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The DNA sequences, transcription patterns and genetic behaviours of the wild-type 
his3 gene from Saccharomyces cereviaiar (yeast) and of seven mutations that delete 
sequences flanking the 5’.end of the messenger RNA coding region are described. 
The deleted derivatives behave as promoter mutants because they are cis-dominant’ 
and fail to make detectable levels of his3 mRNA. The results indicate that, 
sequences further than 44 base-pairs upstream from the mRNA coding region are 
necessary for proper his3 expression. The seven derivatives that inactivate his3 
promoter function in yeast cells also delete the promoter sequence necessary for 
expression in Escherichia coli. 

1. Introduction 

CJoncepts of gene regulation, protein-DNA interactions, and DNA sequence 
recognition have been developed in prokaryotic systems. A variety of genetic 
signals that influence the expression and the regulation of specific structural genes 
have been analysed in great detail by correlating physical DNA structures of wild- 
t’ype and mutant genes with their biochemical and physiological functions 
(reviewed by Rosenberg & Court, 1979). In eukaryotic organisms, mechanisms of 
gene expression and of gene regulation, though under heavy experimental attack. 
remain to be elucidated. 

Here, our inquiries are confined to the imidazoleglycerolphosphate dehydratase 
(hid) gene of the simple eukaryote Saccharomyces cerevisiae (bakers’ yeast). A DNA 
fragment containing his3 has been cloned (Struhl et al., 1976; Struhl & Davis, 1977) 
and structurally, transcriptionally and genetically mapped (Struhl et al., 1980: 
Struhl & Davis, 1980,1981). Numerous derivatives that successively delete into hid 

DIVA have been isolated and physically characterized (Struhl dz Davis, 1980). 
In a variety of ways, it is possible to introduce cloned yeast DNA back int’o 

genetically defined strains (Hinnen et al., 1978; Beggs, 1978; Struhl et al., 19796). 
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Sllch hybrid DSX molecules are analogous to specialized transducing phages or 
conjugat,ive plasmids. Thus. the sophistication of yeast molecular genetics equals 
t,hat of Mmonda fyphimurizrm, and Escherirhia coli. In particular, it, is possible to 
drt,ermine accurat’e irr /*iv-o phenotypes of cloned derivat,ives of the wild-type gene. 

In this paper. seven cix-domina,nt mut,ations that alter his,? expression are 
drscribrd. The potential locations of his3 promoter and regulatory elements with 
respect t,o the DNX sequence and to the messengw RX.4 transcript are c*onsidered. 

2. Materials and Methods 

I’lasmid DKAs YIpJ. YItp7 (St’ruhl it al.. 1979h). pGTl-S&602> pGT2-Sc2605, pBR322- 
S&676, pBR322-Sc2710. pMB9-Sc2731 (Skuhl & Davis, 1980). and pMB9-Sc2683 (Brennan 
& Struhl. 1980) have been described. All bar.t,eriophagr hgt-his3 hybrid phages werr 
charackerizrd by Struhl R- Davis (1980). The backrrial strain laclking imidazoleglycerol- 
phosphate dehydratasc artivity was hisR463 (Struhl rl al., 1976). The yeast strain used in all 
the experiment,s, SC’3 (1 /rpl-289 ~ra3-52 hi.Gdl gaa12 gal/O), was constructed by and 
obtained from Stewart Svherer (Schtlrrr & Davis. 1979). These organisms were propagated as 
described by St,ruhl $ Davis (1980) and Struhl ct cl/. (197911). 

The technical details for isolation of phage, plasmid and yeast DNAs, and for construction 
of hybrid DNA molecules were described by Struhl &r Davis (1980). Hybrid D?r’As were 
constructed by cleavage of the appropriate starting DNAs with a restriction endonuclease(s) 
followed by covalent joining with T4 DNL4 ligase. They were introduced and propagated in 
E. coli cells by transformation of the strain h&R463 to ampicillin or tetracycline resistance. 
I’lasmid DXAs from transformants with the desired phenot,ype were prepared and analysed 
by cleavage with the appropriate restriction endonuc+ases, 

USA from each his3 derivative was subcloned int,o an appropriat,e yeast vector in order to 
determine its phenotype in vim. The vectors used wew YKp7 and YIp5 (Struhl et al., 19796). 
TiRp7 contains the yeast trpl gene as well as awl. a chromosomal sequence that allows 
hybrid molecules to replicat,e autonomously in the absence of significant’ genomic integration 
(Struhl at nf.. 19796: Stinchcomb it a./... 1979). YIp.5 rontains the yeast uru.3 gene but, is 
incapable of autonomous replication. YIp5hi.s3 hybrid DNA molecules transform yeast 
strains harbouring the rtra3-52 mutat,ion to Ura’ only by chromosomal int,egration at the 
his3 loc~us (Scherer 8: Davis, 1979). Specific his3 hybrid DS4 molecules were constructed as 
described below. 

YRp7 hybrids containing DNA fragments S&715. Sc2716. Sc2734, Sc2735. Sc2737 and 
Sc2738 were construct,ed by cleavage of YRp7 DNA and of hgt-Sc2639, hgtGk2671, hgt- 
Sc2666, hgt-Sc.2667. hgt-Sr2669 and /\gt-Sr2670 wit,h BarnHI endonuclease followed by 
covalent joining with T4 DNA ligasc,. Transformant,s resistant to ampicillin were selected 
and screened for sensitivity t’o tetracycline and His+. DNBs used in the veast 
t,ransformation experiments all have t,he hisd fragment in the orientation shown in Fig. 2. 

YRp7-Sc2713 and YRp7-Sc2714 were vonstructrd by cleavage of YRp7 DNA and of 
either Agt-SC2694 or Agt-Sc2695 DN.4s with Sal1 endonuclease followed by ligation. The 
transformants were analysed similarly t.o t.hose YRp7 hybrids described above. 

YRp7-Sc2710 was constructed by cleavage of YKp7 and pBR322-Sc2710 DNAs with 
EcoRI endonucleasr followed by ligation. Tekacycline-resistant transformants were 
screened for sensitivity to ampicillin and for Tr.p+ (by complementing the E. coli mutation 
trpc9830). 

YRp7-k&a2731 was constructed by complete EcoKl cleavage of pMB9&2731 DNA and 
partial EcoRT cleavage of YRp7 DN.4 followed t)y ligation. Ampicillin-resistant, 
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transformants were screened by the colony filter hybridization method of Grunstein 9 
Hogness (1975) for those capable of hybridizing 32P-labelled pGT2-Se2605 DNA. 

YItp7-Sc2742 was constructed by partial EcoRI and t,otal &mHI cleavage of YRp7 DNA 
and total EcoRl’ and BumHI cleavage of pGT2-Se2605 DNA followed by ligation. 
Ampicillin-resistant transformants that were tetracycline-sensitive and His+ were selected. 

YIp5Sc2683 was constructed by EcoRI cleavage of YIp5 and pMB9-SC2683 DNAs with 
EcoR,I endonuclease followed by ligation. Ampicillin-resistant transformant’s that were His+ 
were selected. 

YIp5Sc2732 was constructed by EcoRI and BamHI cleavage of YIp5 and pGT1 -Sc2602 
DNC’Xs followed by ligation. Ampicillin-resistant, tetracycline-sensitive t)ransformants were 
selected. 

YIp5 hybrids containing DNA fragments S&739: Sc2744, S&745, ScP746 and Sc2747 were 
constructed by SolI endonuclease cleavage of YIp5Sc2732 DNA anti of hgt-Sc2694. hgt- 
Sc2639, hgt-Sc2766, hgt-Sc2666, and Xgt-SC2670 DNAs. Ampicillin-resistant transformants 
that were His’ were selected. Those used have the subcloned his3 DNA fragment inserted in 
t’hr orientation shown in Fig. 2. 

The structures of all the DNAs constructed in the above paragraphs were veritied by 
restriction endonuclease cleavage (data not shown). The protocols for nick-translation and 
for hybridization of 32P-labelled probes to nitrocellulose filters have been described 
previously (Struhl & Davis, 1980). DNA was purified from acrylamide gels following 
electrophoresis by placing the gel slice in a dialysis bag in 5 mM-Tris-borate (pH 83), 0.3 rnM- 
EDTA. The bag was immersed in a t’ank containing the same solution and subjected to 
rlectrophoresis. The clamped ends of the dialysis bag were oriented perpendicular to the 
electric field. The DNA fragment was concentrated by precipitation with ethanol ; greater 
than 9W,, of the DNA was recovered by this procedure. 

(c) RAT-A biochemistry 

Yeast strains were grown to a density of 2 x 10’ cells/ml in glucose minimal medium at 
30°C containing histidine and uracil, conditions that maintained selection for the 
transforming DNA. RNA was extracted, denatured in glyoxal, electrophoretically separated 
in 1.7Ol (w/v) agarose, transferred to a strip of diazotized paper, and challenged for 
hybridiiation with a 32P-labelled probe of Sc2676 DNA. The technical details for these 
procecJures can be found in the previous paper (Struhl d Davis, 1981). 

(d) Mapping with S, nuclease 

The BumHI-HircdIII fragment) from Sc2671 containing the 5’.end of the his3 gene and 240 
base-pairs of h DNA that had been purified by velocity sedimentation in a sucrose gradient 
by cJ. A. ,Jarhning was lightly labelled (to a spec. act. around 3 x 10’ disints/min of 
32P/pg DNA) by nick-translation, cleaved with Hinfl endonuclease and electrophoretically 
separated in a 5O:, (w/v) acrylamide gel. Because Sc2671 deletes the rightmost HinfI site 
indicated in Fig. 1. the 183 base-pair fragment encoding the 5’.end of the mRNA is easily 
separated from all other fragments. This base-pair DNA fragment was purified, denatured in 
alkali. and subjected to gel electrophoresis under conditions that permit strand separation 
(Hayward, 1972). The separated strands were electrophoretically eluted from the gel; the 
fast migrating strand is purine-rich. while the slow migrating strand is pyrimidine-rich. A 
portion of each labelled probe (roughly 10,006 cts/min or 63 ng) was incubated with 30 ng 
of HhaI and UaeIII-cleaved plasmid DNA that had been denatured in alkali or 1Opg of 
poly(A-containing RNA for 60 min in 40 miv-PIPES (pH 7.3), 0.8 mru-EDTA, 1 .w-NaCl at 
60°C. The DNA was cleaved to decrease its rate of self-annealing. Following hybridization. 
the reaction mixture was diluted into buffer containing S1 nuclease and treated as described 
by Struhl & Davis (1980). The resulting products were electrophoretically separated under 
the same conditions used for DNA sequencing (Maxam & Gilbert, 1977). The sizes of these 
products were calibrated using restriction endonuclease-generated fragments of pBR322 
T>NA of known length (Sutcliffe, 1978). 
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(e) DNA sequenrirry 
pBR322-Sc2676 DNA was cleaved with TaqI endonuclease, treated with calf intestinal 

alkaline phosphatase to remove the 5’-terminal phosphates and then incubated with T4 
polynucleotide kinase and ATP labelled in the gamma position in order to complete the 
phosphate exchange. The 2 appropriate DNA fragments were purified after separation in a 
5% acrylamide gel and then cleaved with Hind111 or with HhaI endonuclease, and rerun in 
50,; acrylamide. The 2 DNA fragments each labelled only ate the Tap1 recognition site at 
nucleotide -63 were isolated and their DNA sequences determined by the chemical, base- 
specific, partial cleavage method of Maxam & Gilbert (1977). To confirm most of this 
sequence, the 180 base-pair HinfI fragment that includes the Tag1 site was labelled at both 
ends and then cleaved with TaqI. The sequences of the appropriate DNA fragments were 
determined. 

3. Results 

(a) his3 mutants that delete sequences adjacent to 
but rLot within the structural gene 

The yeast imidazoleglycerolphosphate dehydratase gene (hisa), when introduced 
into E. coli hisB auxotrophs lacking the bacterial imidazoleglycerolphosphate 
dehydratase, allows the resulting cells to grow in the absence of histidine (Struhl 
et al., 1976). The wild-type yeast his3 gene is functionally expressed in E. coli to 

produce an imidazoleglycerolphosphate dehydratase activity strongly resembling 
that found in wild-type yeast cells (Struhl bz D avjs. 1977). Cloned mutant his3 
genes are non-funct’ional (Struhl & Davis. 1977) and a his3 amber lesion can be 

suppressed by the appropriate E. coli transfer RKA species (Struhl et al.. 1979a). 
Therefore, yeast his3 expression in E. coli assays cloned DNA fragments for the 
presence of the intact his3 struct’ural gene. 

The his3 structural gene has been localized by correlating the expression and the 
physical structures of numerous derivatives of the original cloned DNA fragment 
(Struhl Sr Davis, 1980). Most of these derivatives were isolated as deletion mutants 
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FIG. 1. Physical and genetic map of the his3 gene. The structure of the hi&containing BarnHI DNA 
fragment (Sc2676) is shown by the top horizontal line. Restriction endonuclease cleavage sites (vertical 
lines) to the rightmost Hind111 (H) site are indicated for Mb011 (M), Tag1 (T), HinfI (F), HhuI (h). 
Hue111 (E), AvaII (A) and MspI (S). KpnI (K), PatI (P), and X&I (X) sites are also shown. The location of 
the structural gene (presumed translation sequences) and transcribed region (determined in this work) 
are shown. Mapping positions of deletion mutations were determined by Struhl (198la) with the 
exception of Al (Scherer & Davis, 1979), 2683 (Brennan & Struhl. 1980), and 5~2742 (this work). 



PROMOTER MUTANTS OF THE YEAST h,is3 GENE 557 

of a hhisd hybrid phage. Functional expression of individual Xhis3 deletion mutants 
was determined under conditions in which transcription is initiated from the /\ 
promoter P, , . such an assay requires only the presence of the intact structural gene 
(Struhl et al., 1980). By this analysis, the his3 structural gene maps within a 700 
base-pair region (see Fig. 1). The 5’-end lies between the deletion break points of 
XgtSc2694 and hgt-Se2619 and the 3’-end lies between the PstI and the KpnI sites 
(fragments Sc2710 and Sc2731). In this paper, seven his3 deletion mutations 
generated in E. coli by illegitimate recombination between his3 and h sequences are 
described in detail (Table 1). Their mapping positions were determined by a 
heteroduplex-S, nuclease technique or by direct DNA sequencing (Struhl, 1981a). 
Most importantly, all seven deletion mutants express his3 in E. coli; thus, they 
contain the intact structural gene. 

(b) Phenotypes of the mutants 

The cloned his3 derivatives were isolated and mapped by methods that did not 
involve their propagation in yeast cells. To establish their in vivo phenotype, DNA 
from each derivative was subcloned into two different kinds of vectors (Fig. 2). The 
Y Rp7 vector contains the yeast trpl gene as well as awl, a chromosomal sequence 
that allows hybrid molecules to replicate autonomously in the absence of signifi- 
cant genomic integration (Struhl et al., 1979b; Stinehcomb et al., 1979). YIp5 is a 
vector containing the yeast wad gene; when used in conjunction with strains 

TABLE 1 

Properties of his3-containing DNA fragments 

Cloned his3 DNA fragments Deletion endpoints hid 
Original (h) YRp7 YIp5-Sc2732 Yeast h phenotypes 

SC2616 Sc2711 ND +325+25 att - 

SC2619 8~2712 ND +55+15 att - 

SC2694 Sc2713 SC2739 -452 2 0.633 - 

SC2695 Sc2714 ND -455+ 2 0.633 - 

SC2639 Sc2715 Sc2744 -49 att - 

Sc2670 Yc2738 Sc2747 -49 att - 

9~2667 Sc2735 ND -76 utt - 
SC2666 Sc2734 Sc2745 -80 ntt - 
Se2669 Se2737 Sc2746 -84 att - 
Sc2683 Sc2683 - 170+40 None + 

Sc2742 -200+20 None + 
8~267 1 Sc2716 ND -3oo+ 5 att + 

The isolation numbers of the original deletion mutants of hgt-SC2601 are indicated (see Struhl & 
Davis, 1980). The his3-containing DNA fragments were cloned either into YRp7 or YIp5-Sc2732. 
Fragments cloned into YRp7 were produced by BarnHI endonuclease with the exception of SC2713 and 
Sc2714, which were generated by Sal1 endonuclease. Fragments cloned into YIp5-Sc2732 were generated 
by SalI. ND, indicates that the particular hybrid DNA molecule was not constructed. The structure of a 
prototype of these molecules is shown in Fig. 1. The deletion endpoints within the his3 sequence and 
within the h sequence are indicated. The co-ordinate scale is defined in Fig. 5; the mapping positions 
with respect to this scale have been determined here or elsewhere. The A endpoints are defined on the 
normal X map (a&t indicates the core of the X attachment site). The his3 phenotypes are indicated in the 
last column. In all cases, the YRp7 and YIp5 hybrids of a given allele showed identical phenotypes. 
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harbouring the uru3-52 deletion mutation. transformation occurs by integration at 
the his3 locus (Scherer & Davis, 1979). Hybrid DNA molecules were introduced into 
yeast strain SC’3 (relevant genotype ura3-52 trpI-289 I&341) by selecting for Ura+ 
or Try+ t,ransformants. These were tested for the his3 character by growth in the 
absence of histidine. The results are shown in Table 1. 

his3 derivatives that retain more than 170 base-pairs before t,he 5’.end of the 
stru&ural gene (such as Sc2683. Sc2742 and Sc2671, see Fig. 1) grow at the wiltl- 
type rate in t,he absence of histidine. Furthermore, these transformants grow in the 
presence of aminotriazole (a compet’itive inhibitor of imidazoleglycerolphosphate 
dehpdratase), thus indicating that these derivatives express hi+3 at the wild-type 
level. Derivatives lacking the 5’.end of the structural gene (e.g. Sc2619 and Sc2616) 

A J h/S3 aft /of red N R 
I / / 

Xgt4-Sc2601 R S BE R B S 

1 Deletion 1 

V Barn HI 

WWlJVVVSOlI 

Hybrid 
conStructlOn 

Select TRP’ 

Transformation of 
trp I- 289 
ura3-A52 

Select URA+ 

Autonomous 
replicatkon 

h&j-Al 
Chromosoma I 

b/S3 integration 
merodfp- at his3 locus 
loid 

h/53-Al 

his3-X 

FIG. 2. Phenotype in ~~ivo in yeast cells of his3 derivatives. The structure of a typical int-generated 
deletion mutant of a hhis3 hybrid is shown. h sequences are shown as a wavy line and his3 sequences are 
shown as a solid line. The hid-containing BamHI or Sal1 DNA fragments were cloned, respectively, into 
YRp7 or into YIp5-Sc2732 (containing the rightmost BarnHI-EcoRI DNA fragment of Se2601 DNA 
cloned in YIpB). Hybrid molecules were introduced into SC3 by selecting for vector-encoded genes (trpl 
or ura.3). YRp7 hybrids replicate autonomously in yeast cells while YIp5 hybrids are propagated only 
after chromosomal integration at the his3 locus. The resulting transformants are merodiploid for the 
his3 locus. One copy is the original chromosomal lesion (Al), which is deleted for 150 base-pairs 
internally within the gene: the other copy comes from the transforming DNA. 
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are non-functional. For derivatives with endpoints near the 3’.end, Se2710 is 
phenotypically His ’ ’ in both E. coli and yeast, while Sc2731 is His- in both 
organisms. These results indicate that the structural gene defined in E. coli is 
similar, if not identical, to the structural gene defined in yeast. 

However, seven of the deletion mutants listed in Table 1 all fail to grow in the 
ahsenczr of histidine, even though they contain the intact structural gene. 
Therefore. these deletion alleles inactivate a non-structural region necessary for 
hid expression in yeast cells. 

It is important to determine whet,her these seven mutations are genetically 
dominant or recessive and whether they act in ci.~ or in trans. The transformation of 
haploid yeast cells by exogenous DNA capable of autonomous replication. 
analogous to F’-containing E. coli st,rains. ensures that the resulting transformant’s 
are merodiploid for yeast sequences present on the transforming DNA (Fig. 2). In 
the case at hand, the YRp7 hybrid DNAs of the deletion mutants were introduced 
into a strain carrying the hi&d 1 allele. This allele was constructed such that, a 150 
base-pair H&d111 fragment located within the his3 structural gene is removed and 
as expected. it does not revert (Scherer & Davis. 1979). hi&L41 is transcribed to 
produce normal amounts of a shortened mRNA species (0.55 kbt in length) easil? 
distinguishable from the 0.7 kb wild-type species (Fig. 3. lanes (1) and (2)). 
Transformat,ion of SC3 to Trp+ by a YRp7 hybrid containing an intact, functional 
his3 gene (such as YRp7-Sc2716) generates a His’ strain in which both mRN.4 
species are seen (Fig. 3, lane (5)). That the normal (0.7 kb) species is present) at 
higher levels t’han the deleted species might, be due to multiple copies of the YRp7 
hybrid molecaulrs in these cells. However, the seven derivatives listed in Table 1 as 
promoter mutant,s (two of which are shown in lanes (3) and (4) of Fig. 3) 
ac*cxumulate normal amounts of the short)ened mRNA. but, less than 109; (if any) of 
the normal sized mRSA. Because the wild-type level of hi.73 mRN.4 is 
approximat’ely one molecule per cell (St’ruhl & Davis. 1981), t,his indicates that 
most cells do not contain any of the mRXA species encoded by t’he t’ransforming 
DN.4. 

Therefore, the his3 deletion mutations tested confer their properties (inabilit,y t,o 
make RSA) in a &-dominant manner. ci.s-dominant mutants t’hat produce levels 
of mRSA below the basal level are analogous to promoter mutants described in 
many prokaryotic systems. 

(c) Mapping the Vend of the his3 mRAU 

Promoter mutants have the property that) they alter transcription without 
alt,ering the mRNA coding region. Thus, it is important, to determine whether the 
his3 derivatives described above delete any transcribed sequences. In the preceding 
paper. the direction of transcription and the approximate location of the 5’ and 3’. 
ends of the stable RNA species were determined (Struhl & Davis, 1981). The Z-end 
of the RXA maps in the 183 base-pair Hinfl DKA fragment that includes the start 
of the structural gene as defined by expression in viva of his.3 derivatives in yeast 

t Abhrwiation used: kb, lo3 bases or base-pairs as appropriate. 
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his3 + 

hisJ-Al 

FIG. 3. cis-trans test for his3 deletion mutations. RNA from (1) S288C; (2) SC3; (3) SC3 (YRp7-Sal1 
fragment from Sc2694); (4) SC3 (YRp’l-BarnHI fragment from Sc2667); and (5) SC3 (YRp7-BarnHI 
fragment from Sc2671) was isolated, denatured in glyoxal, electrophoretically separated in a 1.7% (w/v) 
agarose gel, transferred to a strip of diazotized paper, and challenged for hybridization with a “P- 
labelled probe of Sc2676 DNA. The mobilities of mRNA species produced by his3+ (@7 kb) and hi&d1 
(055 kb) are indicated. The band at the top of the gel probably results from hybridization of 32P- 
labelled DNA to contaminating cellular DNA. 

and in E. coli (see Fig. 1). In this section, the 5’.endpoint of the wild-type his3 
mRNA is mapped accurately by measuring the length of the appropriate 32P- 
labelled, single-stranded his3 DNA fragment protected from S, nuclease digestion 
by hybridization with his3 mRNA (see Materials and Methods). 

As presented in Figure 4, total poly(A)-containing RNA from yeast hybridizes 
only to the slow (pyrimidine-rich) strand. The predominant protected fragment is 
92 + 1 nucleotides in length; therefore, the his3 message starts this far from the 
HinfI cleavage site in the structural gene. Two minor bands resulting from 
shortened RNA-DNA hybrid structures are also present. 

The position of the 5’.end of the his3 mRNA was also determined relative to the 
endpoints of deletion mutants described in the previous section. The results (Fig. 4) 
indicate that DNAs from deletions with known map positions protect the expected 
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FIG:. 4. High resolution mapping of the Vend of the hid mRNA. The nucleic acids tested for 
hybridization are as follows. (1) YRp7-Sc2713 (from Sc2694); (2) YRp7-Sc2714 (from Sc2695); (3) and 
(4) poly(A)-containing RNA from yeast cells; (5) YRp7-Sc2715 (from Sc2669); (6) YRp7-Sc2737 (from 
Sc2669); and (7) YRp7-Sc2716 (from Sc2671). The probes used were separated single strands of the 180 
base-pair HinfI fragment (Pu indicates purine-rich strand and Py indicates pyrimidine-rich strand). 
Size standards arc indicated in base-pairs. 

length of each &and of the labelled fragment (the endpoints are probably accurate 
within a range of 2 to 3 nucleotides). Deletions SC2694 and SC2695 have not been 
mapped previously because the deletion endpoints in /\ DNA are not at the A 
attachment site (both map between att and red roughly at co-ordinate 0633 on the /\ 
map: Struhl & Davis, 1980). Because their endpoints appear identical, these two 
deletions probably represent two independent isolates of the same recombination 
event. Because the mRNA endpoint and known deletion endpoints are determined 
by hybridization protection of the identical 32P-labelled DNA probe, their relative 
mapping positions are directly established. 

All seven deletion mutant DNAs protect a larger segment of labelled probe than 
the his3 mRNA. This indicates that they contain the entire mRNA coding region 
for the his3 gene. 



5ti2 K. STRUHI, ASI) K. W. I)AVIS 

5’ GGTACACTCTAT*TTTTTTT~GccTcGGTAATGATTTTcATTTTTTTTTT 
I I I 

-200 -A .180 -110 160 ,b, 

TCCCCTAGCGGATGACTCTTTTTTTTTCTTAGCGATTGGCATTATCACA~ 
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5; A Al A -lb 
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iS0 t70 **b t90 

FIG. 5. DSA sequence of the his3 gene region. The nucleotide sequence of the “sense” strand of a 300 
base-pair region at the Send of the his3 gene is shown. The sequence is oriented such that the 5’.3’ 
direction proceeds from left to right (this is the opposite direction from that defined in Fig. 1). The 
nucleotides are numbered such that + I is the presumptive site of translational initiation and that - 1 is 
the first nucleotide preceding it. The presumptive amino acid sequence for the initial 32 codons of the 
his.3 translation product is indicated above the relevant codons. Termination codons are indicated by 
horizontal bars above the nucleotides. Hyphens have been omitted for clarity. 

(d) DWl sequence of the his3 promoter reyion 

The nucleotide sequence of a 300 base-pair region at the 5’.end of the his3 gene 
was determined by the chemical. base-specific. partial cleavage method of Maxam 
& Gilbert (1977) (see Fig. 5). The endpoints of the deletion mutants and the position 
of the :‘,‘-rnd of the his3 mRNA are included in t.he schematic view of the hid 

regulatory region (Fig. 6). 

4. Discussion 

These are defined herein as those translated to produce the his3 gene product 
(imidazoleglycerolphosphate dehydratase). Because eukaryotic organisms initiate 
translation at AUG codons, the st)art, of the his3 structural gene can be positioned 
uniquely to t.he codon defined by nucleotides 1 to 3 in Figure 5. Translation of the 
gene& code beginning wit’h this AUG proceeds through a reading frame that is 
“open” (without termination codons) for at least 150 nucleotides. Two UAA 
termination codons (at, posibions - 13 to - 15 and - 28 to - 30) are found in this 
reading frame just prior to the AUG at nucleotides 1 to 3. The only other AUG 
codon in the sequenced region (at position -44 to -42) is not transcribed and it 
specifies a reading frame filled with termination codons (the first one being the 
UGA at positions 2 to 4). Both reading frames other than the one defined by the 
AUG at nucleotides 1 to 3 c-ontain termination codons. This is particularly 
significant in the light of previous results (Struhl & Davis, 1981), suggesting that 
the his3 mRNS is not spliced in a manner described for many eukaryotie messages 
(Berget, ef al.. 1977 : (‘how it aZ.. 1977 : .Jeffreys 8 Flavell, 1977). The possibility that 
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GUG and UUG occasionally initiate prokaryotic translation (Miller, 1974) is ruled 
out by t’heir absence in the correct reading frame within this region. The location of 
the 5’.end of the structural gene determined by DNA sequence analysis agrees with 
previous genetic studies depending upon functional his3 expression in E. coli, which 
indicated that it mapped between the deletion endpoints defined by hgt-SC2619 and 
hgt-Se2694 (nucleotides -44 to + 70: Struhl B Davis. 1980). 

(b) rTranscribed sequences 

The predominant his3 mRNA contains a 41+ 1 nucleotide leader before the 5’- 
end of the structural gene (Fig. 4). Two minor RNA species are also apparent. 
These might represent either (1) products of RNA processing such as by the 
removal of intervening sequences, (2) specific degradation of his3 mRNA, or (3) 
mRNA species with different points of transcriptional initiation. The possibility 
that his3 contains an intervening sequence(s) that must be spliced out of the initial 
transcript is unlikely from results of the previous paper (Struhl & Davis? 1981). 
because the molar amounts of the shorter RNA species are far below the molar 
amount of the predominant species, and because no protected fragment larger than 
the predominant species is observed. Although there is no evidence concerning the 
possibility of specific mRNA degradation, we feel that the minor bands represent 
his3 mRNAs with different $-ends. The cytochrome c gene (cycl) of yeast appears 
to code for a large number of transcripts each with a distinct 5’-terminal sequence 
(B. D. Hall, personal communication). Therefore, it is most likely that the DNA 
encoding the $-end of the RNA consists of a single continuous block of nucleotides 
having no intervening sequences. 

In eukaryotic organisms, the absence of polycistronic operons and the 
unlikelihood of translational re-initiation has led to the suggestion thatf eukaryotic 
ribosomes recognize the 5’.proximal AUG in the mRNA (Sherman & Stewart. 1975 : 
Kozak & Shatkin: 1978); the his3 gene fits this pattern. 

In addiCon, two striking structural features are noted. First, most of the leader 
(36 out of 41 nucleotides) consists of 2.4 tandem, directly repeated copies of a 15 
base-pair sequence. Second, the leader is extremely rich in purine residues. This 
strong strand bias with respect to purine or pyrimidine bases continues for 30 more 
nucleotides upstream from the mRNA coding sequences. Such asymmetry has been 
found immediately adjacent to the $-untranslated sequences of the yeast cyel and 
ura3 genes. The significances of these situations remain to be seen. 

(c) LVon-transcribed, untranslated sequences n.ecessary for his3 expression 

Non-transcribed sequences upstream from the 5’-end of the gene are essential to 
express his3 because deletion mutations that retain the intact mRNA coding region 
are not functional. Like prokaryotic genes, eukaryotic genes transcribed by RNA 
polymerase II require flanking sequences for proper expression (Struhl, 1979; 
Grosschedl & Birnstiel, 1980). Such is not the case for the frog 5s genes, which are 
transcribed by RNA polymerase III. Deletion of the entire 5’ or 3’ sequences 
flanking the transcribed region does not prevent expression (Bogenhagen et al., 
1980; Sakonju et al., 1980). 
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Two subsets of the sequenced region have properties suggestive of regulatory 
functions. First, a six base-pair sequence (T-T-C-T-T-C) is tandemly repeated in the 
inverted orientation. This 12 base-pair palindrome (nucleotides -56 to -67) is 
located 15 to 26 base-pairs before the mRNA start, thereby suggesting analogies to 
negative control such as that in the E. coli lactose operon. Second, the region 
located between 35 to 52 base-pairs before the mRNA start (nucleotides -76 to 
-93) shows significant homology with regions of DNA adjacent to other 

eukaryotic genes (first described by Goldberg, 1979). The homologous sequences 
before these eukaryotic structural genes are all extremely A + T-rich ; the canonical 
sequence now depends upon definitions of individual investigators. The 
involvement of these (or any other sequence in regulation and/or expression of his3) 
must’ be demonstrated by the phenotype of mutations within it. 

(d) Comments regarding his3 expression and regulation 

A promoter is defined classically by mutations that are (1) closely linked but 
outside the structural gene, (2) c&dominant, and (3) altered in the expression level 
of all genes in the transcription unit, (Scaife & Beckwith, 1966). Seven delet,ion 
mutations described here behave as “promoter down” mutations by these criteria. 
Defined in a more physiological sense, promoter mutations alter gene expression at 
the level of RNA transcription without inactivating any transcribed sequences. 
The promoter deletions contain all mRNA coding sequences and produce 
significantly less (if any) his3 mRNA than wild-type controls. 

Analysis of deletion mutations is subject to several important caveats. First, 
deletions cannot be viewed solely as the absence of a particular sequence. All 
deletion alleles fuse new genetic material to the region of interest at the deletion 
break point. In five of the mutants described here, DNA from the core of the /\ 
attachment site is directly connected to his3 sequences : in these cases it is unlikely 
t)hat the flanking sequences have differential effects. Second, the nucleotide 
sequences at the novel joints of the deletion mutations are sometimes unusual; the 
fusion sequence can appear as a point mutation(s) of the original wild-type 
sequence (Struhl, 1981a). Third, t.he hybrid DNA molecules used in these 
rxperiments contain prokaryotic DNA interspersed with eukaryotic DNA and the 
yeast DR’A segments originated on different chromosomes in the normal yeast 
genome. For these reasons, the phenotype of any part,icular his3 deletion allele 
could be affected by the sequences fused to it, by the sequence at the novel joint, or 
by the unusual structure of the transforming DNA. Derivatives in which sequences 
adjacent to the deletion endpoint promote or inhibit gene expression have been 
described (Struhl. 1979,198lb). However, our analysis of the phenotypes of cloned 
his3 derivatives assumes that any of these effects will represent the exception 
rat)her than the rule. 

Bearing the above caveats in mind, it seems highly probable that yeast RNA 
polymerase II recognizes a subset of the DNA sequences missing in the deletion 
mutants. The phenotype of Se2669 indicates that sequences more distal to the 
structural gene than nucleotide -84 are important for gene expression. The 
phenotypes of derivatives Se2683 and Se2741 suggest that all the elements 
necessary for a functional promoter are located less than 170 base-pairs from the 

21 
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structural gene. However, these derivatives were isolated in quite different ways 
from the seven promot’er deletions. In particular, Sc2683 was isolated by virtue of 
increased Ais expression in E. coli (Brennan & Struhl, 1980). Its non-his3 endpoint, 
maps at the S-end of the gene encoded k>y the 1.6 kb mRNA described in the 
previous paper (Struhl $ Davis, 1981). The derivative that is the best cont,rol for 
the promoter deletions is Xgt-ScZ671, which has a deletion break point, 
approximately 300 base-pairs from the mRNA coding region. Determina,tion of t,he 
minimum contiguous sequence necessary for wild-type his3 promoter function will 
depend upon more deletion mut,ants. 

In defining the key features of a eukaryot,ic* promoter. much of the emphasis has 
been placed upon the conserved sequence described by Goldberg (1979) located 
between 20 and 40 base-pairs from the mR,NA st’art sit’e. This is because the 
caonserved region (canonical sequence T-~~-‘I‘-=\-A-A-T-.~) strongly resembles the 
Pribnow box (T-X-T-A-A-T). an important element) for RNA polymerase binding 
and promoter function in prokaryotes (Pribnow. 1975 ; Rosenberg Xr Court,. 1979). 
Experiments designed t,o determine the importance of t,his conserved sequence 
have given contradict,ory r’esult)s. A 20 base-pair adenovirus DSA region containing 
it seems t,o be necessary and sufficient for correct transcription initiation in vitro 

((‘orden (it nl.. 1980). (lomplete delet,ion of the analogous sequences in simian 
virus 40 DNA was alleged to hare no effect in ZGVO (Benoist & Chambon. 1980), but, 
the analysis was not quantitative and the effectas of DSA replication and gene 
regulation were not considered experimentally. Deletion of a 54 base-pair D?;A 
fragment) of a sea urchin histone gene that, included the conserved sequence 
removed the specificit,?; of init,iation but not thr t)ranscription in frog oocytes 
(Grosschedl & Birnstiel, 1980). However, it is not clear if this result is due (1) to t’he 
absence of the conserved sequence (as opposed to the other 15 base-pairs). (2) t,o the 
novel joint sequences generated by the deletion, or (3) to the heterologous nature of 
the assay. 

The experiments described here clearly indicate that the conserved sequence is 
not sufficient’ for his3 expression. SC2669 retains what is likely t,o be the wild-type 
conserved sequence (‘~-8-T-A-~-X-(:-T) and Sc2667, by virt,ue of the 
recombinat,ion event generates a “perfect fit” (Mruhl. 1981u). yet bot,h derivatives 
fail to make mRNA. However, the results do not bear on whether the conserved 
region is necessary for expression. 

The his3 gene is regulated at, t,he transcriptional level in response to amino acid 
starvation (Struhl Oz Davis. 1981). From analysis of mut’ations in unlinked genes 
that affect hia expression as well as many other amino acid biosynthetic genes. it 
\~as suggested that control occurred in bot,h positive and negative fashion (Wolfner 
et ~1.. 197.5). However, because several genes seem to be involved, it seems unlikely 
t~hat all their products int,eract direct,ly with t)he his3 gene. Though the location and 
nature of the 12 base-pair palindrome suggest analogies to negative cont’rol, such a 
palindrome is not present’ in t,he his4 gene (which is regulated similarly to his3: 
Farabaugh St Fink, personal communication). It is unlikely that his3 is regulated in 
a manner similar t,o the S. typhimurium histidine operon (DiNocera ef al.. 1978: 

Barnes, 197X). Attenuation of an initial transcript is unlikely because no pept,ide 
leader is expected from the nucleotide sequence and because there are no histidine 
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codons prior t,o t,he stru&ural gene. The question of positive or negat,ive control of 
his3 remains t’o he elucidated. 

(e) Comparison of his3 expression in yeast and in E. coli 

A promot,er region for his3 gene expression in yeast cells has been initially defined 
by mutat’ions t,hat, inact’ivate it. An analogous region has been defined for his3 
expression in E. roli (Str,uhl et al.: 1980: Struhl & Davis, 1980: Struhl, 1981a). The 
promot,er mutations defined in IS. coli behave as promoter mutations in yeast. As 
yet. the exact position of the E. coli promoter is not known. However, there are 
three regions (at positions -83 to -77: -88 to -82. and - 102 to -96) that hare 
most, if not. all t,he highly conserved residues of a canonical Pribnow box (reviewed 
1)~ Rosenberg 8 Court. 1979). From this as well as the R. coli RN,% polymerasc 
I)indina and transcription studies in/ Gfro of ,J. A. *Jaehning (unpublished results). it 
seems likely that one of these Pribnoa boxes is the promoter recognized by E. roli. 
Perhaps not’ coincidentally, these Pribnow boxes and the conserved sequence in 
front, of rukaryotic genes share common nucleotides. Because (1) E. coli transcripts 
are initiated less than ten base-pairs from the Pribnow box and (2) the yeast 
transcril)t maps more t,han 35 base-pairs from t.hr analogous sequence. it is likeI) 
that tht* mechanism of prokaryotic and eukaryotic RNA polymerases differs in this 
basic step. Nevertheless, recognition of promoter sequences of t,he yea,st 
imidazoleglycerolphosphate dehydratase structurajl gene in prokaryot,ic and 
taukaryotic organisms may lit.erally share similar features. 

M’e thank Phil Anderson and Andrew Travers for comments on the manuscript. and 
Judith .laehning for permitting us to quote her unpublished results. 
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