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SUI9ARY

For a series of wild type and mutated eucaryotic gene prelude sequences
(mainly "promoters" of SV40 early gene (Benoist and Chambon, Nature j9, 304
(1981); Moreau et al., Nuc. Acids Res. _, 6047 (1982)) and of Herpes Simplex
Virus TK gene (McKnight and Kingsbury, Science 217, 316 (1982)), in vivo
promoter activity and local stability (denaturability) have been correlated.
In agreement with the conclusions drawn in these papers, the correlation
points to three major eucaryotic promoter elements and loci: (i) enzyme enab-
ling by an enhancer sequence; SV40 and Moloney Sarcoma Virus enhancers have a
striking stability homology; (ii) enzyme activation, occuring 50-70 b.p.
upstream the cap site in a high stability domain; the enzyme apparently deac-
tivates exponentially upon moving away to trap site; (iii) enzyme positioning
at trap site, 30t5 bp. upstream the cap site. The trap site contains the
TATA box, or, when absent, other low stability domains downstream the
activator. The number and occupancy of cap sites may depend on the stability
and size of the tr 1-s site couple and its distance from the activator.

A wide body of evidences demonstrates that the organization and

regulation of the genetic information flux is at least in part encoded in the
nucleic acid template. The DNA or RNA segments known or suspected to be
repositories of genetic processing signals (associated for instance with the
onset or termination of transcription, translation, replication, ...) are
expected to bear characteristic features and were carefully checked therefore.
The examples of aminoacid codons and restriction sites, which are written into
the template as fixed chemical structures (letter alignements), suggested for
some time that the expected signals may appear as specific "keywords". Based
on a sample of a few sequences only, this view was first thought to be
correct. The sequences of the first procaryotic promoters contained the
"keywords" TATAAT and CAATGT, located around 10 and 35 base pairs upstream the

transcription initiation site (adresses -10 and -35) (1); the first
established sequences preluding eucaryotic genes contained a TATA sequence
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also and a CAAT sequence, around adresses -30 and -70 upstream the cap site
(2); in procaryotic mRNA, it was found that the AUG triplet was qualified as

an initiator codon when associated with a GGAGG sequence located 10 bases
upstream (3).

As the size of the sequence bank increased, it became however obvious
that these "keywords" were quite often altered. The concept of "consensus
sequences" was introduced instead, associating with each letter of the
"keyword" a probability of occurence (4,5,6). At present it is evident that
even the probabilistic view of consensus sequences is not general, since
examples of promoters are known missing the "TATA box" (7) and well-expressed
genes exist having in their mRNA no significant element of the GGAGG sequence
upstream the initiator codon (5). In contrast, full size keywords are found at
places where the alleged, associated genetic function is not detected.
Although they certainly play some role, literal homologies are neither
sufficient nor necessary to characterize genetic processing signals, which is
to say that they are not introduced by any immutable chemical structure.

In many cases, the location and size of the nucleic acid segment bearing
the relevant signal are known from mutant studies; these yield precise upper
limits within which the signal is deposited: the extensive sequence variation
observed therein, even in a given species, indicates that the signal to point
must be a physical, collective property, having a priori two characteristics:
it can be matched by a variety of sequences and it is spread over a segment of
limited size (usually larger than the assumed consensus sequences).

A priori, physical properties of nucleic material, candidates for

supporting regulatory signals, could be of diverse nature. Helix handedness or

base-per-turn number, the presence of unwound DNA regions at palindromic sites
or left-to-right handed helix jonctions (8), lack of nucleoprotein coverage or

special higher order folding (C), are regulatory signal candidates. One car
also think of dynamic properties particular to nucleic acids (10). Signals
could also result from a DNA-specific protein complex; however, the occurence
of nucleoprotein complexes at specific sites of the DNA template request also
specific recognition signals.

Whatever the physical properties involved, the collective character of
the regulatory signals suggest that they will reveal in the thermodynamic
properties of the nucleic acid as distinct features.

Furthermore, many -if not all- basic genetic processes operate on linear,
single-stranded nucleic acids. Transcription takes place on one DNA strand

only, which assumes local DNA unwinding, and so does DNA replication;
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translation in the ribosome assembly is likely to proceed on mRNA at least

locally devoid of secondary structure, etc... Thus, the state function,
associated with the change of state of the nucleic acid (DNA re/unwinding, RNA
re/unfolding) could indeed carry characteristic features signaling locally the
insert of a given regulatory signaL

These state functions are easily accessible to experimental investigation
and can now be computed in great detail from the DNA sequence (11). Recently,
we have shown that procaryotic promoters (12) and translation initiation sites

(13) distinguish by characteristic patterns in their state functions,
suggesting plausible mechanisms for transcription and translation initiation.

The present report summarizes our investigation along this line on

putative promoters of eucaryots (viruses mainly) specially SV40 and Herpes
Simplex viruses, for which many mutants have been constructed and tested in

vivo (14,15,16).

MATIL AND METHDS

Nucleic acid helix-coil transition thermodynamics.

Considerable progress has been made in this field when it was recognized
that the change of state of nucleic acids (specially DNA) proceeds stepwise.
Together with other groups (17-20) we have shown experimentally (see 21 for a
review) that in case of thermal unfolding of DNA, each of these steps
corresponds to the unwinding of a particular DNA segment or "domain", whose
location, size and mean base composition can be accurately derived from the
experimental data.

Much effort has been spent to account theoretically for this behaviour
from the DNA sequence and its environment (solution conditions). Remarkably,
it turns out that two parameters suffice to describe the main features of the
process: a parameter "p", related to the DNA "stability" (see below) and an
"environment" related parameter "W". If X quantitates some agent able to
induce a helix-coil transition of DNA (X may stand for temperature, pH,
concentration of denaturing (bio)chemicals, mechanical torque-couple acting on
the strands, etc...) then, by definition, p=(X-XAT)/(k C-X ), where XAT and
X are the values of X for which respectively random poIy d(AT) and poly
dCGC) change state. W is proportional to V, the free energy associated with an
helix-coil boundary; W=V/(fAT-fGC)t where fAT and fGC are the bound free
energies of AT and GC b.p. respectively.

W is very sensitive to the ambient ionic strength cf.(22) . The main
contribution to W comes from the change in electrostatic repulsion between the
two DNA strands upon helix-coil transition. Calorimetric measurements (23)
show that V exceeds by far f and f c. and also the mean energy fluctuations
at practical temperatures. This impfies that the parts of the DNA molecule,
undergoing helix-coil transition for a given value of p, are precisely defined
"domains", having characteristic helix free energy matching V. It is for this
reason that upon changing state, DNA is partitionned into domains as first
recognized by Azbel (24) and later developped in detail by Gabarro and Michel
(25) and Michel et al. (26).

From a practical point of view, the main contribution to the partition
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function comes from the fundamental state, which allows its numerical
calculation by a fast and simple algorithm (25).

The ability of the model to account for the thermodynamic properties of
DNA unwinding, is demonstrated by the excellent fit of the experimental
melting profiles with those calculated from the sequence, according to the
modeL This remarkable agreement is observed within the W range experimentally
accessibj1e at prepent (W from 5 to 10, corresponding roughly to ionic strength
from 10- to 10- M of monovalent ions) and for all DNA species studied so
far, both eucaryotic and procaryotic (27) including DNAs with extreme mean
base composition constrains, like yeast mitochondrial DNA (26). The same
agreement was observed by Benight et al. (28).

A suggestive picture of the change of state behaviour of DNA is given bY
a three-dimensional plot, termed "DNA state surface", derived from the DNA
sequence by the algorithm of Gabarro and Michel (25) : DNA sequence (S) vs.
stability (p) vs. environment (W). An example is given in figure 1, on which
are also visualized the "stability profile" (S vs. p at constant W), the
"environment map" (projection of the DNA state surface on the (W,S) plane)
and the DNA phase diagram (DNA state surface projection on the (p,W) plane).
The DNA melting domains are displayed on the stability profile as bars of
constant p, the stability at which individual domains change state. The
environmental map shows how the DNA molecule subdivides into smaller domains
as W increases.

In what follows, we will examine the stability profile of DNA in
environments at W=4. Although we have so far no experimental proof that our
model remains valid below W=5, we postulate this to be the case. Special
experiments to test this hypothesis are currently being designed.

We have computed the DNA stability surfaces of putative promoter
sequences gathered from references (14,15,16,29). Computations were carried
out on a UNIVAC 1110 computer at the University of Paris XL

Figure 1.

Three-dimensional sta-
bility diagram for the
sequence of a fragment of

0
of SV40 starting 24 bp. up-

stream HpaII site and
terminating 781 bp. down-
stream (see text).

sequence
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RESILT.

For reader's convenience, selections of results given in (14), (15),
(16) and (29) are briefly reproduced below, at pertinent places in the
comments of stability profiles. This ad-hoc selection is neither exhaustive,
nor does it infere a critical appraisal on the results not mentioned.

I-M4O AND RECDBINANTS INTEDIN VARIOUS PLACES OF THE PUTATIVE EARLY GENE
PROMOTER REGION (fig. 2).
1) Wild type SV40.

Figure 2 displays the stability profile of a SV40 segment 727 base pairs
long (see legend to fig. 2) including the early gene promoter region. When
compared to the stability profile of the complete SV40 genome (data not
shown), this part of the profile is remarkable in that it bears by far both
the most stable and the most unstable domains of the whole molecule. The "TATA
box" is located in a domain of absolute stability minimum (p=.25) which is not

surprising since 23 of 27 b.p. at the "TATA box "site are AT pairs. Its
immediate neighbour domains are in contrast the most stable domains of the
molecule (p=.7). The caped site is precisely located at the distal boundary of
the stable domain downstream the "TATA box".

Another striking feature is the presence of two 20 b.p. long stable
domains RI20 and Rii20, each being part of the 72 b.p. perfect repeats
located within the early-late intergenic region of SV40 and known to play an
important role in the early gene expression (see below). Notice that the RI
and RII domains come out into view only below W=4.5 (see fig. 1) and remain
of the same size down to W=2a0 (data not shown).

We notice incidently that the initiation codon of t and T antigens is in
a local stability dip (p.35) a feature found for all (except one) procaryotic
and eucaryotic initiators examined so far. We have proposed that this is the
key element qualifying an ATG to be an initiator codon (13).
2) Mutants deleted between the "TATA box" and the caped site (14).

Here, the stable domain just downstream the "TATA box" is progressively
reduced in size and lowered in stability. The main cap sites of these mutants
remain located 30+5 bp. downstream the box, except for HS4, for which
several secondary cap sites clearly show up downstream (site 1 to 11 in fig.
2, see legend to fig. 3c in (14)). T antigen production of these mutants is
only slightly reduced in comparison with wild type expression.
3) Mutants deleted between the caped site and upstream the "TATA box" (fi.3)
(14).

From the point of view of T antigen expression, two classes can be
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Solid line: stability profile (stability p vs. sequence for W=4.0, see
METHODS) of 750 bp. fragment of pSV1, including 23 bp. from pBR322 (TET side
of EcoRl site) and 727 bp. from SV40 (early/late intergenic region from HpaII
site and beginning of early gene). Sequence and numbering of main domain
boundaries (see METHODS) as in (14). The perfect 72 bp. repeat, and the three
nearly identical 21 bp. repeat (3X21) are indicated.
O . Alu site at 5162, which is the downstream deletion point common to all

HS mutants.
* . EcoRl/HpaII site, which is the upstream deletion point common to all PS

mutants.
*. upstream limits of HS mutant deletions.

A . donwstream limits of PS mutants deletions (mutant identification
indicated below these signs).

Dashed lines: part of the stability profiles of HS mutants.
Dotted lines: part of the stability profile of PS mutants.
The stability profile of any HS mutant (except HS4, see fig. 2) is

composed of the solid line part downstream , the dashed line starting at the
point where the dashed line merges into the solid one. PS mutant stability
profiles are constructed in the same way.

Arrowheads: caped-sites(taken from (14)); horizontal: pSV1 mRNA start
site; vertical, P and a to g: common to mutants HS38 and HS1 11; vertical, in
bracket X: for HS111 only; vertical, 1 to 11: common to TATA minus HS mutants
up to and including HS3&

Insert a: full line, stability profile of pSV1 in the 72 bp. repeat
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Fig. 2 (contin,wg region (as above); dashed line: part of the stability
profile of SV r determined by the inserted MSV 72 bp. repeat (see (29)).

Insert b: full line, stability profile of recombinant TB0 in the region
of the remaining copy of the 72 bp. repeat; dashed line, stability profile of
mutant TB1l1, resulting from TBO by deletion between the two, ; dotted line,
stability profile of mutant TB202, resulting from TB0 by deletion between the
two A .

distinguished in these mutants. Those not extending into RI20 (HS2 to HS40)
are characterized by a reduction of size and stability decrease in the stable

domain immediately upstream the "TATA box" (which contains three 21 b.p.
repeats, dubbed 3X21). Their in vivo T antigen production progressively
reduces as the deletion becomes more extended; for instance, HS40, the most
deleted member of the class, has only few percent of the wild type (w.t.) T
antigen production. Inspection of the transcriptional activity map shows that

this lowered phenotypic activity is partly due to a progressively increasing
amount of cap sites donwstream the T antigen initiator. For instance, for

mutant HS66, less than 60% of the mRNA include the initiator, with antigen T

level of 15%.
The second class of these mutants extend into and beyond RII20. The

stability profile of HS38 (deletion extending 3 bases into RII20) still shows

a remnant of the RII domain (stability reduced from p=.6 to p=.55) but the

RII0 domain is completely erased in mutant HS111, which extends 11 further

into RII as well as for more deleted HS mutants (not shown). The T antigen20'
expression of HS38 compares to that of HS66, whereas HS111 and the following

produce no T antigen in short-term experiments (see (14)). These two classes
of mutants share in common the series of 11 discreted caped sites (1 to 11,
fig. 2). Remarkably, the loci of these sites (fig. 2) are mostly within
stability dips, p<.5. However, the occupancy of these sites is neither

homogeneous for a given mutant (occupancy distribution is approximately bell-
shaped) nor identical for all mutants (occupancy distribution maxima remains

roughly 30 bp. downstream the deletion point). We notice that for HS38, 45%
of the transcripts start in X region (5 bands, fig. 2 and see fig. 6 of (14))
that is a region upstream RI20 and downstream the stable domain 282-264,
flanking the EcoRl site on the Tet side. HS38 and HS111 share in common 7 mRNA
bands between RI20 and RII
4) PS mutants (14).

Mutants PS2 and PS4 delete respectively part and all of the RI20 domain;
their transcriptional behaviour compares to that of the wild type. PS224 and
PS214, which bear deletions further downstream but not into RII20, still
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support gene expression, although with reduced yield (10%). Mutants PS366 and

PS359, which deletes part or all of RII20 do not support gene expression in

short-term experiments.
5) TB mutants (15).

Mutant TBO has lost the equivalent of one complete 72 b.p. repeat.
Transfection of this mutant is 85% of that of the w.t Further alterations of

this mutant are introduced by deletion starting approximately in the middle of
the remaining R20 sequence and extending both upstream (32 b.p., mutant

TB101) and downstream (21 and 22 b.p., mutants TB208 and TB202. In these

mutants, gene expression is virtually abolished (4% from w.t. in TB202 and

TB208, <1% in TB101). The stability profiles of TB mutants are shown in fig.
2, (insert b). The TBO profile is identical to that of the wild type except

that Rii is missing. The remaining RI is altered (shrinkage and stability
lowering) in TB202, TB208 and TB101, the later mutant showing a remarkable

stability increase in the domain upstream RI due to predominant AT deletion

there.
II-RECIMBIANT SV-rsv (29).

This recombinant results from the replacement in SV40 of the 72 b.p.
repeat by a 72 b.p. repeat derived from the long terminal repeat (LTR) of

Moloney murine Sarcoma virus (MSV) DNA. The SV40 and MSV 72 b.p. repeats bear

no detectable sequence homology. SV-rMsv induces T-antigen synthesis in monkey

cells as does wild type SV40. Fig. 2 (insert a) shows the stability profile
of SV-rMsv superimposed to that of pSV1. Notice the close resemblance of both

profiles in the 72 b.p. repeat regions.

III-SUSTITUTION MUTANTS U E MlE CAP SITE OF HERPEX SIMPLEX VIRUS (HSV)
HTYMIDDIE KINASE (IK) GENE (16).

This series of mutants result from 5-10 nucleotide substitutions

clustered within spots located from -119 to + 15 bp., respectively up and

downstream the putative cap site of the TK gene (these mutants, produced by a

"linker scanning" (LS) method, are nomenclatured by two numbers standing for

the upper and lower limit of the substitution cluster). The stability profile
of wild type HSV TK and of strong up or down LS mutants are shown in fig. 3.

Some substitutions are AT to TA or GC to CG changes, which are not taken into

account in our present calculations of stability profiles.
Prominent features of HSV TK wild type stability profile are (i) the

stable domain (p=.70) extending from -105 to -93; (ii) the stable domain

(p=.8) extending from -57 to -40; and (iii), the unstable (p=.35) TATA domain

extending from -27 to -20. Measurements of the in vivo gene expression of LS
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0 uJ_T:Stability profile of*70°°°rr,-+-+-.-.-+,+ .HSVTK prelude sequence
0r._._._._1_-4W-+[*+t; (solid line) and various

.60 _7 substitution mutants from
01 A .s-119-10s9cu 120 bp. upstream the
0 -93 IooooLS-115-1051L ca ped site to 15 bp.50 o s3S117i-37[ downstream (16). Numbersoil~~~~~~~~O001*+ i refer to domain boundary
o adresses with respect to0 caped site. Insert A:

30 j down mutations; insert B:
____________@9 __________________ up mutations. Numbers in

.20- L5-101C0.0 . LS-S4-74 (0.09) parenthesis behind
++++++LS "as _____ LS-59-49 MAW mutants name are the

*s°......... L-9-0 6U +..LS-21-124 (07PI corresponding in vivo
expression with respect

4080 m o to non-mutated HSVTK.

mutants relative to the wild type, show strong alteration for mutants

substituted between -111 to -74, -59 to -46 and -29 to -12.

DITSCSSION.

In what follows, our goal is mainly to correlate in vivo transcription
data presented at various places -specially in (14), (15) and (16)- with the
stability analysis of the corresponding promoters, in order to try to shed
another light on the facts and perhaps to bear out another look at the

eucaryotic promoter problem.
ROLE OF THE "TATA BOX".

For SV40 early genes, deletion of the "TATA box" does not seem to affect
quantitative early gene expression (see mutant HS2), nor does its presence
warrant transformation (see mutant PS366). Benoist and Chambon's in vivo

experiments, "clearly show that the TATA box has a key role in fixing the
start site within a narrow area" (14). Our analysis allows to correlate this

role with local DNA stability and to sketch a plausible mechanism by which the
TATA area (or low stability substitute) brings the transcriptional complex to

fall into step, forcing transcription to start at a given site.
For wild type, pSV1 and for 4 out of the 5 mutants retaining the "TATA

box" (P1A, AS, HSO, HS3, see(14)) transcription start almost exclusively
within a small area, 30±5 bases downstream the box. The fifth, HS4, which

has lost the stable domain downstream the "TATA box", starts to transcribe at

the secondary cap sites 1 to 11. This suggests that the deleted GC-rich domain
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contributes to the determination of a single start site.
In addition to other effects (see below), the stable 3X21 domain upstream

the box may have a similar action, as its progressive deletion (HS2 to HS66)
brings upstream the maximum of the start site distribution.

The particular base distribution (and the corresponding stability
profile) of the SV40 early gene "TATA box" and stable flanking domains, seems

thus to act as a trap, which brings all enzymes to start transcription at the
same place. The sequences of many others TATA box area have comparable base
distribution constrains; striking examples are the TATA area of adenovirus-2
major late gene (7), 5'-GGGGGGCTATAAAAGGGGGTGGGGGCGC-3', chicken conalbumine
(45), 5'-GCCAGGGCTGCTCCTCTATAAAAGGGG-3', herpes simplex virus TK (16), 5'-
CCGAGGTCCACTTCGCATATTAATGACGCGTGTGGCC-3'. Since these genes exhibit single cap

sites, their TATA area could also fit the postulated trapping action.
Conversely, the TATA minus mutants, or natural genes lacking TATA like

sequences (adenovirus-2, 72K DNA binding protein gene for instance (7)) show

multiple cap sites which may result from the absence of a dominant TATA trap.
How does the trap work? The main virtue of the "TATA box" could be its

AT-richness, that is its easy denaturability to form a "bubble". In contrast,

the stable GC-rich flanking domains bear strong double helices, which provide
abrupt boundaries to limit the "bubble" extension. If some element of the

transcriptional machinery has an affinity for unwound DNA (as is the case for
E.Coli RNA polymerase (30)) the precisely positioned "bubble" could trap the

enzyme on the template, thus defining the cap site. The extreme stability
constraints observed around the trap could be requested for the processing of
this promoter in a wide range of environmental conditions and/or topological
states of DNA. This would resemble a situation already encountered in

procaryotic promoters (R. Ehrlich et al. manuscript in preparation).
The postulatedtrapping action of the TATA region through the "bubble"

effect is consistent with the fact that for the five deletion mutants

retaining the "TATA box" (PlA, AS, HSO, HS3, HS4) "initiation always occurs

27-34 base pairs downstream the first T of the TATTTAT sequence" (14), just
as for pSV1.It is as if the trapped enzyme had its active site protruding so

as to be in contact with the template roughly 3 helix turns downstream.

Transcription of TATA-minus HS mutants provides further support for this

scheme. The discrete cap sites 1 to 11 found in mutants HS4 to HS111, the

additional sites a to g found in both HS38 and HS111 and the five bands

located in zone X for HS38 (fig. 2), share a remarkable property: each is

preceded 30+5 bases upstream by an AT-rich box, which could act as a trap
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(see table I). For these sites, it would be of interest to correlate the

efficiencies of the individual cap sites with the stability and/or extension
of the domain covering the related trap substitute. Another remarkable feature

is that all 23 cap sites -except numbers 2 and 3 of the 1 to 11 series- are
precisely positioned in distinct stability wells, in contrast to the early

gene mRNA cap sites of TATA box plus species Identical conclusion are reached
for other TATA-minus "promoters" in the literature (ref. 31 to 34; see table

I).
In our hypothetical scheme, this observation could be interpreted as

follows: high positioning efficiency of the enzyme by the genuine TATA, allows

transcription to start even in a stable domain; less efficient steric
positioning of the enzyme by trap substitutes, due to less adequate size or

stability, requests that the active site of the enzyme be in contact with a

low stability domain, easily denaturable. A similar mechanism has been

postulated for E.Coli RNA polymerase melting into procaryotic promoters, in

particular to account for the behaviour of the Lac w.t. promoter in the

presXrce of CRP, as compared to that of the mutated Lac "up" promoter, UV5
(12). According to the proposed mechanism (R.Ehrlich et al., manuscript in

preparation) CRP is requested on the wt. promoter to achieve a very precise
steric positioning of RNA polymerase, in order to allow its 3. subunit to be

in contact and to destabilise the GC pairs located at precise adresses just
upstream the start site. The result, an unwound 11 bp. loop including the

transcription start, can be obtained also in the UV5 promoter, by IT

denaturing only two GC bp., chosen at will in a set of six; this means less

stringent steric positioning of the enzyme, hence the CRP independence and
high efficiency of the UV5 promoter.

The assumed trapping action of the "TATA" box, allows to rationalize the

behaviour of mutants LS-29-18 of HSVTK (16). Although only modified in its

TATA box, this is a strong down mutant, infering that in this case, the

TATA box is an essential promoter element. However, close inspection of the

DNA sequence or stability profile between the "TATA" box and over 200 b.P.
downstream, that is well beyond the TK initiation codon, reveals no trap
substitute nor any trap-start couple (the AT richest cluster, a TTAA sequence

in a GC-rich environment, 30 bp. downstream the cap site, does not

particularize in the stability profile (not shown)). Thus, in this mutant,
the anticipated trapping action takes place very poorly, at least upstream the

initiator, explaining consistently the very low in vivo gene expression. A

similar element could at least contribute to the "down" effect of LS-21-12;
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although the substitutions are outside the TATA sequence, they teleact into
the TATA domain (-20, -27), see fig.3.

The postulated TATA trap mechaniLsm is consistent with the experimental
results available, but remains a hypothesis. It is also plausible that the
TATA area participates to promoter action through other properties and that
the precise position and nature (purine-pyrimidine) of some bases of the box
are of importance. However, in vivo, this area is obviously not the
repository of the signal pointing the SV40 promoter to the RNA polymerase nor
does it activate the enzyme-template complex: full level transcription
activity is observed in the TATA-minus mutant HS2, whereas PS366, which
retains the "TATA" box, does not support gene expression.
A CRUCIAL GC-RICH DOMAIN UPSTREAM THE "TATAR BOX

The transcription behaviour of mutants HS2 to HS 102 demonstrates that
the 3X21 domain behaves as a major transcription efficiency control for SV40
early gene expression. Size reduction of this domain with its stability
unchanged (p.671*02) shows a concomitant transcription efficiency lowering.
HS2, keeping a full size 3X21 domain, has almost 100% transcription efficiency
(80% gene expression, 20% post-T antigen initiator cap sites (PICS)). Size
reduction by 1/3 (HS105, deletion of the most downstream repeat) lowers
transcription to 65-70% (55% gene expression, 30% PICS estimated from
interpolation of HS2 and HS12 data). Deletions of 1/2 (HS12), 5/6 (HS66), or

all (HS102) of the 3X21 domain yield comparable gene expression (15+1%) and
transcription efficiencies around 20% (PICS respectively 35%, 42%, and 50%
(the later extrapolated from the two former data)).

Comparison of the mRNA yields of HS2 (100%), HS105 (65%) and HS12 (20%)
focusses special attention on the sequences between the 5'deletion points of
these mutants, 5'-AGTTCCGCCCATTCT-3' and 5'-TAACTCCGCCC-3' located
respectively 30 and 40 bp. upstream the "TATA" box. The common sequence
-TCCGCCC-, may prove an important element in that its deletion reduces
transcription by almost 50%.

We have looked for the sequences located 20-40 b.p. upstream the "TATA"
box in various eucaryotic (viral and cellular) "promoters" (table II). No
obvious sequence homology is apparent but, strikingly, we found in the
stability profiles, almost systematically, domains of very high stability
composed of clustered GC pairs, extending over five bases at least, often
exceeding 8 and sometimes intermingled with just a single AT pair.

The transcriptional behaviour in vivo of mutants in the "A" domain of
various promoters mentioned in table II have been reported. For instance,
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strong down mutations are observed upon lowering the stability of the "A"
domains preluding the drosophila heat shock protein 70 gene (mutants pHT6,
pHT7, AS'-44 (51)) or the rabbit B-globin gene ( 58 (deleting upstream from
the middle of the "A" domain), 34 (deleting the "A" domain in full and
sequence downstream), (52)). However, these observations deal with deletion
mutations which often cover more than the "A" domain, rendering meaningful
correlation of the observed effect and the sole "A" domain questionable.

A more convincing argument is derived from the behaviour of the three
mutants substituted in the "A" domain of HSVTK gene (16). One (LS-47-37)
expresses the TK gene at 127% of w.t., whereas LS-59-49 and LS-56-46
transcribe at 8% and 11% of w.t. respectively. The stability profiles show
that the "A" domain is slightly more stable and extended in LS-47-37 (127% of
w.t., "up" promoter) but is of lowered stability and reduced size for the two
down mutants (fig. 3).

Taken together, the transcriptional behaviour in vivo of the HS mutants
of SV40 and those just described, allows to grasp the elements of the "A"
domain which seem important for the role it obviously plays in transcription
control. A priori, the data suggests the following elements as potentially
critical: "A" domain sequence; its base composition and related physical
parameters (stability, helix conformation); its size; its relative position
in the "promoter". The sequence per se (i.e. the simple letter alignement)
seems not enough to secure the function ascribed to the A domain. There is no

sequence homology among the "A" domains in table II, in particular among those
known to be active in controlling gene expression in vivo. Even more

convincingly, in HS12, comparable transcription levels are exhibited by HS12,

which has still one copy of the 21 b.p. repeat, and HS44 or HS38.
The three mutants substituted in the "A" domain of HSVTK gene, as well

as substitution mutants pRE4 and pRE7 of SV40 (15), which have "A" domains of
reduced size (not shown) due to GC to AT substitutions there, show that the
high GC content of this domain is an important element, a conclusion also
supported by the "Al domains in the eucaryotic promoters (see table II). The
precise property conferred by the high GC content on the transcription control
is unknown and awaits physical studies of the "A" domains. The concomitant
decrease of transcription efficiency and "A" domain size in both deletion

mutants (HS2 to HS102) and substitutions mutants (pR4, pR7, and LS-59-49, LS-

56-46) infers a direct link between the anticipated "A" domain control

function and its size, i.e. the lenght of the stable domain (p=.6 to .7)
located about 50-70 bp. upstream the cap site. The typical size of the "A"
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domain is difficult to determine, as the length of those enlisted in table II
varies within large limits (average 15 b.p.). LS mutants of HSVTK around the
"A" domain clearly delimitate a segment of about 20 b.p. harbouring the

function we ascribe to an "A" domain, outside which mutations do not have
great effect on gene expression. This size is about 1/3 that of the SV40 early
gene "A" domain (64 b.p.). However, since no figures of absolute transcription
efficiencies of both genes are available, and also since the stabilities of

their "A" domains differ significantly, correlation of their sizes is
questionable. Finally, since the copy left in HS12 is almost inoperant (HS38
still supports 10% transcription), and since the two copies present in HS105
only promote transcription to 65% of the level observed in HS2 (which has the
three copies), the two donwstream copies, and specially the one flanking the
TATA box, seem dominant. This infers that their position, relative to some
upstream element, could be critical for transcription control. No data exist
as to the location or nature of this element (see conjecture below).

An indication as to the precise function of the "A"l domain is given again
by the SV40 mutants. That it is not sufficient by itself to determine
transcription is demonstrated by TB1O1, PS366, PS359 for instance, which
have afull size 3X21 domain and "TATA" box but express antigen beyond 1% of
w.t. only. Two series of experiments allow to state that the "A"l domain in
SV40 may control transcription level in behaving as an activator. First this
role would be consistent with the data on the location of the mRNA start sites
and the distribution of the amount of mRNA for each of these sites in mutants
HS2, HS12, HS66. As long as at least one of the three repeats is present
(HS2, HS12) the start sites are in or downstream of what remains of the 3X21
domain. Already in HS66, a few percent of the mRNAs start just upstream the

3X21 vestige. This means that here, and a fortioti upstream in HS38 and HS111,
activation obviously takes place upstream (we suspect (see below) that the

elements responsible for this are the two stable R20 domains and the stable

domain of 17 b.p. on the early side of the EcoRl site of SV40).
The distribution of the amount of mRNA starting at the various cap sites

in HS2, HS12, HS66 is also remarkable, as it seems always centered roughly
30-40 b.p. downstream the remnant of the 3X21 domain, a feature which, as we
shall see now, is also consistent with an activator role of the latter.

The second series of experiments strongly suggesting an activator role
for the "A" domain, come from the transcriptional behaviour of mutants in
the SV40 early promoter region (15), in which pBR322 fragments of increasing

length have been inserted between the 3X21 domain and the "TATA" box (mutants
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pRE7, pMMB28, 14, 1, 24 and mutants pRE7BS, pMMBSBS and pMMB1BS).
Correlation between the size x of the insert and the measured

transfection level E, shows that a single exponential, E=Eoexp(-kx) with

k=1/110, fits the data quite well. This simple relationship suggests that

once activated on the 3X21 domain, the activity of the enzymatic complex
decays steadily (e-1 drop upon shift over 110 b.p.) according to Poisson
statistics, as it moves towards the trap sites. This may be the reason why
the "A" domain always preceeds the "TATA" box by 20-40 b.p. or why the maximum
amount of mRNA is produced roughly 30-40 bp. downstream the 3X21 remnant in

HS2, HS12 and HS66 (these 20-40 bp. distance may be requestd because of the

topology of the enzyme or could be related to its activation kinetics). In
HS38, the complex mRNA distribution pattern reveals three maxima (14): one in

the "x" domain upstream RI20, one around RII2o and one downstream the antigen
initiator, the later being absent in HS111, which lacks RII20. The position
of these maxima is consistent with enzymatic activation on the stable domain
(17 b.p.) just on the early gene side of the EcoRl site of SV40 (sequence
GGCGCAGCACCATGG) which could act as an "A" domain substitute for transcripts

starting at P and the seven bands between Ri20 and RII20 (see legend to fig.5
in ref. (14)); activation could mimic an "A" domain for transcripts starting
around RII20 ("A" domain at Ri20) and within the 11 start sites ("A" domain at

RII20) respectively.
It is likely that other GC-rich sequences in pBR322 could also act as "A"

domain substitutes and could be responsible for enzymatic activation in a

number of mutants lacking the 3X21 domain (ie. the pEMP series (15)).
ENTRY OF THE TRANSCRIPTIONAL MACHINERY INTO THE TEMPLAT.

As already mentionned, the presence of the "A" domain is not sufficient
for transcription to take place. Mutants HS and TB of SV40 (14, 15) show that

the transcriptional determinant enabling transcription must be located

upstream the 3X21 domain. Convincing arguments (that need not be rediscussed
here) have been given by Moreau et al. (15), that possibly in SV40 "the 72
b.p. sequence corresponds to a particularly efficient bi-directional entry
site for a component of the transcriptional machinery". A single copy of the
72 b.p. repeat is sufficient to secure this function (TBO, (15)). Functional
replacement of the two 72 b.p. repeats of SV40 by those derived from the LTR
of MSV (29), shows that the sequence responsible for entry is not unique, nor

does any sequence homology play a role.
We notice, however, a striking resemblance of the stability profiles of

the 72 b.p. repeats of SV40 and MSV, each exhibiting a stable (p<.6+.02)
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domain of about 20 bp., rising over an area of medium stability and centered

about 100 bp. upstream the "TATA" box. In HSVTK, mutants substituted in the

region -85 to -50 bp. upstream the "TATA" box, express the TK gene only to a

few precent of wt. The stability profile of this region also shows a stable

(p=.7) domain of 12 b.p., centered about 70 b.p. upstream the "TATA" box, and

rising over an area of medium stability. By analogy with the 72 bp. segments

of SV40 and MSV, this region could also be requested to enable transcription

of the TK gene. Many other prelude sequences of eucaryotic genes contain,

roughly 70 to 150 bp. upstream the "TATA" box, GC-rich sequences (manuscript
in preparation). The position of these putative enabling domains with respect

to the "TATA" box should not be considered as critical, since it has been

shown in SV40 that the entry function can act at kilobase distance (TBB101 for

instance in (15)). Furthermore, in contrast to the "A" domains, it does not

seem that the stability of the enabling domain "E" is the (only) important

feature of its assumed "entry" function, at least for HSVTK (16): down

mutations in the supposed enabling domain of HSVTK either do not change its

stability (LS-84-74, LS-111-101), lower it (LS-105-95) or.increase it (LS-95-
85). More subtil properties must be involved, but the absence of literal

homology andspecially the bi-directional ability of the 72 b.psequence in

SV40 points obiously to physical, collective properties of the sequence for

the assumed entry function.
Finally, although no clear experimental evidence is available, we

suspect some extent of feedback between the "E" and "A"l domain, in SV40 at

least. As noticed earlier, it is likely that the relative position of the

downstream copy of the repeat in the 3X21 domain is critical for an efficient

activation. This element may be part of the 72 bp segment. In TB202 and 208

for instance (4% gene expression), the entry function is present (to some

extent at least) but expression (ie. activation) is impaired, due either to

the deleted sequence or to the reduced distance between the 3X21 domain and

some relevant element upstream. This is perhaps the remnant of R20; in this

case, if a TBB202 or 208 exist, i.e. plasmids obtained by blunt ligation of
pHS102 box fragment A into the PvuI site of pBR322 part of TB202 or 208 (see
(15), it should express as TB202 or 208, in contrast to TBB101 which

expresses 50% of w.t., whereas TB1O1 does not express at all. This
hypothetical tandem action of the two domains "A" and "E" resembles the action

postulated in procaryotes between the two stable domains flanking on both

sides the recognition site (13); these provide attachement sites to the RNAP
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prior to its melting into the template downstream to the Pribnow box (see (13)
and R. Ehrlich et aL manuscript in preparation).

Promoter recognition and initiation of transcription by the eucaryotic
enzyme machinery do obviously not depend on any fixed chemical structure
(keywords or consensus sequence). They are most probably signaled by
collective properties of base pair sets of finite size, which can be shared by

genome segments of different sequences. We believe that these collective
signals are the ultimate targets sensed, recognized and used by the
transcriptional machinery.

DNA stability (denaturability) has been assayed here as a relevant
collective signal candidate. Its correlation with in vivo transcription data
bears out a hypothetical scheme for the physical structure of eucaryotic
promoters, having three basic components: an enablig region, roughly 100 b.p.
upstream the cap site; the stability profiles of enabling regions show some

homology, but their important features appear complex; a GC-rich
activation domai 50-70 b.p. upstream the cap site; its anticipated role in

enzyme activation is consistent with several lines of experimental data;
althoughits high stability could provide firm support for attachement of some

enzymatic element (a situation also encounterd in procaryotic promoters (53)),
the precise activation mechanism remains obscure; an AT-rich ta2 domain (TATA
box), centered 30 b.p. upstream the associated cap site; its low stability
could ease melting-in of specific elements involved in the initiation of

transcription. Activity feedback between these three domains is possible.
We observe that, in contrast to regulation by a fixed chemical structure,

which allows a mere binary, all-or-none issue, regulation by a collective
physical property like stability is much more flexible, as it allows to

introduce many nuances between the two regulation extremes (full expression or

full repression).Furthermore, since it is known that the stability profile of
a given DNA segment depends on its environment, regulation by the modification
of DNA stability induced by enviroment is envisageable (54).

The nature of the relevant physical properties involved in promoter
definition and initiation of transcription can only be suspected at present,

with some simple criteria (stability, GC or AT clusters), but may be much more

subtle. A true understanding of the promoter action needs their full

elucidation, both by in vivo studies of mutated target elements (reverse
genetics) and their physical investigation by appropriate methods.
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