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ABSTRACT The bacteriophage T4 encodes proteins that
are responsible for tightly regulating mRNA synthesis
throughout phage development in Escherichia coli. The three
classes of T4 promoters (early, middle, and late) are utilized
sequentially by the host RNA polymerase as a result of
phage-induced modifications. One such modification is the
tight binding of the T4 AsiA protein to the ¢7° subunit of the
RNA polymerase. This interaction is pivotal for the transition
between T4 early and middle transcription, since it both
inhibits recognition of host and T4 early promoters and
stimulates T4 middle mode synthesis. The activation of T4
middle transcription also requires the T4 MotA protein,
bound specifically to its recognition sequence, the “Mot box,”
which is centered at position —30 of these promoters. Accord-
ingly, the two T4 proteins working in concert are sufficient to
effectively switch the transcription specificity of the RNA
polymerase holoenzyme. Herein, we investigate the mecha-
nism of transcription activation and report that, while the
presence of MotA and AsiA increases the initial recruitment of
RNA polymerase to a T4 middle promoter, it does not alter the
intrinsic stability of the discrete complexes formed. In addi-
tion, we have characterized the RNA polymerase-promoter
species by UV laser footprinting and followed their evolution
from open into initiating complexes. These data, combined
with in vitro transcription assays, indicate that AsiA and MotA
facilitate promoter escape, thereby stimulating the production
of full-length transcripts.

Gene expression is highly regulated during bacteriophage T4
development, resulting in the sequential transcription of genes
from the T4 early, middle, and late promoters (1). The T4 early
promoters contain bacterial-like DNA consensus sequences
located at —10 and —35 with respect to the start site of
transcription. These promoter regions are recognized by the
a0 subunit of Escherichia coli RNA polymerase (RNAP),
leading to transcription by the unmodified host enzyme (2).
Shortly after infection, T4-encoded proteins begin to modify
the E. coli RNAP. The « subunits of the RNAP are ADP-
ribosylated by the phage proteins Alt and Mod, and the RNAP
holoenzyme becomes tightly associated with the T4 proteins
RpbA and AsiA.

The interaction between the T4 AsiA protein and o0 is
known to be crucial for the switch in transcription specificity
(reviewed in ref. 3). The presence of AsiA decreases transcrip-
tion from T4 early and bacterial promoters (4-7), whose
efficient recognition depends on specific interactions between
the o7 subunit and promoter sequences at both —10 and —35.
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Those regions within bacterial o factors responsible for pro-
moter recognition have been determined; the conserved o
region 2.4 contacts the —10 element, whereas the conserved
domain 4.2 interacts with the —35 hexamer (reviewed in ref.
8). Evidence that AsiA binds within region 4 of o (9-11) has led
to the proposal that interaction with AsiA alters the confor-
mation of ¢’ in a way that blocks the formation of specific
o’°-DNA contacts near —35. This idea is substantiated by our
recent work, which indicates that AsiA diminishes the initial
promoter binding of the RNAP to a T4 early promoter (12).

In contrast, the 0’°-AsiA interaction is necessary for the
enhanced recognition of T4 middle promoters (7, 12-14).
These promoters lack a conserved —35 hexamer and are
characterized by a “Mot box” sequence, (t/a)(t/a)TGCTT(t/
C)A, centered at —30, that is recognized by the phage-encoded
DNA-binding protein MotA (15-17). T4 middle promoters
also possess a strong —10 consensus element, which is often
directly preceded by the “extended —10” motif, 5'-TGN-3’
(17). A number of promoters that display such extended —10
character are transcribed by RNAP in the absence of a —35
hexamer (18, 19), thus potentially explaining the low level of
T4 middle synthesis by unmodified RNAP (14, 20). Although
it has been demonstrated that AsiA confers MotA dependence
on synthesis from these promoters (7), the mechanism by
which the two T4 proteins work together to stimulate tran-
scription has yet to be elucidated.

MotA and AsiA together function to increase the level of
RNAP-DNA complexes formed, as visualized by electro-
phoretic mobility-shift assays at both 4°C and 37°C (12). Since
DNA strand opening and thus open complex formation is
unlikely at 4°C, these data suggest that transcription stimula-
tion promoted by the T4 factors occurs at least in part in the
formation of initial closed complexes. However, the increase in
gel-retarded complexes observed in the presence of MotA and
AsiA was less pronounced than the measured effect on tran-
scription, leading to the hypothesis that AsiA and MotA may
function at more than one specific step in the transcription
pathway (12).

In this work, we investigate this possibility by following each
of the discrete species formed stepwise through the following
simplified scheme for transcription (21, 22).

Kg k; NTP NTP
R+P g® RPc g™ RPg f’ RPjpit ~# RPg
k-5
AP

where R, P, and RP represent RNAP, the promoter DNA, and
the various RNAP-promoter complexes, respectively. RPc

Abbreviations: RNAP, RNA polymerase; T, template; NT, nontem-
?late; RU, resonance unit(s).
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includes all complexes wherein the DNA in the promoter
region is closed, while RPg signifies open promoter complexes.
RPi,ic denotes those species undergoing the reiterative synthe-
sis of short abortive products (AP), which is followed by
promoter escape and the formation of the stable elongation
complex, RPg.

MATERIALS AND METHODS

Materials. MotA and AsiA proteins were purified as de-
scribed previously (7, 12). Pure E. coli RNAP was purchased
from Amersham-Pharmacia Biotech, or purified according to
the method of Burgess and Jendrisak (23).

DNA Fragments and Oligonucleotides. All PrIIB2 DNA
fragments were obtained by performing PCR on T4 DNA. The
158-bp fragment used for UV laser crosslinking has been
described (7); the 260-bp PrIIB2 fragment has an identical 5’
end on the nontemplate (NT) strand but carries an additional
102-bp downstream from the promoter.

BIAcore. A 260-bp DNA fragment containing the PrIIB2
promoter was immobilized on a streptavidin surface, via a
biotin at the 5’ end of the NT strand. Proteins were passed over
this surface at room temperature (22°C) or 37°C (data not
shown) for 1 min at a flow rate of 10 pl/min. The buffer was
composed of 40 mM Hepes (pH 8.0), 100 mM KCI, 10 mM
MgCl,, and 0.005% Surfactant p20. The quantity of RNAP
bound to the DNA, expressed in resonance units (RU), was
measured as a function of RNAP concentration (as indicated)
in the presence of MotA and AsiA (each at 200 nM) or their
absence. The nucleoprotein complexes remaining 1 min after
the termination of injection were monitored for 5 min (r =
120-420 s) to assess the rate of dissociation (kof), which was
determined by using the BIAcore Evaluation software pro-
vided. The proteins were also passed across a surface that
lacked DNA, to control for bulk refractive index effects and
nonspecific binding; quantities expressed have been corrected
by subtraction of these values.

UV Laser Photofootprinting. Complexes were formed in a
10 pl volume, in a buffer containing 10 mM Hepes (pH 8.0),
100 mM KCl, 10 mM MgCl,, 3% glycerol, and 5 mM DTT. A
158-bp DNA fragment (2.5 nM) was incubated for 15 min at
37°C with the following components as indicated: RNAP (10
nM), AsiA (200 nM), and MotA (200 nM). Identical experi-
ments performed at 22°C (data not shown) showed that the
static complexes formed at the two temperatures are the same.
Where mentioned, the samples were challenged by heparin
(100 pg/ml) for 1 min, before the addition of GTP and ATP,
or CTP (1 mM each, final concentration) and continued
incubation for 2 min. The samples were irradiated by a single
pulse of high-intensity UV light (266 nm), which induces the
rapid formation of covalent crosslinks (both DNA-DNA and
DNA-protein) (24). The resulting modifications were detected
by primer extension analysis as described by Buckle et al. (24).

In Vitro Transcription Assays. Both abortive and run-off in
vitro transcription assays were performed with a 260-bp frag-
ment bearing the PrIIB2 promoter in standard transcription
buffer (50 mM Tris-HCI, pH 7.9/100 mM KCl/10 mM MgCl,/
0.1 mM EDTA/1 mM DTT). Abortive transcription was
assayed after incubating the DNA (5 nM) with RNAP (100
nM) in the presence (200 nM) or absence of AsiA and/or
MotA for 15 min in a 10-ul volume. Nucleotides (2 ul) were
added at the following final concentrations: GTP (100 uM),
UTP and ATP (200 pM), and [y-3*P]GTP (5 nCi at 4500
Ci/mmol; 1 Ci = 37 GBq); or UTP (25 uM), GTP and ATP
(200 uM), and [a-*P]JUTP (5 pCi at 3000 Ci/mmol); with
heparin (200 pg/ml). Run-off transcription was performed in
the same manner, with the exception that AsiA was added at
increasing concentrations (as indicated) and that the NTP
solution contained GTP (100 uM), UTP, ATP and CTP (200
uM), and [y-32P]GTP (5 pCi at 4500 Ci/mmol). Synthesis was
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allowed for 10 min before quenching the reaction with 8 ul of
stop solution (7 M urea). A small portion of each reaction
mixture was resolved on a 25% polyacrylamide sequencing gel,
and quantitation was carried out by using a PhosphorImager
(Molecular Dynamics) and the IMAGEQUANT software.

Promoter mutations used as controls are as follows: the —10
hexamer mutation (including the extended —10 region)
changed TGATAAAAT to TTGGGAAAT, and the start site
mutation bears a single nucleotide change at the +1 position
(from GAG to AAG).

RESULTS

We employed surface plasmon resonance (SPR) techniques to
assess the direct effects of the T4 proteins AsiA and MotA on
binding of the E. coli RNAP to a T4 middle promoter. A DNA
fragment carrying the T4 middle promoter PrIIB2 was immo-
bilized on a streptavidin surface, by means of a 5’ biotin
end-label. By passing the RNAP across this surface at increas-
ing concentrations, both in the presence and in the absence of
the T4 factors, we were able to measure the amount of RNAP
bound to the promoter DNA at steady state, and the subse-
quent dissociation of the complexes formed. As shown in Fig.
14, SPR analysis is consistent with previous data which
demonstrate that AsiA and MotA function to recruit RNAP to
the PrIIB2 promoter. A significant increase in the quantity of
bound RNAP is observed only in the presence of both T4
proteins; the addition of MotA alone has no distinguishable
effect on RNAP binding, whereas AsiA moderately decreases
the quantity of RNAP bound to the promoter DNA (data not
shown). The dissociation rate constant (kotr) of RNAP com-
plexes was determined with a single-exponential decay model.
The value obtained for ko is the same, within experimental
error, in the presence or absence of the T4 proteins: 4.18
(£0.67) x 10~* s~! for the RNAP; and 4.35 (+0.66) x 10~*
s~! for the quaternary complexes in the presence of RNAP,
MotA, and AsiA. Thus, while AsiA and MotA stimulate
recognition of the PrIIB2 promoter, the stability of the RNAP-
—-DNA complexes formed is not altered by the T4 proteins. In
addition, these stable RNAP-DNA complexes (at either 22°C
or 37°C) were not dissociated by challenge with heparin (data
not shown), indicating that they are open complexes (12).

Fig. 1B shows the steady-state response (RU) as a function
of RNAP concentration both without (@) and with (0) the T4
proteins. This simple binding analysis shows differential de-
grees of promoter occupancy, characterized by distinct satu-
ration curves. Taking into account the contribution to RU
made by either protein or DNA (25), the steady-state signal
observed at saturation (=150 RU) correlates with a 1:1
stoichiometry for RNAP-promoter complexes. Since MotA
and AsiA do not alter the dissociation rate constant (kof), the
difference in apparent K4 values obtained (35.5 = 8.7 nM for
the RNAP and 4.7 = 2 nM for the quaternary complexes) must
denote effects on the association phase. Therefore, in spite of
the inherent difficulties involved in measuring association
events, we have determined the apparent association rates and
expressed these as the inverse 7 values (see legend to Fig. 1)
as a function of RNAP concentration (Fig. 1C). As the final
species is an open complex, this phase can be separated into
two steps, the initial promoter binding (Kg) and the isomer-
ization to a more stable open complex (k). Whereas the
intercept of these plots with the ordinate (1/k») does not
appear to be altered by MotA and AsiA, that with the abscissa
(—Kag) is affected. Thus, these data indicate that stimulation of
recognition occurs directly at Kg.

To characterize the species formed at the PrIIB2 promoter,
we examined the discrete protein-DNA complexes by using
UV laser photocrosslinking. PrIIB2 DNA was incubated for 15
min with RNAP, AsiA, and/or MotA as indicated, before
irradiation by a short powerful UV pulse. Primer extension
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Fi6.1. Surface plasmon resonance analysis of RNAP binding to an
immobilized T4 middle promoter. (4) The relative change in reso-
nance angle, expressed as RU vs. time, is shown as RNAP (here 25 nM)
is passed across the immobilized PrIIB2 DNA fragments, either alone
or in the presence of an excess of both the AsiA and MotA proteins.
The decrease in RU after injection reflects the real-time dissociation
(kotr) of the nucleoprotein complexes that remain. The values cited
represent the average of five experiments each, performed over a
range of RNAP concentrations between 10 and 50 nM. A semiloga-
rithmic plot of the decrease in RU during this dissociation phase was
linear with respect to time, and thus ko was determined by a direct fit
of this phase to (4); = (4)max-e ko), where (4), is the concentration
of nucleoprotein complex at time t; (A4)max is the steady-state con-
centration of complex prior to dissociation (taken at = 120 s); and
kot is the dissociation rate constant. The relative contribution of MotA
and AsiA, when present in stoichiometric amounts, is only 7% of the
total mass represented by RNAP, and is therefore indiscernible, within
experimental error. The (4)max values are expressed as a function of
RNAP concentration, giving the binding isotherms shown in B. During
the injection phase, the immediate initial increase in RU is due to the
refractive index of the glycerol and salts present in the protein samples
(t = 0-3 s). The ensuing increase in signal is due to the formation
of RNAP-DNA complexes, which are in equilibrium with free RNAP
in solution. Within a specific association period, the signal at time
f, (A);, may be expressed as (A); = (A)max(1 — e~ ), where
7 = 1/ka(1 + 1/Kgrnap)), where Kp is the binding constant. This
allows representation of the change in 7 as a function of the change in
RNAP concentration (22), as shown in C. The y intercept is thus 1/k»
and the x intercept is —Kp, giving the following values of each: for
RNAP k; = 033 s71, Kg = 7.4 pM~1; RNAP plus the T4 proteins
ky =03s"1, Kg =17 ;,LM’l.

analysis was then performed on these samples, using labeled
primers which were complementary to either the nontemplate
(NT) or template (T) strand (Fig. 2 A and B, respectively).
Assuming that primer extension will terminate before bases
that have been modified by the UV irradiation (e.g.,
crosslinked), the resulting pattern will thus be specific to both
the sequence and local structure of the DNA (24). If a given
protein directly contacts the DNA, or the formation of nu-
cleoprotein complexes leads to changes in the DNA confor-
mation, this will be reflected by alterations in the photoreac-
tivity, and thus the frequency of termination at that position
(see Materials and Methods; ref. 24).

The irradiated PrIIB2 DNA alone shows a distinct termi-
nation pattern (Fig. 2, lanes 1), which is significantly altered
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FiG. 2. UV laser photofootprinting of protein-DNA complexes at
the PrIIB2 promoter. Complexes formed between the DNA and the
indicated components were irradiated by a high-intensity UV pulse.
Primer extension analysis was performed with primers complementary
to the NT and T strands (4 and B, respectively). For both panels,
reaction mixtures contained DNA and the following: no proteins
(lanes 1), MotA (lanes 2), RNAP (lanes 3), RNAP and MotA (lanes
4), MotA and AsiA (lanes 5), RNAP and AsiA (lanes 6), or RNAP plus
MotA and AsiA (lanes 7). The location of the Mot box (a.) is indicated
by a thick line. The extended —10 (b.) and —10 consensus regions (c.)
are identified on each strand. Arrows denote the positions of selected
characteristic changes in band intensity.

neither by the presence of MotA (lanes 2) nor by the combi-
nation of MotA and AsiA (lanes 5). Upon the addition of
RNAP, specific changes are seen in the footprinting pattern,
most notably within the region between —20 and the tran-
scription start site (lanes 3). The bands corresponding to
positions —4 and —5 on the NT strand are significantly
enhanced, as is the signal located at —6 on the T strand
(marked by arrows). This pattern is not discernibly affected by
the presence of MotA (lanes 4), while the RNAP plus AsiA
gives a qualitatively similar photofootprint, but with a slightly
weaker signal (lanes 6). Furthermore, the simultaneous pres-
ence of MotA and AsiA does not alter the pattern between
positions —20 and +1. Hence, the structural characteristics of
the RNAP-promoter complex appear to be identical within
this region even in the presence of both of the T4 proteins.
Challenge with heparin, which removes closed promoter com-
plexes (12), does not alter the footprinting pattern of any of the
RNAP-DNA species (see Fig. 3), confirming that these pho-
tofootprints represent open promoter complexes.

The presence of the MotA and AsiA proteins leads to an
alteration in the RNAP photofootprint upstream of —20 on
the NT strand (Fig. 24, lane 7). The most marked changes
occur within the Mot box sequence, including a significant
decrease in the termination frequency at positions —27 and
—28, coupled with an increase in the signal at —33 (shown by
arrows). Thus, specific interactions within the Mot box require
the presence of all three components: RNAP, MotA, and
AsiA. In addition, the bands at —21 and —22 are more intense,
suggesting that the quaternary protein—promoter complex
takes on a novel conformation in this region that requires both
T4 proteins.

To investigate these species further, selected NTPs were
added to heparin-resistant PrIIB2-RNAP complexes. The
transcribed sequence of PrIIB2 is 5'-GAGUUUACC-3’,
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FiG. 3. Analysis of the RPo to RPiy;; transition by UV laser
photofootprinting and in vitro abortive initiation assays. 4 shows the
photofootprint of RNAP-PrIIB2 promoter complexes in the presence
of either the initiating nucleotides GTP and ATP (lanes 1-5), which
allow for the reiterative synthesis of a 3-nt product, or the nucleotide
CTP (lanes 6-10), which should not be incorporated. The DNA was
incubated for 15 min, either alone (lanes 1 and 6) or with the RNAP
(lanes 2 and 7), in the presence of MotA (lanes 3 and 8), AsiA (lanes
4 and 9), and the two T4 proteins together (lanes 5 and 10). These
complexes were challenged by heparin before the addition of the
specified nucleotide(s), and the incubation was continued for 2 min.
The samples were then irradiated and analyzed by primer extension on
the NT strand. The Mot box (a.), extended —10 (b.), and —10 region
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hence polymerization can be halted at either the 3-nt product
(GAG) or the 7-nt product (GAGUUUA) by adding specific
combinations of nucleotides. Fig. 34 shows the photofoot-
prints of RNAP-DNA complexes after incubation with GTP
and ATP (lanes 1-5), or CTP (lanes 6-10). Primer extension
on the NT strand shows that neither nucleotide solution affects
the termination pattern of the DNA alone (lanes 1 and 6). Nor
does the addition of heparin and CTP significantly alter the
footprint from that of open promoter complexes seen previ-
ously (compare Fig. 34, lanes 6-10 to the corresponding lanes
in Fig. 2A4). The characteristic signals seen at —5 and —4
persist, as do the specific interactions observed within the Mot
box in the presence of both T4 proteins (see arrows). In
contrast, although the upstream events are not altered upon
the addition of GTP and ATP, the region near the transcrip-
tion start site shows significant changes in all RNAP-
containing samples (Fig. 34, lanes 2-5). The intense bands
seen at positions —4 and —5 in the RPq are less prominent,
whereas there is a salient increase in the frequency of termi-
nation at position —2. We note that although the sample
containing RNAP and AsiA gives a slightly weaker footprint,
AsiA neither alters nor prevents the formation of the RNAP-
DNA contacts characteristic of RPg at this promoter. More-
over, in the presence of the initiating nucleotides GTP and
ATP, each of the open complexes undergoes the same tran-
sition, which we interpret as the formation of the initiating
complex (RPipit).

To assess the validity of this assumption, we directly assayed
abortive transcription from these RNAP complexes in vitro.
An excess of RNAP was used to minimize the initial binding
effects of the two T4 proteins. Preformed RNAP-DNA com-
plexes were challenged by heparin and supplied with the
limiting substrates GTP, ATP, UTP, and either radiolabeled
GTP or UTP to visualize the reiterative products (Fig. 3B).
The use of [y-?P]GTP (which will uniquely 5’ end-label the
transcripts) allowed us to ensure that the abortive products
arose solely from the PrIIB2 promoter. We observed only the
expected transcripts, ranging up to 7 nt (labeled by arrows).
Additionally, we have performed several control experiments
to verify that the transcripts arose solely from the promoter
(data not shown). Two promoter mutants were assayed for
transcription activity, one in which the —10 hexamer was
altered, and a second which bears a single nucleotide change
at the +1 position (described in Materials and Methods).
Abortive transcription was not detected from either of these
mutant promoters whether labeling with [y-3?P]GTP,
[y-3?P]ATP, or [@-*?P]UTP. This finding demonstrates that the
transcripts observed have the predicted 5’ end, and it suggests
that the identity of the initiating nucleotide is important for
transcription from the PrIIB2 promoter.

At the wild-type PrIIB2 promoter, significant levels of
abortive transcripts are synthesized by all RNAP-DNA spe-
cies, confirming their identification as initiating complexes.
Transcription by the RNAP (Fig. 3B, lanes 1 and 5) is not
significantly affected by MotA (lanes 2 and 6) or AsiA (lanes
3 and 7). The presence of both T4 factors yields an interesting
effect: the synthesis of transcripts up to 6 nt long is slightly

(c.) are indicated as in Fig. 2. The positions of selected bands are
marked by arrows. The abortive initiation products formed by the
RPjyit species are shown in B. Preformed complexes between PrIIB2
DNA (5 nM), RNAP (100 nM), and the T4 proteins (as indicated)
were challenged by heparin, and supplied with selected NTPs. Lanes
1-4 received ATP and UTP at 200 uM, GTP at 100 uM, and 5 uCi
of [y-3?P]GTP; lanes 5-8 received GTP and ATP at 200 uM, UTP at
25 uM, and 5 uCi of [a-*?P]UTP. In both cases, this should allow for
the synthesis of transcripts up to 7 nt in length, with the sequence
5'-GAGUUUA-3'. The position of each abortive product is shown by
aITows.
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lower than that observed by RNAP, yet the production of 7-nt
transcript is nearly doubled (compare lanes 1 and 5 to lanes 4
and 8). Thus, while the ratio of 6-nt to 7-nt product is 1.4 with
the RNAP alone, it becomes 0.45 in the presence of MotA and
AsiA. Taken together, these results suggest that whereas the
RNAP is competent to initiate abortive synthesis it is deficient
in the production of transcripts beyond a certain length.

To investigate this phenomenon, we performed single- and
multiple-round in vitro run-off transcription experiments. The
multiple-round results are presented in Fig. 4. Transcripts are
uniquely end-labeled with [y-3?P]GTP, so that comparative
band intensities represent molar ratios. The RNAP alone, or
with either T4 protein individually, produces significant levels

MotA] - - + + + + + -

AsiA [ = -
—
= — PrIIB2
: -_— 13
R R | —12

12345678

F1G. 4. Invitro run-off transcription assays at the PrIIB2 promoter.
Transcripts formed by the RNAP at 100 nM (lane 1) in the presence
of an excess (200 nM) of MotA (lane 2) or AsiA (lane 8) individually
are compared with those produced in the presence of MotA (200 nM),
when AsiA is added at increasing concentrations: 10 nM (lane 3), 25
nM (lane 4), 50 nM (lane 5), 100 nM (lane 6), or 200 nM (lane 7). Each
transcript observed is uniquely end-labeled, by the use of [y-32P]GTP,
thereby permitting accurate comparison of various transcript produc-
tion. For example, the molar ratios of transcripts in lane 7, as compared
with the full-length product, are the following: 7 nt, 1.10; 9 nt, 0.35; and
12 nt, 0.78. The positions of full-length (PrIIB2) transcript as well as
shorter products are indicated.
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of short reiterative transcripts and very little full-length prod-
uct (lanes 1, 2, and 8). In the presence of an excess of MotA,
increasing concentrations of AsiA stimulate the formation of
full-length transcript and promote the appearance of interme-
diate-length products (lanes 3-7). As in the abortive transcrip-
tion assay, the levels of transcript up to 6 nt in length are not
enhanced by the T4 proteins, whereas longer transcripts are
affected. Notably, the increase in intermediate-length (7-13
nt) products correlates directly with the appearance of full-
length transcript. Thus, these data indicate that the T4 proteins
aid in the transition from initiating to elongating complexes.
Hence, in addition to affecting the initial recruitment of the
RNAP to the promoter sequences, MotA and AsiA work
together to facilitate promoter escape.

DISCUSSION

The AsiA protein of bacteriophage T4 binds tightly to the o7°
subunit of E. coli RNAP, thereby decreasing its affinity for E.
coli and T4 early promoters and stimulating MotA-dependent
T4 middle-mode synthesis. Our previous work has demon-
strated that the MotA and AsiA proteins together stimulate
the recruitment of RNAP to a T4 middle promoter (12). Using
a BIAcore surface plasmon resonance unit, we confirm these
data and investigate the complexes formed. The dissociation
rate constant (kofr) calculated for the RNAP-DNA complexes
is identical, within experimental error, to that obtained from
the quaternary complexes. The fact that overall complex
formation is increased without an alteration in complex sta-
bility indicates that recognition is stimulated at the initial
binding step. A growing number of transcription activators
have been described that work by recruitment of the RNAP to
the DNA (reviewed in ref. 26); these activators are thought to
provide additional sites for protein—protein interactions in the
vicinity of the promoter sequences, thereby increasing the
affinity of RNAP for this region. It is likely that the T4 proteins
function in this way, enabling interactions between the poly-
merase and a MotA-bound promoter that compensate for the
loss of canonical DNA-RNAP contacts.

The UV laser photofootprints reveal intimate RNAP-
promoter contacts occurring predominantly in the region
between —20 and the transcription start site (Fig. 2, lanes 3, 4,
and 6). The presence of the MotA protein alters neither the
photofootprint of RNAP within this region nor the transcrip-
tional capacity of the open promoter complexes. This result
concurs with previous transcription and DNase I footprinting
data, which assert that MotA has no effect in the absence of
AsiA (7, 14). Although DNA binding by the AsiA-RNAP
complex has been observed previously, the promoter complex
formed by T4 modified polymerase (containing AsiA) proved
unstable during analysis by DNase I (14). The nonperturbing
nature of UV footprinting has allowed us to investigate this
binding at PrIIB2 and to demonstrate that the contacts formed
by the RNAP bound to AsiA are qualitatively the same as
those formed by the RNAP alone. The concentration of AsiA
used is sufficient to abolish open complex formation at an E.
coli promoter, making it unlikely that this complex represents
an RNAP lacking AsiA. Thus, the presence of the T4 proteins,
either individually or together, does not alter the specific
interactions observed between RNAP and the DNA from the
—10 hexamer to +1. Since contacts within this region are
implicated in both the isomerization to an open complex and
transcription initiation, it is consistent that AsiA and/or MotA
does not affect these steps in the transcription cycle.

The inability to footprint a specific complex between MotA
alone and the Mot box sequence has been observed in prior
work, suggesting that MotA binding may be stabilized by an
interaction with the T4 modified RNAP (27). There is, how-
ever, a small but reproducible decrease in the intensity of the
bands just downstream of the Mot box on the T strand (Fig. 2B,



15252 Biochemistry: Adelman et al.

lanes 2 and 7). This may be indicative of an interaction between
MotA and its target site, although we have not obtained any
definitive evidence for such an interaction in the absence of
RNAP and AsiA. On the contrary, in the presence of these
proteins there is a pronounced decrease in the signals at —27
and —28, as a result of a structural change in the DNA in this
region (Fig. 24, lane 7). In addition, since the signal at position
—33 appears only in the presence of both T4 proteins, it must
be because of a specific interaction within the Mot box that is
possible only in the quaternary complex. While the direct
contact is most likely made by the MotA protein, which is
known to bind to this sequence, the possibility remains that o7°
or AsiA also makes intimate contacts in this region. Likewise,
in the presence of AsiA and MotA, new contacts are witnessed
at —22 and —21, indicating that this complex possesses a
modified conformation in the upstream segment. These data
are in agreement with the unique DNase I footprint obtained
from this species (14) and the distinctive mobility of the
quaternary complex observed in native gel-shift assays (12).

The signals that characterize the open complexes are en-
tirely conserved after the addition of heparin and the unin-
corporated nucleotide CTP (Fig. 34, lanes 6-10). In contrast,
the presence of the initiating nucleotides GTP and ATP leads
to the loss of signal at —4 and —5, and a concomitant increase
in signal at —2. We interpret this change as the formation of
initiating complexes, a proposal that is confirmed by abortive
transcription assays (Fig. 3B). The fact that each of the open
promoter species is competent to initiate transcription dem-
onstrates that the T4 proteins are not required for the forma-
tion of the first phosphodiester bond or at any other step
between RPo and RPj,;.. Instead, their presence facilitates the
transition from initiating complexes to stable elongating com-
plexes (Fig. 4). This transition may occur by means of direct
effects of AsiA and MotA on promoter escape, or alternatively,
through indirect or transient effects on the structure of the
RNAP-promoter complexes. In this way, the T4 proteins could
induce the formation of a more productive open complex, thus
alleviating the observed block in transcription experienced by
RNAP at 6 nt (Fig. 3B, lane 4). Indeed, the RNAP alone does
not synthesize intermediate-length transcripts (Fig. 4, lane 1),
which suggests the formation of a functionally distinct RNAP—
promoter complex in the presence of the T4 factors. Addi-
tionally, it is unlikely that the 7- to 13-nt products represent
trapped kinetic transcription intermediates, because the addi-
tion of excess unlabeled NTPs did not “chase” them into
full-length transcripts (data not shown). Hence, the synthesis
of these intermediate-length transcripts results from prema-
ture termination, an effect whose in vivo relevance is as yet
unknown. It is possible that the additional T4 modifications of
the RNAP (a ADP-ribosylation, interaction with RpbA) play
a role in diminishing RNAP—promoter interactions that affect
transcript elongation.

In summary, our data indicate that AsiA and MotA function
at two distinct steps in the transcription pathway. Initially, they
increase recruitment of RNAP to the promoter sequences and
stimulate the formation of a quaternary complex with unique
structural characteristics. This species then possesses a greater
capacity to make the transition between RPj,;; and RPg. Thus,
T4 presents a remarkable system of transcription regulation,
wherein the presence of AsiA effectively inhibits all nonen-
hanced transcription, thereby conferring complete MotA de-
pendence on mRNA synthesis. In this way, T4 middle tran-
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scription is ensured to occur precisely within a given interval
and under the specific conditions dictated by phage develop-
ment.
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