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ABSTRACT. T7 RNA polymerase recognizes a relatively small promoter extending only 17 base pairs
upstream from the start site for transcription. A model for this recognition suggests that the enzyme
interacts with the major groove of duplex DNA in the region centered at posit@fMuller, D. K., et

al. (1989)Biochemistry 283306-3313], and recent kinetic analyses of promoters containing base analogs
at positions—10 and—11 have provided support for this model [Schick, C., & Martin, C. T. (1993)
Biochemistry 324275-4280; Schick, C., & Martin, C. T. (1993iochemistry 34666-672]. In the
current work, we extend this analysis across the proposed major groove, identifying specific base functional
group contacts at positions9 through—5. Specifically, the 6-carbonyl of guanine at position8 and

—7, the 6-amino group of adenine at positioB, the 5-methyl group of thymine at positiert, and the
2-amino group of guanine at positierb are identified as primary contacts. The results strongly support
the model for duplex recognition in this region of the promoter and suggest that recognition continues
along one face of the helix beyond the major groove and into the adjoining minor groove at pegtion
where helix melting begins.

The T7 family of DNA-dependent RNA polymerases & Coleman, 1987). Via the incorporation of base analogs
presents an ideal model system in which to understandat single sites within the promoter, the relative contributions
detailed structurefunction relationships in transcription. The to promoter recognition of individual chemical groups in the
consensus promoter sequences extend only 17 base pairBNA can be determined. The controlled nature of this assay
upstream from the start site for transcription (Oakley & also allows measurement of effects which might be missed
Coleman, 1977), yet the enzymes are highly specific for their in other approaches (for example, a 10-fold weakening of
respective promoters. In the past two decades, numerouspromoter binding might not be observed in a single measure-
studies have been carried dubitro andin vivo to determine ment of transcription at high enzyme and DNA concentra-
important contacts in promoter recognition. Very early tions). Recent studies using the oligonucleotide-based
studies used base analogs within the DNA in an attempt to approach have identified a number of specific functional
identify functional groups which might contact the enzyme group contacts within the promoter (Maslak et al., 1993;
(Stahl & Chamberlin, 1976, 1978), but most studies have Schick & Martin, 1993, 1995). Near positiorsl0 and—11,
focused on transcription from promoters containing single this approach has confirmed a detailed model for a specific
or multiple base pair substitutions (Chapman & Burgess, proteir~DNA contact in the major groove (Raskin et al.,
1987; Chapman et al., 1988; Schneider & Stormo, 1989; 1992).

Klement et al., 1990; Jorgensen et al., 1991; lkeda, 1992; : : P

’ ; ) PR ' ' These data, combined with the determination of the crystal
Ikeda_ etal., 195_)2a,b, Ra.lSk'n etal, 1992; Diaz et "’.”" 1993). structure of the uncomplexed enzyme (Sousa et al., 1993),
The incorporation of single base pair substitutions can have supported a model for promoter recognition in which
identify specific positions in the promoter critical to recogni- the enzyme recognizes one face of a closed DNA duplex

t|;)n ?Ut T)Irow?esclr:ttle .|nf:)rm%tllfqn t(')n [')l\tIAfcontactstaé'a spanning two major grooves and the adjoining minor groove
rs]ruc l.J(;a '?f\'/ed ten:_lcla rrr:o |r|]ca: lon '3 er ere_nce,\s”u bles (Muller et al., 1989). However, results from transcription
ave identined potental phosphate and guanine aseusing partially single-stranded synthetic promoters strongly

contacts (Jorgensen et al., 1991). Finally, footprinting of . . : - :
. . indicate that, near the start site for transcription, energetically
LhaesSt?g\Sisgéygfr%r;éng\tgr\?iz r\?vp(l)?x gﬁ%ﬂﬁ?&g b;)rf q hasimportant contacts occur only with the template strand of
P P the DNA, presumably in a melted form of the promoter

prompted a general mode for promoter recognition (Muller (Milligan et al., 1987; Maslak & Martin, 1993). This result
et al., 1989). has prompted a return to a two-domain model for promoter

The development of an oligonucleotide-based kinetic assayfynction (Chapman & Burgess, 1987), in which the upstream
for the initiation of transcription allowed a new approach to contacts contribute simple binding to the major groove of
the elucidation of promoter recognition in this system (Martin duplex DNA while the downstream sequence facilitates helix
melting and the direction of the initiating DNA template
* Supported by Grant MCB-9308670 from the National Science Dases to the enzyme active site.

Foundation. . The question remains as to which bases are duplex, and
Department of Chemistry. . . . . .
s Program in Molecular and Cellular Biology. which are single-stranded, in the _energeupally important
® Abstract published irAdvance ACS Abstractdlarch 1, 1996. recognition complex (or complexes) involved in the initiation
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of transcription. In other words, how far downstream does Table 1: Comparison of the Kinetic Parameters for Modified

the upstream duplex recognition region extend? To addresSpromoters

this question and to further test the model, the current studies

K
target bases at positior9 to —5 of the T7 (and T3) RNA (m\% rangé (ml?;afl) rangé
polymerase promoters. native
T 20 0842 28 26-30
EXPERIMENTAL PROCEDURES T3 10 0.4-2.4 40 39-42
ition—9
RNA Polymerase.T7 and T3 RNA polymerases were p°3'g?,”Gq dTdG 0.2 <0.1-2 42 39-44
prepared fromEscherichia colistrain BL21 carrying the — dcdP - low
overproducing plasmid pAR1219 (kindly supplied by F. W. position—9 (T3)
Studier) or plasmid pCM56 (kindly supplied by W. T. - gggf\’ - :gw
MCA”iSt?I’), respectively. In this _System, the RNA p0|y- — FmeCdG 1.0 0.33.0 33 3135
merase is expressed under inducible control ofidledJV5 — dCdl 3.0 1.66.0 35 33-36
promoter (Davanloo et al., 1984; Morris et al., 1986). The position—8
enzyme was purified as described in King et al. (1986). Purity ~ TdA™ %LTJS@ 422-9 215}%5'0 gg f;gé
of th_e enzyme was ve_rified by S_I3$>AGE.1 _ —dTdl 244 143-461 23 15-31
Oligonucleotides.Oligonucleotides were synthesized by — dTdG - low
the phosphoramidite method on a Milligen/Biosearch Cy- position—7 -
clone Plus DNA synthesizer. Reagents were from Glen dCdG: ‘écadG 62'5 2&%&?68 ‘140 48*;716
Research, Cruachem, Prime Synthesis, and Milligen/Bio- —dTdA 40 18-93 8.7 6.5-11
search. Detritylation was monitored throughout each syn- — dTdG 104 5.t21 28 25-31
thesis to verify the efficiency of coupling. Single strands — dCdl 50 1.813 15 13-17
i i vl i position—6
frorX abl/m;]ol scale syntheﬁls were_purlflc(fd tn_tgl gn using | GADT — dAdLE 23 13-40 23 26-25
an Amberchrome reverse phase resin as described previously — dPdT 54 2810 o1 22 o
(Schick & Martin, 1993). — dGdT 6.0 35105 34 3137
Modified bases were incorporated using standard coupling —dAdC 16  16-23 18 16-20
procedures on the synthesizer. To conserve reagents, the - gfggec 237 o 2(‘)}45;719 ﬁ A 13;012 o
base analogs were coupled off-line, but on-column, using a — dGdl = ' low B
procedure communicated to us by Hugh Mackey of Glen position—5
Research (Schick & Martin, 1995). dCdG— d®"CdG 4.3 1.99.4 35 31-39
Kinetics AssaysAssays of transcription initiation (Martin - SE%IG 1(153 L 12224261 ig igig
& Coleman, 1987) were carried out in a total volume of 20 — dTdA 40 18-93 8.7 6.5-10.9
uL containing 30 mM HEPES (pH 7.8), 15 mM magnesium — dCdA - low
acetate, 100 mM potassium glutamate, 0.25 mM EDTA, 1 —dC*P - low

mM DTT, 0.1 mg/mL N,N-dimethylated casein (Sigma),

2 |ndicated ranges represent a 67% joint confidence interval for the

0.05% TWEEN-20 (Calbiochem, protein grade), 0.8 mM best fit parameterd.From Maslak et al(1993). For native promoter
GTP, and 0.4 mM ATP, as described previously (Maslak et constructs, best fit values fét typically fall within the range 0.8-4.2

al., 1993). For each template, reaction velocities were
measured at various enzyme and DNA concentrations. The

nM, while values folk.s:depend somewhat on the enzyme preparation,
varying from 27 to 35 min.

error in each velocity was approximated as the higher of RESULTS
0.1 u«M/min or thet distribution 80% confidence interval of
the fitted slope for the three time points. Velocity data were
then fit as previously described (Martin & Coleman, 1987)
to the exact solution of the steady state equation, using a
weighted nonlinear least-squares minimization algorithm
based on the Gaus#®lewton method (Johnson et al., 1981).
Ranges in the values represent a 67% joint confidence
interval of the fitted parameters. As a result of the nonlinear
nature of the velocity equation and the potential interdepen-
dence of the fit parameters, increaseKijptypically have
more confidence than do decreases (Johnson, 1983). In thi
study, the best fik..:measured for the native promoter varied
somewhat (2735 min?) between different preparations of
the enzyme. Changes for mutant promoters were only
deemed significant relative to a native promoter control using
the same enzyme preparation. In any case, small change
in ket (less than a factor of 2) should be interpreted with
caution.

The synthesis of oligonucleotides containing base analogs
at unigue positions in the promoter DNA provides a powerful
tool for the elucidation of critical structural contacts in a
protein—DNA complex. The application of the steady state
kinetic assay for the initiation of transcription to assess the
effects of the perturbations provides a functional measure
of the relative contributions of individual groups to mecha-
nistically important step(s) in the initiation process. In a
previous study, we have presented evidence that the steady
Sstate parameteK,, provides at least a relative measure of
changes in promoter binding (Maslak & Martin, 1994). The
parametek.,; appears to reflect changes in the rate-limiting
step or steps in initiation, but melting of the DNA helix near
the start site is only a part of this rate (removing completely
1Ehe barrier to melting results in only a doublingkaf). While
some of the mutations presented below do not significantly
perturb the initiation kinetics, others result in activity so low

that valid kinetic parameters could not be obtained (indicated

1 Abbreviations: EDTA, ethylenediaminetetraacetic acid; DTT,
dithiothreitol; PAGE, polyacrylamide gel electrophoresis; HEPES, 4-(2-

in Table 1 as low). The kinetic data are presented in Table
1 and summarized pictorially in Figure 1, which shows for

hydroxyethyl)-1-piperazineethanesulfonic acid; SDS, sodium dodecyl €ach base pair, regions identified as involved or not involved

sulfate.

in promoter recognition.
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Ficure 1: Base contact profiles. The five base pairs examined in this study are shown above. Functional groups identified as probable
contact sites are outlined by a bold curve, while those identified as unlikely to be involved in promoter recognition are indicated by dashed

curves.

Position—9. T7 and T3 RNA polymerase both possess duced by the substitution dTdA dTdG weakens initiation
a CG base pair at position9 of their consensus promoters. so severely that kinetic parameters are not readily determined.
The results in Table 1 show that in the T7 system the As for position—9, these results again demonstrate recogni-
substitution dCdG— dTdG, which introduces a base tion of the template strand base and point strongly to the
mismatch and alters substantially the base in the nontemplateadenine 6-amino group as the primary recognition element
strand, has little effect on the steady state kinetics of at position—8.
transcription initiation, suggesting that recognition does not  Position—7. The simple addition of a methyl group at
occur with cytidine. In contrast, the substitution dCd& the 5-position of cytidine (dCdG~> d®™eCdG) at position
dCdP (P= purine), which removes from guanine both the —7 results in no significant change in the kinetic parameters,
6-carbonyl group in the major groove and the 2-amino group as predicted by the model. The substitution dCe@CdA
in the minor groove, results in transcription too low to obtain at this position introduces a mismatch and replaces the
reliable kinetic parameters, implicating recognition of the guanine base in the template strand by adenine. The kinetic
template strand guanine. In related studies in the T3 systemdata from this construct show both a large increas&qn
(these results were not repeated in the T7 system since bottand a large decrease kg, indicating a major disruption of
recognize the same base at this position), the same very larg@romoter recognition. That this does not result simply from

effect on transcription is seen not only for the dCaGICdP
substitution but also for the dCd& dTdA substitution, as
expected for recognition of guanine. Finally, the simple
substitution dCdG~ d*™<CdG results in no change in kinetic

the introduction of a mismatch is supported by similar results
for the substitution dCdG> dTdA. Indeed, incorporation
of the substitution dCdG— dTdG, which introduces a
mismatch while preserving the nature of the template strand

parameters, consistent with a lack of recognition of the base, results in kinetic parameters much closer to those of
nontemplate base C. Together, these results very clearlywild type. Finally, the very simple substitution dCd&
identify the template strand as the location of the recognized dCdl, which removes the guanine 2-amino group, results in
functional group(s). This leaves the guanine 6-carbonyl and/ only a modest reduction ik.,, suggesting a lack of minor

or 2-amino groups as recognition contacts. To resolve this groove contacts. These results demonstrate clearly the
ambiguity, the simple substitution dCd& dCdl removes critical nature of the base pair at positieri/ and point

the 2-amino group from the minor groove side (while strongly to recognition of the guanine 6-carbonyl on the
retaining the 6-carbonyl) and results in no change in kinetic template strand of the DNA.

parameters. This result, combined with the large disruptive  Position —6. Previous results from incorporation of

effect of the dCdG— dCdP substitution, points very clearly
to the 6-carbonyl of guanine as the primary recognition
determinant at position-9.

Position —8. In a previous study in the T7 system, we
demonstrated that the thymine methyl group of the TA pair
at position—8 is not involved in recognition (Maslak et al.,
1993), implicating the template strand at this position. By

deoxyuridine (dAdT— dAdU) at position—6 pointed to the
thymine methyl group on the template strand as a recognition
determinant (Maslak et al., 1993). That the template strand
is the only contact at this position is supported by the result
that the substitutions dAd™ dPdT and dAdT— dGdT have
very little effect on the kinetics. In fact, the latter substitution
introduces a base mismatch, yet near wild type kinetic

manipulation of the template strand, the substitution dTdA parameters are retained. In contrast, the constructs dAdT
— dTdP removes the adenine 6-amino group and results in— dAdC and dAdT— dGdC result in significant increases

a substantial increase iRy, with a small decrease ikt in Ky, and decreases . The primary importance of the
Replacement of the hydrogen bond donor amino group by pyrimidine 5-methyl group is clearly evident from the results
an acceptor carbonyl (dTdA> dTdl) further weakens of the substitution dAdTF> dAd®™C, in which K., returns
binding as reflected i, while the mismatch pair intro-  almost to wild type levels (althougkey is still slightly
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depressed). Interestingly, none of these substitutions reduces @ \ate Stra
transcription as dramatically as do some substitutions at <& Lo
positions—7 and—8. To introduce an even larger perturba-

tion at this site, we incorporated the bulky purin@urine
mismatch dAdT— dGdl, which replaces thymine by the
purine base inosine. As expected for this very large structural
perturbation, the initiation of transcription for this construct
is too low to obtain valid kinetic parameters. Although our
current results point clearly to the thymine 5-methyl group
as a recognition determinant, other factors may also be
important at this position.

Position —5. The above results support the model for
promoter recognition derived from the footprinting data,
showing contacts across the full width of the major groove.
The model further predicts that at positie®® template strand
contacts will continue to dominate the interaction but that
recognition contacts may be expected to cross from the major
to the minor groove as the proteiDNA contacts continue
along one face of the DNA helix. The prediction that
nontemplate strand contacts are not involved in this recogni-
tion is confirmed by results from the substitutions dCdG
d®™eCdG and dCdG— dTdG, which perturb the base in the
nontemplate strand yet show very little change in the kinetic
parameters. In contrast, the much simpler substitution dCdG
— dCdl, which simply removes the 2-amino group from the Ficure2: Summary of promoter recognition contacts. The T7 RNA
T e s e Ao oA oo g oot oG
increase iry of more than 1 order of magnitude and a large \INith Fe(I)EDTA/H,0; are shoWn in light gray (Muller et al., 1989
decrease ”k“i“' The SUbSt'tUt.'onS dCd& dTdA and dCd_G Guanin(e )N7 and E)hésphate groupsgidgnti?iéd via chem}cal m)odi-
— dCdA, which introduce mismatches but also result in the fication interference studies are shown in medium gray (Jorgensen
removal of the guanine 2-amino group, similarly have large et al., 1991). Base functional groups identified as contacts in current
effects on the kinetics. Finally, the substitution dCd& and previous kinetic analyses (Maslak et al., 1993; Schick & Martin,

dCAP removes the guanine 6-carbonyl, while the 2-amino 1993, 1995) are shown in dark gray. The dashed line separates bases

. tained. vet still results in verv low kinetics derived from the template and nontemplate strands of the DNA.
group I1s re Y > 'y M= Note that this pattern of contacts strongly supports a model in which
suggesting that contact with the 6-carbonyl is also significant. the enzyme recognizes one face of double-stranded DNA in this
These results clearly demonstrate recognition of the guanineregion of the promoter.

base at positionr-5, as predicted by a model in which the ] .
DNA is recognized primarily as a duplex at positierb. (Schick & Martin, 1993, 1995).
They further suggest that recognition has crossed over to

) Functional group substitution

Chemical intererence

Fe(INEDTA/H,0, footprinting

the minor groove, as predicted by the model of duplex -15 -10 -5 4
ition in thi i TAATACGACTCACTATAGGGAG
recognition in this region of the promoter. T7 A TTATGOCTGAGTGATATCCC TC
DISCUSSION AATTAACCCTCACTAAAGGGAG
T T TAATTGGGAGTGATTTCCCTC

The consensus promoter sequences for the T7 family of |n this region, the T7 and T3 enzymes show species-
RNA polymerases extend 17 base pairs upstream from thespecific recognition of their respective consensus promoter
start site for transcription. For the T7 and T3 enzymes, the sequences; however, the results show that the overall
consensus promoters are identical from positiosto —9 approach of the two enzymes to the DNA is the same.
(Oakley & Coleman, 1977; Bailey et al., 1983; Dunn & specifically, the data confirm an earlier model in which
Studier, 1983). Among the known promoter sequences in Asn748 in T7 and Asp749 in T3 make bidentate contacts
the T7, T3, and SP6 genomes, this is also the most highlywith major groove functional groups at positiord0 and
conserved region of the promoter sequences. Studies—11 (Raskin et al., 1992). The illustration in Figure 2
incorporating base pair substitutions bathitro andin vivo highlights the guanine 6-carbonyl and adenine 6-amino
have generally confirmed the critical nature of this region groups identified as contacts at positiord1l and —10,
(Chapman & Burgess, 1987; Chapman et al., 1988; Schneidefrespectively, of the T7 promoter. These results, combined
& Stormo, 1989; Klement et al., 1990; Jorgensen et al., 1991; with data from hydroxy! radical footprinting (Muller et al.,
lkeda, 1992; Ikeda et al., 1992a,b; Raskin et al., 1992; Diaz 1989), predict that the enzyme makes contacts across the
et al., 1993). major groove, starting on the nontemplate strand at the

The introduction of base analogs into specific sites within upstream end (positions11 and—10) and progressing to
the DNA allows a detailed probing of individual base the template strand at the downstream end (positio8s
contacts in promoter recognition. Using this approach, we —7, and—6).
have recently identified specific functional group contacts Major Groove Contacts are Recognized from Positions
at positions—10 and —11 of the T3 and T7 promoters —9to—6. The current results confirm recognition of major
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groove functional groups at positions9 through—6. As Recognition of One Face Predicts Major to Minor Ge@o
predicted by the model, these contacts cross the majorTransition As illustrated in Figure 2, the duplex binding
groove, moving from the nontemplate strand side at position model derived from the footprinting results predicts that the
—10 to the template strand side at positio@. In particular, major groove contacts should move closer to the phosphate
the results show clearly that the guanine 6-carbonyl group backbone at position-6 and cross over (at least partially)

is the major contact at position9 and that contacts do not to the minor groove side of the base pairs at positidh
occur on the minor groove side of this base pair. The (Muller et al., 1989). This crossing over of contacts is
involvement of the guanine 6-carbonyl group is consistent supported by ethylation interference studies, in which ethy-
with previous results, which showed that methylation of the lation of phosphates at positions5 through—7 on the
7-imino group of guanine at positioR9 interferes with static ~ template strand interferes with static binding (Jorgensen et
promoter binding (Jorgensen et al., 1991). Although such al., 1991). Itis also of interest to note that, unlike the results
interference could occur via direct disruption of enzyme at positions—9 through—7, all full base pair substitutions
contacts with the guanine N7 group, the enzyme’s inability studied at positions-6 and —5 allow measurable kinetic

to recognize adenine at this position suggests that methylationparameters. At the backbone crossover point, the base
of the guanine N7 group causes an indirect disruption of functional groups are presumably less directly accessible to
interactions at the neighboring 6-carbonyl group, which is the protein interface, such that base specificity is less
positioned in line with other identified contacts. stringent. This was also observed in previous studies
examining full base pair substitutions vitro andin vivo
(Chapman & Burgess, 1987; Chapman et al., 1988; Ikeda et
al., 1992a; Diaz et al.,, 1993). In fact, in a study with
selection for functional mutant promoters in a plasmid-based
expression system, all possible base pairs were found at
é)osition—G but only the consensus sequence was observed
at positions—9 to —7 (Schneider & Stormo, 1989). These
results are consistent with the model in which positie®
begins the crossover between major and minor groove
recognition, such that direct contacts with base functional
groups are more hindered than at the center of the recognized
major groove.

At position —5, recognition is expected to cross, at least
partially, to the minor groove as the contacts continue
downstream along one face of the helix. The current results
demonstrate that at position5 recognition has in fact

At position —8, conversion of adenine to either purine,
which removes the adenine N6 amino group, or guanine,
which replaces it with a carbonyl, weakens initiation of
transcription by much more than 1 order of magnitude (to
an extent which does not allow the accurate determination
of the steady state kinetic parameters). The large decreas
in initiation accompanying the substitution of adenine by
purine, in particular, argues strongly for recognition of the
adenine N6 amino group, since the rest of the base pair
remains unchanged in structure. Similarly, the current
substitutions at position7 point clearly toward recognition
of the guanine 6-carbonyl and against recognition of either
the minor groove or the nontemplate side of the major
groove. The previous methylation interference results
implicate recognition of the template strand side of the major

?r:govja?:ngolil;lo?gz’ a(‘ggr pé)r?:;:ye?glectlgegcl(;g?rlltlgg d(i)t];on crossed over to the minor groove. The simple substitution
9 group 9 ! ' dCdG— dCdlI at position—>5 results in a large increase in

to the guanine 6-carbonyl. Previous studies employing single o : S
o ) o Km an ignificant r trongly implicating in
base substitutions have confirmed the sensitive nature of the_™ and a significant decrease ke, strongly implicating

e - specific recognition the guanine 2-amino group on the minor
prqmoter sequence t:_)etween pos_ltlenbo and—7. A study groove side of the base. This represents the first identifiable
using genetic selection of functional promoters concluded

that the consensus bases confer the maximum recognitionmmor groove contact in the region from positiorl.2 to
. " . —5. The magnitude of this perturbation suggests that this
potential at each position (Schneider & Stormo, 1989), 9 P 99

: ith the ol f oD h single modification may explain an early observation in
consistent with the placement of positierd at the center e, incorporation of deoxyinosine (hypoxanthine) through-
of the major groove recognition (Muller et al., 1989).

out the nontemplate strand of a T7 phage promoter resulted
Previous results have implicated in promoter recognition in complete loss of activity (Stahl & Chamberlin, 1978).
the thymine 5-methyl group at position6 (Maslak et al., Methylation interference results have suggested a possible
1993). In the current study, the substitution dAeFTdGdC major groove contact at position5 as well (Jorgensen et
leads to an increase K, of more than 1 order of magnitude, al., 1991). In this case, methylation of the adjacent N7
while the substitution dAdT~ dGdP™C, which differs only position of adenine is reported tnmhancebinding. As at
in the presence of the thymine 5-methyl group, results in position—6, the duplex binding model predicts that recogni-
near native kinetic parameters. This result suggests that thetion at position—5 should straddle the phosphate backbone
thymine methyl is the principle, and perhaps the only, base and could involve contributions from both the major and
recognition determinant at this position. In the current minor grooves. The results from the other modifications of
model, the 5-methyl group is expected to lie close to the guanine are consistent with the additional recognition of a
backbone along the downstream edge of the major groovemajor groove determinant, most likely the guanine 6-
in duplex DNA. In contrast, minor groove functional groups carbonyl.
at position—6 do not lie along the proposed recognition face.  Transition to Single-Stranded Recognition Downstream
Further evidence that this region is recognized as double-Recent studies targeting bases closer to the start site for
stranded DNA comes from comparison of the full base pair transcription (Maslak & Martin, 1993; H. H. Ho, T. Li, M.
substitution dAdT— dGdC, which should not disrupt the Maslak, and C. T. Martin, manuscript in preparation) indicate
helical nature of the DNA and results in only about a factor that recognition four to five base pairs upstream of the
of 10 increase irKy,, with the substitution dAdTF— dGdl, initiation site occurs in a melted form of the DNA, interac-
which introduces a purinepurine mismatch and results in  tions occurring exclusively with the template strand (in this
a much larger disruption in initiation kinetics. context, distinctions between major and minor groove are
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irrelevant, although the nomenclature remains useful to Davanloo, P., Rosenberg, A. H., Dunn, J. J., & Studier, F. W. (1984)
describe the side of each base on which specific functional _Proc. Natl. Acad. Sci. U.S.A. 82035-2039.
groups lie). The results presented here suggest that thisPiaz, G. A., Raskin, C. A., & McAllister, W. T. (1993). Mol.

. \ 3 ! Biol. 229 805-811.
melted region must be confined to positiord to —4. 1 "3 75" ¢ Studier, F. W. (1983) Mol. Biol 166 477-535.

Within the resolution possible in this type of analysis, melting |,oqa) R. A. (1992). Biol. Chem. 26711322-11328.
is expected to begin between positiond and—5 of the Ikeda, R. A., Ligman, C. M., & Warshamana, S. (199Raicleic
promoter. This refinement of the model has important  Acids Res20, 2517-2524.
implications for attempts at docking DNA models onto the lkeda, R. A., Warshamana, G. S., & Chang, L. L. (1992b)
crystal structure for the enzyme (Sousa et al., 1993). Biochemistry 319073-9080.

The recognition of base elements straddling the major andJohnson, M. L. (1983Biophys. J. 44101-106.

; ; : ; Johnson, M. L., Correia, J. J., Yphantis, D. A., & Halvorson, H.
minor grooves of DNA is an unusual motif and raises the R. (1981)Biophys. J. 36575-588.

question of whether this recognition plays a specific role in ;5 yonsen 'E. D., Durbin, R. K., Risman, S. S., & McAlister, W.
the initiation of transcription. An early promoter analysis T, (1991)J. Biol. Chem. 265645-651.

in vitro showed that, at positior 6, the substitution dAdT King, G. C., Martin, C. T., Pham, T. T., & Coleman, J. E. (1986)
— dTdA decreases activity to 6% of wild type on linear Biochemistry 2536—-40.
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