
Fine Structure Genetic Analysis 
of a P-Globin Promoter 

A novel procedure for saturation mutagenesis of cloned 
DNA was used to obtain more than 100 single base 
substitutions within the promoter of the mouse p-major 
globin gene. The effects of these promoter substitutions 
on transcription were determined by transfecting the 
cloned mutant genes into HeLa cells on plasmids contain- 
ing an SV40 transcription enhancer, and measuring the 
levels of correctly initiated P-globin transcripts after 2 
days. Mutations in three regions of the promoter resulted 
in a significant decrease in the level of transcription: (i) 
the CACCC box, located between -87 and -95, (ii) the 
CCAAT box, located between -72 and - 77, and (iii) the 
TATA box, located between -26 and -30 relative to the 
start site of transcription. In contrast, two different 
mutations in nucleotides immediately upstream fiom the 
CCAAT box resulted in a 3- to 3.5-fold increase in 
transcription. With two minor exceptions, single base 
substitutions in all other regions of the promoter had no 
effect on transcription. These results precisely delineate 
the &acting sequences required for accurate and efficient 
initiation of P-globin transcription, and they establish a 
general approach for the fine structure genetic analysis of 
eukaryotic regulatory sequences. 

T HE ANALYSIS OF SINGLE BASE MUTATIONS IN PROKARYOTIC 

promoters and regulatory sequences has led to significant 
insights into the mechanisms of transcription initiation and 

gene regulation (1-3). Mutations that were initially identified on 
;he basis of phenotype played an essential role in the study of in vivo 
and in vitro interactions of RNA polymerase and regulatory pro- 
teins with cir-acting regulatory sequences (4). Single base mutations 
in these regulatory sequences were obtained by in vivo mutagenesis 
and genetic selection. However, genetic selections for promoter and 
regulatory mutations in higher eukaryotes have thus far been 
difficult to establish. This limitation has been circumvented by 
introducing mutations into specific regions of cloned DNA in vitro 
(5; 6-8 for reviews), and then studying the consequences of these 
mutations on in vivo or in vitro transcription. 

The eukaryotic promoters that have been most thoroughly charac- 
terized by this molecular genetic approach are those of the herpesvi- 
rus thymidine kinase (tk) (5,9, l o ) ,  the SV40 T-antigen (see 11 for 
references), and mammalian (3-globin (12-15) genes. Comparison 
of the DNA sequences immediately upstream from the messenger 
RNA (mRNA) initiation sites of a number of mammalian P-globin 
genes revealed three highly conserved regions (16-18), which 
became the focus of in vitro mutagenesis studies (12-15). The first 
region occurs at about -90 relative to the cap site and contains the 
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sequence GCCACACCC (14, 17); this sequence is a common 
feature of adult (3-globin gene promoters from many species, but 
does not appear in the promoters of many other eukaryotic genes. 
The second region contains the sequence CCAAT and appears at 
about -75; the CCAAT box is a common element in many 
eukaryotic promoters transcribed by RNA polymerase I1 (16, 19). 
The third region, called the TATA box, is located at about -30 of 
most eukaryotic genes and appears to participate in determining the 
site of transcription initiation (20). The hc t iona l  significance of 
the conserved (3-globin promoter elements was established initially 
by the analysis of a series of 5' and internal deletions (12, 14). A 
more precise localization of the promoter elements was subsequently 
established with the use of a linker scanning mutagenesis procedure 
(15). Finally, a small number of single base mutations within the 
conserved sequences was generated and analyzed (14). 

A number of procedures have been used for introducing single 
base mutations into specific DNA sequences (7, 8).  We have 
developed a method for rapidly introducing large numbers of single 
base substitutions into cloned DNA fragments (21). This technique 
includes the generation of mutations by chemical treatment of 
single-stranded DNA in vitro, synthesis of a complementary DNA 
strand, and subsequent separation of mutant and wild-type duplex 
DNA fragments by denaturing gradient gel electrophoresis. Since 
this procedure does not involve a genetic selection for mutant 
promoters, both neutral substitutions as well as those that alter 
promoter function are obtained. Moreover, the distribution of point 
mutations is not biased toward conserved sequence elements. Analy- 
sis of large numbers of both types of substitutions allows the precise 
and unambiguous identification of promoter sequences required for 
accurate and efficient transcription. We used this saturation muta- 
genesis procedure to introduce 130 different random single base 
substitutions into the mouse (3-major globin promoter region (21). 
In this article, we report the analysis of the effects of these mutations 
on (3-globin gene transcription by means of a transient expression 
assay (22, 23). We find that base substitutions that alter (3-globin 
gene transcription are confined to the three conserved regions, with 
two minor exceptions. Moreover, two single base substitutions near 
the CCAAT box result in a significant increase in the level of (3- 
globin gene transcription and are therefore identified as promoter 
"up mutations". 

Transcription assay. The effects of single base substitutions on P- 
globin transcription were analyzed by a HeLa cell transient expres- 
sion assay. The (3-globin genes used in our study were carried on 
plasmids containing the SV40 72-base pair (bp) repeat sequence 
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(24), since efficient p-globin transcription in HeLa cells requires an 
enhancer element (23). A diagram of the mouse P-globin plasmids 
used in the HeLa cell transfection experiments is shown in Fig. 1. 
Each of the single-base promoter mutations was analyzed in a "test" 
plasmid containing an 8-bp Bgl I1 linker at +26 of the mouse P- 
globin gene (Fig. 1A). The reference plasmid is identical to the test 
plasmid except that it contains a wild-type promoter, and it does not 
contain the linker at +26 (Fig. 1B). The linker DNA makes it 
possible to distinguish transcripts derived from the test gene from 
those derived from the reference gene. Both plasmids contain 106 
bp of 5' flanking DNA and the first 475 bp of the mouse p-major 

-globin gene. This portion of the gene is fused to the remaining part 
of the human P-globin gene at a common Bam H I  site in the second 
exon. The mouse-human hybrid p-globin gene was used to allow 
direct comparisons to previbus del&on and linker scanning muta- 
tion analyses of the mouse P-globin promoter (15). Identical levels 
of transcription are observed with the intact mouse and the hybrid 
p-globin gene. Both the test and reference plasmids contain the 
SV40 transcription enhancer sequence located 800 bp downstream 
from the poly(A) addition site of the human P-globin gene. The 

A SV40 
enhancer 

B SV40 
enhancer 

Hybrid Ampn Hybrid 
B-globin Reference '-globin 

plasmid gene plasmid gene 

% : n w B a m  HI M 1 3 ~ ' a m  origin 

OC Cia I B ~ I  II 
d 
Promoter 

OC ,la> 
Promoter 

c SV40 
cap Poly(A) enhancer 
4 lVS1 IVS2 

I 
Cla I Bgl I1 Bam HI -1600  -2400  
-106  - 2 6  - 4 8 0  

,I 1 
Mouse Human - 

Promoter 

Fig. 1. Diagram of test and reference p-globin gene plasmids. (A) Test gene 
plasmid. Counterclockwise from the top, the plasmid contains pBR322 
sequences from 4363 to 2440, including the ampicillin resistance gene; 571 
bp of the bacteriophage M13 origin of replication (from 5943 to 5372); a 
300-bp GC-rich sequence called the GC-clamp, which is used in the 
mutagenesis scheme (21); the mouse p-major globin gene promoter from 
- 106 (Cla I site) to +26 (Bgl I1 site); the mouse p-major globii gene to a 
Bam HI site in the second exon at +475; the human p-globin gene from a 
Bam HI site at the analogous position in the second exon to +2400 in the 3' 
flanking sequences of the gene; and a 300-bp SV40 DNA fragment 
containing the viral enhancer sequence. The unique Bgl I1 site was created by 
inserting an 8-bp synthetic oligonucleotide linker (CCCATGGG) into a 
Hinc I1 site at +26 of the m o w  p-major globin gene. This linker allows 
mRNA molecules synthesized from this plasmid to be distinguished from P- 
globii transcripts synthesized from the reference gene. Mutant test genes 
were made by inserting the mutant promoter fragments into the Cla I-Bgl I1 
sites of the test plasmid. (B) Reference gene plasmid. The plasmid is identical 
to the test gene plasmid except that it lacks the Bgl I1 linker at +26 in the p- 
globin gene. Therefore, p-globin transcripts made from this gene are eight 
nucleotides shorter than test gene transcripts. (C) Detailed map of the hybrid 
P-globii test gene. The promoter fragment extends from a Cla I linker 
inserted at - 106 to a Bgl I1 linker inserted at +26. The mouse p-major 
globii gene extends from the Bgl I1 site to a Bam HI site appearing in the 
first intron at +475. The human p-globin gene is fused to the mouse gene at 
the common Bam H I  site in the first intron, and extends through the 
poly(A) site at + 1550 to a Pst I site at +2163. At this junction, the SV40 
enhancer region is attached to the gene. 

plasmids also contain a 300-bp GC-rich DNA sequence and the 
bacteriophage M13 origin of replication immediately upstream 
from the promoter; these DNA sequences were used in the satura- 
tion mutagenesis procedure for obtaining the promoter mutations 
(21). The presence of these sequences does not affect the levels of 
transcription from the wild-type and mutant p-globin promoters. 

The effects of single base substitutions in the p-globin promoter 
were determined by comparing the levels of correctly initiated RNA 
derived from the test and reference plasmids cotransfected into 
HeLa cells (25). A 1 : 1 mixture of supercoiled test and reference 
plasmids was transfected into HeLa cells as a calcium phosphate 
coprccipitate. Forty-eight hours &er transfection, total cellular 
RNA was prepared, and the relative quantities of P-globin tran- 
scripts from the test and reference genes were determined by a 5' S1 
nuclease assay (26). A 156-nucleotide (nt) single-stranded DNA 
probe, labeled at its 5' end and complementary to 80 nt of the 5' end 
of the test gene mRNA transcripts and to 76 nt of the 5' flanking 
region of the gene, was prepared and annealed in molar excess to the 
mRNA samples (Fig. 2). The probe forms an 82-bp duplex with 
mRNA synthesized from the test genes, but forms an imperfect 
duplex containing an 8-nt ccloop-out" at +26 when annealed to 
mRNA synthesized from the reference gene. On treatment of the 
RNA-probe mixture with S1 nuclease, the test gene transcripts yield 
an 82-nt protected probe fragment, whereas transcripts from the 
reference genes generate a 48-nt protected probe fragment as a result 
of nuclease cleavage at the 8-nt loop out in the probe. These labeled 
protected products were fractionated by electrophoresis on denatur- 
ing polyacrylamide gels and detected by autoradiography. The ratio 

Fig. 2. A typical S1 nuclease analysis of p-globin transcripts. 'Test" and 
"Reference" indicate the positions of the S1 nuclease-protected DNA 
fragments expected for the test and reference RNA molecules, respectively. 
(Lane 1) Wid-type test promoter. (Lanes 2 to 12) Mutant test promoters 
with the names indicated at the top of each lane. For example, -95A in lane 
2 refers to a mutant promoter carrying a G to A transition at -95 in the test 
gene promoter. The lines drawn at the bottom of the figure represent the test 
gene containing a Bgl I1 linker at +26, the single-stranded DNA probe 
complementary to the wild-type test gene region, and the protected probe 
fragments generated by S1 nuclease treatment when the probe is annealed to 
RNA derived from the test and reference p-globin genes. 
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of radioactive signals corresponding to transcripts from the test and 
reference genes was quantitated by scanning the autoradiograms 
with a densitometer. These data were used to calculate the relative 
transcription level (RTL) of each mutant promoter (5 )  (legend to 
Fig. 3). 

Analysis of mutants. The results of a typical transcription 
analysis of base substitutions in the P-globin promoter are presented 
in Fig. 2. An example of a base substitution that does not affect the 
level of transcription is a G to A transition at -50. The level of 
transcription observed with this template (lane 11) is indistinguish- 
able from that of the wild-type promoter (lane 1). In contrast, 
mutations at several other positions within the promoter result in a 
significant decrease in transcription compared to the wild-type 
promoter (lanes 2 to 6, 9, 10, and 12). In addition, two promoter 
mutations result in a three- to fourfold increase in transcription 
(lanes 7 and 8).  These up promoter mutations are located at 
positions -79 and -78. 

The results of a transcription analysis of all of the single base 
mutations in the p-globin promoter analyzed are presented in Fig. 3 
and Table 1. Examination of the histogram reveals that most single 
base substitutions have no effect on the level of P-globin transcrip- 
tion. As predicted from earlier studies (12-15), base substitutions 
that alter the RTL are primarily localized to the three highly 
conserved regions within the promoter. Single base substitutions in 
the CACCC box region result in a 2.5- to 10-fold decrease in the 
level of transcription (Fig. 3 and Table l ) ,  while mutations in the 
nucleotides immediately surrounding this region have no effect on 
the RTL's. 

The second region of the promoter that is sensitive to single base 
substitutions is the CCAAT box. The sequence of this region is 5' 

GGCCAATCT 3' in P-globin genes from a number of different 
species (1 6). The G to A transitions at positions -79 and -78, the 
first two bases in this region, result in a significant increase in the 
RTL (Figs. 2 and 3 and Table 1). In contrast, both a transition and a 
transversion mutation at the next nucleotide, a C at -77, result in 
approximately tenfold decreases in the RTL. Single base mutations 
in the remainder of the positions within the CCAAT box lead to  a 
three- to fivefold decrease in the RTL. A promoter containing two 
base substitutions, one at -75 and the other at -74, results in a 40- 
to 50-fold decrease in the RTL. Single base substitutions in the 
region between the CCAAT and TATA boxes have no effect on the 
RTL, with one exception. Both C to T and C to  G substitutions at 
-37 cause 2.5-fold decreases in the transcription level (Table 1). 
The nucleotides immediately surrounding - 37 have no effect on the 
RTL . 

The third region of the promoter that is sensitive to single base 
substitutions is the TATA box (Fig. 3). Single base substitutions in 
the TATA box result in a two- to fourfold decrease in the RTL (Fig. 
3 and Table 1).  In addition to the observed decrease in transcription 
levels, some of these mutations cause a slight alteration in the site of 
transcription initiation. 

A number of promoter mutations between the TATA box and the 
cap site, and between the cap site and +26 were analyzed, but a 
difference in the RTL was observed only with the + 1  A to G 
transition. The significance of the twofold decrease in the level of 
accumulated transcripts observed with this mutation is uncertain, 
since the base substitution changes the sequence of the mRNA. The 
observed decrease could therefore be the result of a decrease in the 
stability of globin RNA, possibly due to less efficient capping at the 
5' end of the transcript. 

Fig. 3. Histogram showing the RTL's of mutant p-globin promoters. The nucleotide 
sequence of the mouse p-major globin fragment is shown on the abscissa, and relative 
transcription level (RTL) is plotted along the ordinate. RTL is (MiRl)i(WTiR2), 
where M is the signal from the mutant test gene, R1  is the signal from the reference 
gene cotransfected with the mutant test gene, WT is the signal from the wild-type test 
gene, and R 2  is the signal from the reference gene cotransfected with the wild-type 
test gene. The RTL at each nucleotide position is depicted as a line in the histogram. 
A solid circle on the abscissa indicates the positions in the promoter where mutations 
were not obtained. Positions in the promoter for which more than one single base 
substitution was obtained are designated by asterisks below the nucleotide sequence. 
As indicated in Table 1, similar RTL's were obtained for different base substitutions at 
a given position. The conserved promoter elements are indicated by the boxes. 
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Eukarvotic promoter elements. Detailed characterization of 
different eukaryotic promoters has revealed a common pattern of 
organization (27, 28). Most promoters consist of a TATA box 
located approximately 30 bp upstream from the start site of 
transcription, and upstream promoter elements located between 30 
and 100 bp upstream from the cap site. In vivo and in vitro 
transcription analyses and DNA binding studies have thus far 
identified five different upstream promoter elements: 

I GGGGCGG (28,29) 
I1 CCAAT (10, 16, 19, 22, 30) 
111 GCCACACCC (14,' 17) ' 

IV GGCCACGTGACC (31, 32) 
V ATGCAAAT (33, 34) 

Each of these sequences is required for wild-type levels of transcrip- 
tion in the promoters in which they are found. Moreover, each 
element binds to a specific transcription factor in vitro. Different 
promoters appear to have different combinations of one or more of 
these elements. Multiple copies of element I are present in the 
promoter regions of a number of viral and cellular genes (11, 28, 
29). Two copies of this element and one copy of element I1 are 
present in the herpesvirus thymidine kinase promoter (10, 30). As 
mentioned above, P-globin promoters contain one or more copies 
of elements I1 and 111. Element IV has been identified only in the 
adenovirus major late promoter (31, 32). Element V, in contrast, is 
present in the mouse immunoglobulin heavy chain gene promoter 
(33), and is also located 225 bp upstream from vertebrate U1 and 
U2 small nuclear RNA (snRNA) genes (34). At least two of these 
elements are also found within essential regions of transcription 
enhancer sequences; elements I11 (35, 36) and V (33) are found in 
the SV40 and heavy chain immunoglobulin gene enhancers, respec- 
tively. It seems likely that promoter strength is determined, at least 
in part, by the strength, number, and arrangement of these types of 
elements in the region immediately upstream from the TATA box. 
Although the five promoter elements mentioned above are the most 
thoroughly characterized to date, it is likely that many other such 
elements will be found within other promoters. In addition to these 

elements, which are required for constitutive promoter function, a 
number of other elements have been identified within inducible and 
tissue specific enhancers and within yeast upstream activating 
sequences (27). 

The CACCC box element. Single base substitutions in the 
sequence GCCACACCC decrease the level of transcription from 
2.5- to 10-fold. The functional 5' boundary of this sequence is either 
-96 or -95, since a mutation at -96 was not obtained. This 
upstream promoter element is present only once within the mouse 
P-globin promoter, but appears to be duplicated in many other P- 
globin promoters (14, 16, 18). In fact, two copies of this sequence 
are required for maximal levels of transcription of the rabbit P- 
globin gene (14). The existence of a naturally occurring p-thalasse- 
mia promoter mutation in the CACCC sequence provides evidence 
that this element is necessary for maximal levels of P-globin gene 
transcription in erythroid cells (37, 38). In addition, major DNase I 
and S1 nuclease hypersensitive sites are located near the CACCC 
sequence in a number of mammalian p-globin genes (39-42). 

The CACCC box may function as an upstream element in 
promoters other than globin, and it may play a role in enhancer 
h c t i o n .  The latter possibility is suggested by the observation that a 
similar sequence element is required for maximal activity of the 
SV40 and bovine papillomavirus enhancers (35, 36). As with other 
promoter elements, the CACCC box binds specifically to a factor 
present in HeLa cell nuclear extracts (43). Thus, the CACCC 
element appears to share many of the properties identified with the 
more thoroughly characterized upstream promoter elements men- 
tioned above (28). 

The CCAAT box element. In addition to the CCAAT box 
sequence of p-globin genes, this promoter element has also been 
extensively characterized in the herpesvirus tk gene and the Moloney 
murine sarcoma virus (MSV) LTR promoters (10, 30). The func- 
tional CCAAT box in the tk promoter is in the opposite orientation 
relative to the cap site, and the effect of a number of single base 
mutations within this sequence on in vivo transcription has been 
determined (10). In addition, a linker scanning mutation that 

Table 1. Tabulation of the relative transcription levels of mutant mouse (3-major globin promoters in HeLa cells. Each mutant gene is named according to the 
position of the single base substitution in the promoter relative to the start site of transcription. The first letter (A, G, C, or T) following the number indicates 
the nucleotide present at that position in the wild-type promoter, while the second letter indicates the substituted nucleotide. For example, - 101 C-A refers 
to a mutant promoter in which the C at - 101 is changed to an A (only the mutant bases are shown for the two double mutants at positions - 751- 74, and 
-281-26). RTL denotes the relative transcription level as defined in the legend to Fig. 3. 

-101 C-A 1.05 
-101 C-T 0.93 
-100 G-A 1.01 
-97 G-A 1.10 

-95 G-T 0.20 
- 9 4 C - T  0.25 
-93 C-A 0.24 
-93 C-T 0.30 
-91  C-A 0.11 

-90 A-G 0.30 
- 9 0 A - C  0.23 
-88 C-T 0.34 
-88 C-A 0.29 
-87 C -T  0.40 
-87 C-A 0.41 
-86 T-C 0.92 
-85 G-A 1.01 
-84 G-A 1.11 
-83 T-C 1.07 

-82 A-G 0.97 
-81 A-G 0.98 

1-79 G-A 3.501 
-78 G-A 2.90 
-77 C-T 0.09 
-77 C-G 0.10 
-76 C-G 0.20 
-7 5G-7 4T 0.02 
-74 A-G 0.33 
-73 T-A 0.24 

-72 C-T 0.18 
-69 C-A 1.12 
-68 T C  0.98 
-68 T-G 1.11 
-67 C-A 1 .01  
-67 C -T  1.05 
-66 A-G 0.96 
-66 A-C 0.99 
-65 C-A 1.00 
-65 C-T 1.10 

-64 A C  1.02 
-63 C-A 1.00 
-63 C -T  0.99 
-62 A-C 0.95 
-62 A-G 1.10 
-61 G-A 0.99 
-60 G-A 1.02 
-59 A-G 0.91 
- 5 8 T - C  0.96 
-57 A-G 0.99 

-56 G-A 1.12 
- 5 5 A - G  0.93 
-54 G-A 0.92 
-54 G-T 0.95 
-53 A-G 0.99 
-52 G-A 1.11 
-51 G-A 0.93 
-50 G-A 1.02 
-49 C -T  1.00 
-49 C-A 0.98 

M!,.mm 
-49 C-G 
-48 A -T  
-48 A-G 
-47 G-A 
-46 G-A 
-45 A C  
-45 A-G 
-44 G-A 
-43 C-A 
-42 C-A 

-42 C-G 
-42 C-T 
-41 A-C 
-41 A-G 
-40 G-A 
-39 G-A 
-38 G-A 
-37 C -T  
-37 C-G 
-36 A-G 

-35 G-A 1.11 
-35 G-T 0.99 
-34 A% 0.91 
-33 G-T 1.00 
-33 G-A 0.93 
-32 C-A 0.99 
-32 C -T  0.96 
-32 C-G 1.09 

-30 T-C 0.33 
-29 A-G 0.45 
-28G-26G 0.25 
-27 A-G 0.40 

1-26 A-G 0. 501 
-25 G-T 0.92 
-25 G-A 1.02 
-24 G-A 1.11 
-23 T-C 1.00 
-22 G-A 0.99 

-21 A-G 1.01 
-21 A C  1.00 
-20 G-A 1.09 
-19 G-A 0.97 
-18 T C  0.95 
-15 G-A 1.12 
-14 A C  0.90 
-14 A-G 0.98 
-13 T-A 0.92 
-13 T-G 0.91 

-12 C-G 0.99 
-12 C-T 1.04 
-11 A-G 0.99 
- 9 T - A  1.11 
-5 T-C 1.02 
- 4 C - T  0.94 
- 2 T - A  0.98 
-1 C-T 0.98 
+ l A - G  0.45 
+ 2 C - T  0.90 

+3 A-G 0.99 
+6 T-A 1.09 
+8 C-T 1.00 
+12 T-C 1.21 
+13 G-A 0.99 
+13 G C  0.99 
+14 A-C 1.10 
+14 A-G 0.92 
+19 G-A 0.99 
+24 G-A 1.01 

616 SCIENCE, VOL. 232 



disrupts the tk CCAAT box leads to a significant decrease in in vitro 
transcription (30). A comparison of the effects of point mutations 
within the CCAAT box on transcription in vivo is presented in 
Table 2. Base changes at the same position of the CCAAT box in 
different promoters have similar effects. 

All of the base substitutions that occur within the CCAAT 
sequence result in a decrease in transcription in all of the promoters 
th;s far examined. However, an incre&e in the RTL is observed 
with certain base substitutions at positions adjacent to this sequence 
in both the tk and P-globin promoters. Two base substitutions near 
the tk promoter CCAAT box result in a 1.5-fold increase in the RTL 
(10) (Table 2), while a 3- to 3.5-fold increase is observed when 
either of the two bases immediately upstream from the p-globin 
CCAAT box is changed (Fig. 3). Each of the two promoter up 
mutations in the tk CCAAT box region produce a sequence that is 
closer to the consensus sequence of globin gene promoters. The 
nucleotide immediatelv downstream from the CCAAT box is usual- 
ly C, while the two nucleotides that precede this sequence are usually 
purines (16, 18). The two mouse p-globin promoter up mutations 
change the GG dinucleotide immediately upstream from the 
CCAAT sequence to AG or GA. Each of these three possible 
dinucleotide pairs is found adjacent to the CCAAT box of other P- 

Table 2. Comparison of CCAAT box mutations in several different promot- 
ers. The wild-type sequence of the CCAAT box and surrounding nucleotides 
of four promoters is shown at the top. In the case of the herpesvirus tk 
promoter, the CCAAT box is in an inverted orientation relative to the cap 
site of the gene, but is presented in the same orientation as that of the other 
promoters. The sequence of the mouse and rabbit p-globin CCAAT regions 
are identical. Single base substitutions in each of the CCAAT boxes are 
indicated beneath the wild-type sequences, and the observed RTL's are 
shown to the right of the substitutions. Mouse p-globin, Table 1; rabbit P- 
globin (14); HSV tk and MSV LTR (10). 

MSV LTR A A C C A A T C  
HSV tk C G C C A A T G  
MouselRabbit $ G  G  C  C  A  A  T  C  

Mouse $ 

0.09 
0.10 
0.20 

G  T 0.02 
G  0.33 

A  0.24 

MSV Lrn 

;&it p 

globin genes. Although GG occurs at this position in adult P-globin 
genes from different species, AG and GA are found in fetal and 
embryonic globin promoters respectively (1 6, 18). It is possible that 
these up promoter mutations act by affecting the affinity of a 
transcription factor for the CCAAT box, or by altering the confor- 
mation of this factor when it is bound to the promoter (10). 

Cellular factors that specifically interact with the CCAAT box 
have, in fact, been identified in nuclear extracts of human HeLa cells 
(30) and rat liver cells (10). The HeLa cell factor has been shown to 
stimulate in vitro transcription from the tk promoter (30), while 
both the HeLa and rat cell factors protect a specific region within 
and surrounding the tk CCAAT box from deoxyribonuclease (DN- 
ase) I cleavage (10,30). The DNase footprint in both cases includes 
14 to 16 bases umtream from the CCAAT box and between 4 and 9 

T  0.18 

- I I 
HSV tk 

G  

bases downstream from the sequence. It is likely that the factor 
identified in the two types of cell extracts is the same. The HeLa cell 
factor has also been shown to bind specifically to the human P- 
globin CCAAT box (43). 

The TATA box element. As in the case of most other eukaryotic 
promoters examined (19, 28), linker scanning mutations (15) and 
single base mutations (Fig. 3) within the mouse P-globin TATA box 
result in a significant decrease in the level of accurately transcribed 
RNA. In addition, some of these mutations alter the start site of 

G 

. 

transcription. Naturally occurring single base mutations in the 
TATA box of the human P-globin gene associated with p-thalasse- 
mia result in decreases in the transcription level in erythroid cells and 
in the HeLa cell transcription assay (44). Like the upstream 
promoter elements, cellular factors that specifically interact with 
TATA boxes have also been identified (31, 45, 46). A linker 
scanning mutation (15) and single base mutations (Fig. 3) in the 
region upstream from the P-globin TATA box also result in small 
decreases in the RTL. Although the significance of this observation 
is not clear, it is possible that mutations at -37 affect the affinity of 
factors that interact with the TATA box. 
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The fine structure genetic analysis of the P-globin promoter has 
made it possible to precisely delineate the sequence elements 
necessary for accurate and efficient initiation of transcription. The 
validity of the enhancer-dependent HeLa cell transcription assay for 
analyzing p-globin promoter mutants has been demonstrated by 
showing that naturally occurring promoter mutations that decrease 
the level of transcription in human erythroid cells also decrease the 
level of transcription in the HeLa cell assay (38, 44). Moreover, 
linker scanning mutations and single base substitutions have been 
shown to result in comparable decreases in the transcription of 
cloned P-globin genes introduced into mouse erythroleukemia cells 
and HeLa cells (15, 47). Although single base substitutions in the 
regions that lie outside the conserved promoter elements have no 
effect on transcription in the HeLa cell assay, we note that some of 
these sequences are highly conserved in mammalian evolution. It is 
therefore possible that these sequences play an important role in a 
function not detected in the HeLa cell assay. Whether they may be 
involved in globin gene regulation in erythroid cells remains to be 
determined. 
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