The hybridization probe was 
prepared by labeling the 5’-end of t,he relevant 169 base- 
pair HidI segment’ with 32P. and purifying the non- 
coding strand after denaturation with alkali and 
electrophoresis in 5oj, (w/v) polyacrylamide (Struhl 8: 
Davis, 1981). After hybridization for 8 h at 3O”C, the 
products were treated with S1 nuclease and then 
electrophoretically separated in 60,; polyacrylamide gels 
containing 7 M-urea. The lengths of the protected DPU’A 
fragments were determined by comparing the mobilit!, 

t Abbreviations used: IGP, imidazoleglycerol- 
phosphate; kb. lo3 bases or base-pairs. 
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with a series of standards produced by dideoxy 
sequencing reactions (data not shown). 

3. Results 

(a) Sequ.ential deletion analysis 

Previous experiments designed to localize the 
HIS3 sequences that function as a promoter in 
E. coli were difficult to interpret. Many of the 
deletion mutations resulted in the fusion of HI&3 
structural sequences to the bacteriophage ,? 
attachment site. Surprisingly, the core of these 
hybrid attachment sites formed part of a functional 
promoter, thereby making it impossible to 
determine when the promoter had act.ually been 
eliminated (Struhl, 1981~). This problem is 
circumvented by using a different set of deletion 
mutations that successively remove sequences 
upstream from the structural gene. In these 
derivatives. HIS3 sequences are fused to different, 
positions of DNA, all of which are unlikely to 
contain bacteriophage promoters that function 
during conditions of lysogeny (Struhl. 1981b; see 
Fig. 1). 

Fifteen Ahis hybrid phages were introduced into 
the E. coli genome, as described in Materials and 
Methods. All the derivatives that contain at least 
119 base-pairs upstream from the IGP dehydratase 
coding region express HIS3 in E. coli (Table 1). 
This indicates that the promoter is located no more 
t’han 119 base-pairs from the structural gene, a 
region t’hat contains the putative - 10 and -35 
elements mentioned in the Introduction. In 
contrast,, most of the derivatives that contain less 
than 98 base-pairs adjacent to the structural gene 
fail to express the gene. All of these derivatives 
remove the putative -35 region and some of them 
remove the putative - 10 region as well. As 
indicated in Table 1, 8~2782 confers a His+ 
phenotype, even though it presumably deletes the 
putative - 35 element. Possible explanations for 
this exceptional case are a fortuitous -35 element 
located in the flanking DNA or readthrough 
transcription from the flanking sequences. In this 
regard, it should be noted that Se2782 is unusual, in 
that the HIS3 sequences ending at position -86 
are not fused t’o L sequences, but rather to IS1 
sequences (Oett,inger & Struhl, 1985). 

2779 2773 MefSelXGl” 
-50 CTTCGAAGAA TATACTAARA AATGAGCAGG CAAGATAAAC GAAGGCRAAG ATGACAGAGC 

Figure 1. Xucleotide sequence of the HIS3 promoter 
region with respect to deletion end points. The DNA 
sequence of the HI83 coding strand from nucleotides 
-290 to + 10 (with respect to the protein-coding region) 
is shown. Putative - 10 and -35 regions are underlined. 
Approximate HIS3 end points for sequential 5’ deletions 
are shown above the DNA sequence (see Table 1). 

(b) HIS3 transcription in vitro using E. coli 
RATA4 polymerase holoenzyme 

<Judith Jaehning (unpublished results) has shown 
that E. coli RNA polymerase holoenzyme binds 
specifically to the promoter region and initiates 
transcription in vitro. To confirm this observation, 
supercoiled pUC%Sc2605 DNA (containing a 
6.1 kb fragment of HIS3 DNA) was transcribed 
with E. coli RNA polymerase. After the synthesis 
reaction, the products were immediately hybridized 
to single-stranded probe DNA and then t,reated 
wit’h S, nuclease. The hybridization probe was end- 
labeled with 32P at the Hinff site located 48 bases 
from the ACG initiation codon. 

The results of this experiment (Fig. 2) indicate 
that E. coli RNA polymerase initiates t)ranscription 
112f2 bases away from the Hi&I site, which 
corresponds to nucleotide -64 with respect to the 
HIS3 structural gene. By analogy with t,he 
properties of a large number of E. coli promoters, 
this result strongly suggests that the sequence 
TACATT located between nucleotides -75 and 
-70 is recognized as a -10 region by E. coli RNA 
polymerase holoenzyme. From Figure 2, a faint 
band 103 bases in length and two strong bands 162 
and 155 bases in length are also apparent,. The faint 
band corresponds to a a minor transcript initiating 
at nucleotide -55, and it is probably due to a - 10 
element. at nucleotides -68 to -63 (TATAAA) or 
- 70 to -65 (TATATA) and a -35 element at -91 
to -86 (ATCACA) or -93 to -88 (TTATCA). 
These presumptive sequences are less homologous 
to the canonical E. coli promoter elements (Hawley 
&. McClure, 1983) than to the sequences that specify 

Table 1 
Phenotypes of sequential 5’ deletions 

Phage 

SC2778 
Se2765 
SC2784 
He2783 
SC2781 
SC2757 
SC277 1 
SC2786 
sr27.55 
Se2767 
SC2782 
HP2763 
SC2779 
SC2787 
SC-2773 

HIS3 end point 1 end point Phenotype 

-s2+5 0.560 + 
-277+5 0.558 + 
-247&5 0.560 + 
-23225 0.558 + 
-207+5 0.550 + 
-182k3 0.544 + 
-14oi3 0.564 + 
-118f2 0.592 + 

-119 0.566 + 
-9822 0.568 - 

-89 ISZ-0.675 + 
-55+2 0.566 - 

-24k2 0.560 - 

-22+2 
-2oI2 

0~550 - 

0.566 - 

The Ih,is3 deletion phages listed in the left column are derived 
from Lgt9-Sc2601, and the HIS3 and 1 deletion end points have 
been determined (Struhl, 1981b; Oettinger & Struhl, 1985). In 
this paper, the HIS,3 end points are defined with respect to the 
,lI~G initiation codon (see Fig. 1). In most cases, these were 
drtrrmined by S, nuclease mapping and hence are not localized 
to a precise nucleotide. Sc2782 is unusual. in that the E. coli IS1 
element is inserted between the HIS3 and L deletion break 
points. The HIS3 phenotypes were determined and are indicated 
by their ability (+) or inability (-) to grow in the absence of 
histidinr. 
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Figure 2. HIS3 transcription in vitro by E. coli RNA 
pol?merase holoenzymr. Positions corresponding to the 
major HZ&? transcript at ~64 (HISY) and readthrough 
transcripts (RT) are indicated. Transcription react,ions 
were performed as described in Materials and Methods, 
and differ solely by the concentration of KC1 (lane 1, 
0 IrIM: he d. 50 mM: lane 3. 150 mM). 

the major transcript’. The strong 162-base band is 
due to complete protection of the hybridization 
probe from nuclease S,, and is indicative of 
transcripts that initiate further upstream than 
nucleot,ide - 140. Since these experiments in vitro 
are performed in the absence of the rho termination 
factor. it is not clear if these readthrough 
transcript’s are actually synthesized in &JO. The 
strong band that is approximately 155 bases in 
lengt)h appears t’o be produced by artifactual S, 
nuclease digestion of the nine base-pair dA-dT 
homopolymer stretch; hence it probably also 
corresponds to readthrough transcription. 

(c) his3 mutations that increase expression, in 

E. coli 

When integrated into the E. coli chromosome in 
single copy at the bacteriophage a attachment site, 
the HIS3 gene allows E. coli hisB mutants lacking 
TGP dehydratase activity to grow in the absence of 
histidine (Struhl et al., 1976). However, the level of 
expression in such strains is insufficient to allow 
growth in the presence of aminotriazole, a 
competitive inhibitor of yeast IGP dehydratase 

his3 ura3 sup1 1 

P) 

-4;o +l +658 +1295 

R 
Figure 3. Structure of the YRpl4-HIS3 HN’A 

molecules. The top part of the Figure iIlustrat.rs the 
structure of the YRpl4-his3 molecules (drawn to scale 
and depicted in the linear form). The 6.1 kb HIS3 gene 
region is represented as a filled gray bar. The YRpl4 
vector is composed of pBR322 sequences containing the 
ampicillin-resistance gene (amp) and the origin of 
replication (line). the yeast ura3 gene (striped box) and 
the ochre allele of the yeast sup12 gene (black box). 
Restriction endonuc~leasr cleavage sites are indicated as 
follows: I’. P~u11; R, EcoRT: B, RnnzHT: H. HintlTTI; S. 
SrcZI; A, 4caT: other PvuTT and ;1raI &es am not shown. 
Parentheses around the letters indicatchs tllutated 

restriction sites. The 2nd line shows an expanded view of 
the HIS.? region. including t,hr co-ordinates of the 
HamHI sites, the AC!(: initiation codon. and the LJAA 
termination codon. The bottom line indirat,ex t.hr 
structure of t,he hisd int’ernal deletions. Man\- of these 
contain EcwRI linkers at the deletion break po;nts. 

(Struhl et al., 1980). Spontaneously derived mutant,s 
selected for aminotriazole resistance result in 

strains that overproduce yeast, TGP dehydratase 
(Hrennan & Struhl: 1980). These were due to E. coli 
chromosomal mutations, or to alterations of the 
NIS3 gene. which included a deletion, an IS2 
insertion. and a point mutation that destroyed a 
terminator for readthrough transcription (Hrennan 
B Struhl, 1980). 

To enrich for point mutations of the HIS3 
promoter region, eight independently derived, high 
titer stocks of igt4Sc2601 (Struhl et al., 1980) were 
prepared following growth in NK5154, a strain 
containing the mutD mutation described by Degnan 
& Gox (1974). The resulting phage were infected 
into an /i:. coli strain containing the hisB463 
mutat’ion, and aminotriazole-resistant colonies were 
selected. The frequency of aminotriazole-resistant 
cbolonies was three to four orders of magnitude 
higher when compared with phage that were 
passaged on normal strains. The prophages from 
right’ colonies (one from each original phage stock) 
were induced, and the phage arising conferred 
aminotriazole resistance when reinfected into fresh 
hisB463 cells. This proves that the mutations 
causing aminotriazole resistance were carried on t,he 
original infecting phage. 

To determine the DNA sequence changes in these 
eight presumptive up promoter mutations, the 
relevant HamHI-FZindIIT fragments were cloned 
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into mp8 (Vieira & Messing, 1982). Single-stranded 
DNAs from these hybrid phages were prepared and 
annealed to a 17-base oligonucleotide primer that 
corresponds to nucleotides between +3 and + 19 of 
the anti-sense strand. These hybridization mixtures 
were then subjected to the dideoxy sequencing 
method described by Sanger et al. (1980). All eight 
phages contain the same DNA sequence alteration. 
in that the C: residue at position -96 has been 
changed to an A residue. This location coincides 
with the -35 promoter element predicted in the 
previous sections. Moreover, the new sequence. 
TTGACA, is identical with the canonical -35 
sequence for E. coli promoters. 

(d) Expression. of his3 promoter mutants in 
E. coli 

In previous work, I generated two kinds of his3 
derivatives to analyze the TATA promoter element 
in yeast (Struhl, 1982a). In one class, the promoter 
region was divided into upstream and downstream 

“halves” by EcoRI linker insertions, and then 
recreated by pairwise combination: this results in a 
matrix of deletion mutations (Fig. 3). In the other 
type, a 31-base-pair sequence from phage Ml3 
replaced HIS3 sequences deleted in four 
represent,atives of the matrix. The Nl3 sequence 
was inserted in both possible orientations and in 
single or multiple, directly repeated copies (Fig. 4). 
All the molecules used in these experiments 
contained a 6.1 kb EcoRI-Sal1 E1IS3 DKA 
fragment that was cloned into YRpl4 (Struhl, 
1982a,h: Fig. 3). Upon introduction into the 
hisB463 strain, the resulting strains were tested 
both for their ability to grow in the absence of 
histidine, and for their ability to grow in t)he 
presence of 10 mM or 20 mM-aminotriazole. These 
growth tests constitute a direct assay in ,,itjo for the 
level of HIS3 expression in E. colr (Struhl et nl., 
1986: Brennan & Struhl, 1980). 

Strains containing the wild-type tlIS3 derivative 

YR’p14-Sc2605 grow at wild-type rates in the 
absence of histidine. They also grow. although a bit 

Table 2 
Phenotypes of internal deletions 

1)SA fragment Upstream 

End points 

,Junction Downstream 

Phenotypes 

E. coli S. wwriaine 

Wild type 
SC2857 
SC2854 
Sr28.55 
Sr2883 
Sr2889 
Sr2886 
Sc289,5 
SC4882 
SC2888 
SC2885 
Sc2894 
SC2884 
SC2890 
SO288i 
SC2896 
Sr3121 
sc312.5 
Sc3129 
sic3122 
Sc3 I 26 
SC3 130 
sr3101 
Sr3102 
SC3 1 10 
SC3111 
sc.31 12 
SC31 13 
SC3138 
SC.3 159 
SC.3 160 
Se3161 
SC3 165 

+ +* 
Al9 - .5&s GGAATTCC -58 + +* 
A18 - 58 GGAATTCC -47 + +* 
A36 -58 GGAATTCC - 34 ++ +* 
A39 - 106 GGAATTCC - 34 - - 

A40 -13” GGAATTCC - 34 It - 

A41 -139 GGAATTCY - 34 - - 

A42 -146 GGAATTC’C - 34 It - 

A43 - 106 GG A ATTCC -47 It -~ 

A44 -132 GGAATTCC -17 f - 

A45 -139 GGAATTCC -47 + - 

A46 -146 GGAATTU -47 f - 

A38 - I06 GGAATTCt -<58 + - 

A47 -132 GGAATTU - 58 3I - 

A48 -139 GGAATTU’ - 58 F - 

A49 -146 GGAATTCY -.58 + - 

A26 -106 GGAATTCC’ - i8 + +* 
A28 -132 GCAATTCY 7 - 78 ++ + 
A30 - 146 GGAATTCt‘ - 78 + + 
A27 -106 GGAATTU -98 ++ +* 
A29 -132 GG 4 4TTC(” A . -98 ++ + 
A37 -146 GG 4 4TTCC . j -98 ++ + 
A20 -69 - 57 + + 
A21 - 89 - 3’2 i f 
A22 - 76 - Si + + 
82’3 - 
A24 

X3 - .io Ii + 
-67 cc - 58 It + 

A25 - 

A:~; 
-84 TCCC - 58 + 

-132 GGAATTCC - 135 rt +* 
A32 -132 -128 + +* 
A33 -132 - 126 + +* 
A34 -144 -133 + +* 
A35 -16.2 - 127 + + 

The structures of these his3 deletion mutants are shown in Fig. 3 and their DNA sequences have been determined (Struhl, 19%&b). 
The phenotypes produced in E. coli are listed as follows: + + indicates wild-type growth rates in 10 mrv and 20 miv-aminotriazole; + 
indicates growth in 10 rnM but not 20 mM-aminotriazole; *indicates no growth in 10 mllr-aminotriazole and reduced growth rates in the 
absence of this inhibitor; - indicates extremely poor, or no, growth in the absence of histidine. The phenotypes produced in yeast have 
been determined (Struhl, 1982a.b) and are listed as + for growth in the absence of histidine or - for no growth. Derivatives that result 
in induced HIR3 expression under conditions of amino acid starvation are indicated by an asterisk. 
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his3 deletions 
(626, A28, A.38, A47) 

Ml3 
segment 

Multiple 

insertions 

(Directly repeated) 
01 

p-Id-1 

(A) 5'4ATCCGGACGTTGTAAAACGACGGCCAGTG - 3’ 

(B) 5'AATCACTGGCCGTCGTTTTACMCGTCCGG - 3’ 

Figure 4. Structure of the Ml3 substitition mutants. 
The top of the Figure shows the structure of the original 
his.3 deletion mutants as grey bars (wild-type sequence), 
empty space (deleted DNA), and the EcoRJ site. Ligation 
of the EcoRI-cleaved his3 mutant DNA and the 31 base- 
pair Ml3 EcoRI segment (an open box with an arrow 
pointing rightward for orientation .4 and leftward for 
orientation R) produces the structures shown below. 
Many derivatives have multiple tandem insertions. all 
oriented in the same direction. The sequences of the 
coding strands of orientation A and K are shown. and a 
possible -3;5 region is underlined. 

slowly, when 10 mM-aminotriazole is added to the 
medium; but they fail to grow when the drug 
concentration is raised to 20 mM. This aminotriazole 
resistance conferred by YRp14-Sc2605, which is not 
observed with lgt4-Sc2601, is due to the multiple 
copies of the plasmid/cell (Struhl et al., 1980; 
Brennan & Struhl, 1980). The phenotypes conferred 
by 51 mutant derivatives are listed in Tables 2 and 
3. A + entry in the Table indicates that the 
derivative of interest confers the same growth 
properties as the wild-type gene. An entry of + + 
indicates that the strain grows at wild-type rates in 
the presence of 10 mM and 20 mM-aminot’riazole, 
and hence an increased level of HIS3 expression. A 
+ phenotype indicates that the strains fail to grow 
in 10 mM-aminotriazole, although they do grow at’ 
reduced rates in the absence of this inhibitor: this 
corresponds to reduced levels of HIS3 expression in 
comparison with the wild type gene. A listing of - 
means that the strains grow poorly, if at all, in the 
absence of histidine, indicating a severe defect in 
HIS3 expression. 

A number of phenotypic patterns emerge from 
t,his experiment. First. small alterations down- 

stream from the putative - 10 region (AlX. Al9) do 
not affect HIS3 expression, whereas :i il1OfY’ 
extensive delet,ion (A36) that removes sequences 
downstream of -47 (relative to the ATG initiation 
codon) results in increased expression. Second. 
deletion mutants t,hat remove the putative - 10 
region (A21 , A23 and A25) generally reducth HIS.3 
expression. although A22 apears t,o be an exc*eption. 
Third, with the possible except,ion of A45, deletions 
that remove both t,he - 10 and -35 regions (A38 to 
A44 and A47 to A49) reduce HIS.? expression; in 
some cases (A39 and A41). the phenotype is 
especially severe. Fourth, small alterations up- 
stream from the putative -35 region (A31 to A35) 
do not affect the level of IiZS3 expression. Fifth, 
derivatives u-ith a downstream end point at. -98 
(627. A29 and A37) all have increased levrls of 
f;lZS3. whereas those wit,h a downstream end point 
at -78 (A26, A28 and 630) have variable levels 
depending on the fused sequences. Sixt<h, all 11 
derivatives cont,aining the Ml3 segment in 
orientation A show reduced HISS expression, and 
many of these are severely defective. Seventh. somr 
derivat.ives containing the Ml3 segmclnt in 
orientation B (853, A56 and A63) show unusualI\ 
high levels of HIS3 expression. whereas others 
(A58. A60 and A67) confer extremely poor 
expression. 

4. Discussion 

(a) Promoter sequences that mediate HlS3 
eqression in E. coli 

,4s described in t’he Introduction, previous 
genetic experiments indicat,ed that, sequences up- 
stream from the yeast HIS3 structural gene act as a 
promoter ‘for expression in E. coli (Struhl rt al.. 
1976; Struhl & Davis, 1980). Several lines of 
evidence suggest that HIS3 sequences bet,ween co- 
ordinat,es -70 and - 75 and het.ween - 94 and 
-99 act, as - 10 and -35 elements: respectively, to 
constit,ut,e a functional E. coli promoter. First, these 
sequences are similar to the consensus promoter 
sequences, and they are separated by 18 base-pairs. 
a functionally acceptable dist.ancr (Hawley & 
McClure, 1983). The TACATT sequence between 
-70 and -75 represents a four out of six tit, with 
the canonical - 10 element. including the three 
most) conserved nucleotides. The TTGGCA sequence 
between -94 and -99 represents a five out of six 
fit with the canonical -35 element. Second. E. roli 
RNA polymerase initiates transcript,ion at -64. a 
position that, lies the expected distance from the 
- 10 region. Third, a G to A transition muta,tion at 
position -96, which results in a perfect fit to the 
consensus - 35 element, causes increased expression 
of HIS3. 

Phenotypic analysis of the deletion mutants 
generally supports the view that these sequences 
constitute the promoter t.hat is necessary for 
expression in E. c&. Deletions that remove 
sequences upstream or downstream from thtx 
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Table 3 
Phenotypes of M 13 substitiuion *mutations 

End points 
Ml3 

inserts Orientation IS. coli S. cewvisiar 

Wild type + + 
SC3141 A50 -106 -78 1 A - + 
SC3 I-12 A51 - 106 -78 1 13 ++ + 
sc31.io A52 - 106 -78 2 A - + 
Sc31~1 A53 -106 -78 3 u ++ + 
SvJ I ii4 A54 -106 -78 5 A + + 
SC3 139 A55 -106 -58 1 -4 - + 
SC3 140 A56 -106 -58 1 u ++ - 
Sc3lli A57 -106 -58 2 A - + 
SC3162 A58 -106 -58 2 1s - - 
Sc31.48 A59 -106 -.58 3 A - + 
SC3 163 A60 -106 -58 3 13 - - 
SC3 14n A61 - 106 -58 4 A - + 
SC3 I45 A62 -132 -78 1 A lb + 
Sc314ti A63 -132 -78 I IS ++ + 
sv3174 . . A64 -132 -58 2 A * + 
Se3 154 A65 -132 -78 3 A4 k + 
SC,3 113 A6ti -132 -58 1 A k + 
SC3 I44 A67 -132 -58 1 I< * - 
SC3 IX A68 -132 -58 2 A - + 

For each derivative, the original end points and the number and orientation of the Ml3 segment (A 
and I{ as described in Fig. 4) are indicated (Struhl, 1982~~). The phenotypes in yeast and in E. co/i are 
listed as described in Table 2. These derivatives have not been examined for their ability to induce 
/f fS:i expression in yeast cells during amino acid starvation. 

proposed elements do not generally affect levels of 
EIIS3 expression. The only exception. A36, is a 
deletion that should shorten the RNA leader before 
the AUG initiation codon; hence the increased 
WIS3 expression observed in these derivatives may 
be due to more efficient translation. In contrast. 
delet’ions that remove one or bot’h of the elements 
usually result. in reduced expression. Although 
occasional mutations delete part’ of the promoter 
region without, causing detectable effects on fllS3 
expression, the most likely explanation of these 
“aberrant” phenotypes is that the novel joint 
created by the deletion generates a sequence that 
functions as a promoter element. This probably 
explains the variable phenotypes of derivatives 
with a downstream end point at -78. in which 
different DNA sequences are fused to the - 10 
region. The basis for increased expression seen in 
derivatives with a downst,ream end point at -98 is 
obscure. Thus, a.lthough the genetic data presented 
here are insufficient precisely to localize the 
promoter, the overall patterns of HIS3 expression 
strongly support the location inferred from the 
DNA sequence and determined by transcription in 
h”o. 

The phenotvpes of the Ml3 substitution mutants, 
all of which &srupt the promoter region, also fit a 
pattern. In general, insertion of the Ml3 segment in 
orient,ation A does not restore normal levels of 
HIS3 expression. whereas insertion in orientation B 
often results in increased expression. This strongly 
suggests that orientation B of the Ml3 segment 
contains an element that, when fused to 
appropriate sequences, can produce a functional 

E. coli promoter. Although the basis for these 
effects is unclear, the most likely explanation is that 
the B orientation contains several potential -35 
regions, including the sequence TTTACA. a five out 
of six match. 

(b) Comparison of HIS3 expression in E. coli 
and in yeast 

In yeast cells, HIS3 transcription is initiated at 
two distinct sites that map at positions -23 and 
- 12 with respect to the AUG initiation codon 
(Struhl, 1985). However, although HIS3 tran- 
script,ion is initiated from different positions in a 
prokaryotic or eukaryotic host, the results 
presented above and summarized in Figure 5 
indicate that the - 10 element of the E. coli 
promoter is located within t.he region that encodes 
the TATA element necessary for transcription in 
yeast (Ytruhl, 1982a, 1984). This suggests the 
possibility that prokaryotic - 10 regions have 
mechanistic similarities to eukarvotic TATA 
elements, even though the basic initiaiion processes 
are clearly different. As the derivatives tested in 
this paper have been examined for their ability to 
support HIS3 expression in yeast (Struhl, 1981h, 
1982a,b): and as all of them contain the entire HIS3 
structural gene, it is possible directly to compare 
prokaryotic and eukaryotic promoter function 
(Tables 2 and 3). 

The clear result is that the phenotypic patterns 
observed in E. coli are very different from those 
observed in yeast. For many individual mutat~ions, 
t)he level of NI93 expression in one organism does 
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-35 
E CO/f 

pKJ~Ot~~ 

-lo ;“oh RNA ) 

-110 TTTCTTRGCG ATTGGCATTR TCAC?.TRATG MTTATACAT TRTATAAAGT AXTGT;RTTT 

up promoter 
mutation h 

Yeast TATA element 

Figure 5. HIS3 promoter elements for expression in 
E. coli and in yeast. The nucleotide sequence of the HIS3 
coding strand from nucleotides - 110 to + 10 is shown. 
The - 10 and - 35 elements for expression in E. coli as 

well as the site of transcription initiation in uico are 
shown as lines above the nucleotide sequence. The 
location of the yeast TATA region and the eukaryotic 
mRP;A initiation sites in z&o are shown below the 
sequence (Struhl, 1982a, 1984, 1985). The G to A 
transition at position -96 that causes increased 
expression in E. coli is indicated. 

not correlate with the expression level in the other. 
In some of these cases, the relative expression is 
higher in E. coli, whereas in others the relative 
expression is higher in yeast. Perhaps the most 
obvious differences are observed in derivatives 
caontaining the Ml3 segment. In E. coli, HIS3 
expression in mutants with the segment in 
orientation A is poor in comparison with those 
containing orientation B, whereas the situation is 
reversed in yeast. Tn considering small deletions of 
t,he - lO/TATA region, A45 functions very well in 
ti:. coli but, poorly in yeast, whereas 621, A23 and 
A24 fun&ion normally in yeast but poorly in 
li:. coli. In the Ml3 substitutions, orientation A can 
substitute functionally for the yeast HIS3 TATA 
element, whereas orientation B cannot. Tn contrast’, 
orientation A can not substitute for the E. coli - 10 
element, although orientation I-2 appears to 
substitute for the -35 element. Thus, many of the 
phenotypic differences can be ascribed to functional 
differences between the - 10 and TATA elements. 

(c) The use of deletion and substitution mutations 
to study promoter function 

Detailed analysis of eukaryotic genes became 
possible with the advent of recombinant DNA 
technology. One consequence of this is that 
eukaryotic promoters have been defined almost 
exclusively with deletion and substitution 
mutations because these are obtained more easily 
by DNA manipulations. In contrast, prokaryotic 
promoter mutations were isolated primarily by 
classical genetic techniques and hence are due 
typically .to single-base-pair changes, the most 
common lesion in viwo. This means that 
comparisons of prokaryotic and eukaryotic 
promoters are complicated by t,he different 
methodologies used to elucidate their functional 
components. 

4 unique aspect of the work described here is 
that the identical mutants are used to examine a 

prokaryot,ic and a eukaryot,ic promoter. As 
discussed previously (Struhl. 19816, 1982a~,h, 1984: 
see Tables 2 and 3), it is apparent. tha.t the 
phenotypir patterns observed in yeast’ (~11s are 
ctxtremelv consistent, thereby facilitating the 
localization of t,he important elements. In csontrast 1 
the phenot’ypic patterns in E. coli are much less 
well defined. In the absence of ot,her information. 
the genetic data in this paper would lead to a crude 
localizat8ion of t’he promoter region. but they would 
he insufficient to define the promoter elements. 

As the clear difference in the interpretability of 
t>he results can not he explained by the 
methodology, it must reflect a basic differencbe in 
the mechanism of transcription. The deletion and 
substitution mutations described here cause 
relatively large rearrangement.s of the local DNA 
sequence. and hence are crude genetic tools. Thus. 
the observation that t,he phenotypes in yeast. can be 
arranged into a consistent, pattern strongly suggests 
that t’he yeast promoter is modular. in that it 
consists of separable elements whose precise spacing 
relationshp is unimportant. Consequentl)-, it 
suggests that the separate elements arc\ recognized 
by different proteins. Tn contrast, the relative 
variability of the phenotypes in E. coli suggest.s 
t,hat t,he promoter is a compa,ct unit whose 
components are relat,ively inseparable. Indeed. it is 
well-established that an E. coli promoter is defined 
by the precise interaction of RNA polymerase with 
properly spaced - 10 and -35 element,s. Thus, the 
direct comparison of the yeast and the E’. coli HIS3 
promot’ers provides clear genetic evidence of the 
mechanistic differences between the prokaryotic 
and eukaryotic transcription machinery. 

(d) Evolutionary signi,ficance of the conserva,tion 
be*ween prokaryotic and eukaryotic elemen,tx 

Although the same region of the wild-type H/S3 
gene serves both as a prokaryotic - 10 region and 
as a eukaryotic TATA element (Fig. 5). the clear 
difference in phenotypic patterns in E. coli and in 
yeast strongly suggests that this is a coincidence 
with little functional basis. However, the homology 
between the prokaryotic - 10 region (consensus 
TATAAT) and the eukaryotic TATA element, 
(consensus TATAAA) indicates that, such a co- 
incidence will occur frequently. This may explain 
why native yeast genes are often expressed in 
E. coli. 

If these promoter elements are mechanistically 
unrelated, why are their DNA sequences so 
conserved’! One hypothesis is that, promoter 
elements contain dA-dT-rich DNA sequences 
because these favor localized denaturation. a 
common and important step of transcriptional 
initiation. However, this is unlikely to be the entire 
explanation because (1) the homology between the 
prokaryotic - 10 region and the eukaryotic TATA 
element goes beyond simple dA-dT richness, and (2) 
many equally dA-dT rich sequences do not function 
as promoter elements. As an alternative suggestion, 
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perhaps the common ancestor to prokaryotic and 
eukaryotic organisms used this DNA sequence for 
transcriptional initiation. Presumably, this hypo- 
thetical organism contained many genes, thus 
making it difficult to change the “common 
transcription sequence” without wreaking havoc. 
Similar arguments have been used to explain why 
the genetic code is essentially universal, even 
though prokaryotic and eukaryotic mechanisms of 
translation are quite different. By analogy, pro- 
karyotic and eukaryotic organisms may have 
evolved different transcriptional mechanisms to 
utilize the original common sequence. Thus, 
although the prokaryotic -10 region and the 
eukaryotie TATA element probably do not have 
identical nucleotide requirements, their sequences 
remain strongly conserved. 
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