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the bulk synthesis of metal carbides having
possibly unique structures and properties.
The Mo,C,, clusters reported here are
clearly not of the same general structure of
the met-car class. Pilgrim and Duncan (22)
have recently reported MogC,,* ionic clus-
ters presumably of the met-car class. Mo-
lybdenum carbide generally has the stoichi-
ometry MoC or Mo,C. Both of these car-
bides have long been known to be super-
conductive alloys with critical temperatures

= 12.2 K for Mo,C and T, = 6.5 and
9 26 K for MoC. Conductivity measure-
ments of the Mo,C,,, films produced in this
study are currently under way. Efforts have
begun to first purify and to further investi-
gate the physical properties of the clusters
reported here.
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Do Hydrofluorocarbons Destroy
Stratospheric Ozone?
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Stephen Barone,* Michael Mills,f Carleton J. Howard,
Susan Solomon

“Hydrofluorocarbons, many of which contain a CF, group, are one of the major substitutes

for the chlorofluorocarbons and halons that are being phased out because they contribute
to stratospheric ozone depletion. It is critical to ensure that CF; groups do not cause
significant ozone depletion. The rate coefficients for the key reactions that determine the
efficiency of the CF, radical as a catalyst for ozone loss in the stratosphere have been
measured and used in a model to calculate the possible depletion of ozone. From these
results, it is concluded that the ozone depletion potentials related to the presence of the
CF, group in hydrofluorocarbons are negligibly small.

The global phase-out of the ozone-damag-
ing chlorofluorocarbons (CFCs) and halons
(chlorofluorobromocarbons) has led to vari-
ous proposed substitutes. Many of the substi-
tute compounds are hydrochlorofluorocarbons
(HCFCs) and hydrofluorocarbons (HFCs).
The short lifetimes of the HCFCs make them
much less damaging to the ozone layer than
the CFCs. The HFCs contain no chlorine or
bromine, only fluorine. In contrast to chlo-
rine and bromine, fluorine has been known to
be benign toward the ozone layer. The HFCs

have therefore been assumed to have ozone .

depletion potentials (ODPs) of essentially zero
(1). (ODP is an index of the ozone depletion
ability of a compound relative to CFC-11.)
Under the U.S. Clean Air Act Amendments,

National Oceanic .and Atmospheric Administration,
Aeronomy Laboratory, 325 Broadway, Boulder, CO
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only compounds with an ODP less than 0.2
may be used as halocarbon substitutes. The
major HFCs under consideration or produc-
tion are CF;CFH, (134a), CF;CF,H (125),
CHF, (23), CF;CHj; (143a), and CF,HCH,
(152a). In particular, HCFC-134a has begun
to be widely used as a substitute for CFCs in
air conditioning and refrigeration applica-
tions. Many of these HFCs contain a CF;
functional group.

It has been recently suggested that mol-

ecules containing the CF; group may rep-

resent a special case of fluorine-catalyzed
ozone loss (2). The CF; group is unusually
stable and may destroy significant amounts
of ozone through catalytic cycles involving
CF;0, (CF;0 and CF;00) radicals (2). If
this were true, many HFCs (and possibly a
few currently acceptable HCFCs) could
have ODPs greater than 0.2, and new
substitutes would have to be developed.
The consequences of such a radical change
in scientific understanding for industry, in-
ternational agreements, and the phase-out
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of CFCs and HCFC:s are far-reaching.

The important reactions of CF;0 and
CF;00 that may take place in the strato-
sphere are listed in Table 1. Reactions 1
and 2 constitute a catalytic cycle that is
equivalent to 20; — 30,. There are many
other possible catalytic cycles that are rep-
resented by the list of reactions, some of
which are equivalent to 20; = 30, and
some to O + O; — 20,.

All of the above catalytic cycles require
that the CF; group stay intact. If the CF,
group is degraded (as in reaction 3, for
exarnple), then the chain is terminated. In
addition, reactions 4, 5, 8, and 11 lead to
formation of CF; reservoirs, which can also
produce some ozone depletion (for exam-
ple, through the cycle represented by reac-
tions 1, 11, and 12 in conjunction with
reaction of OH with O,). We have mea-
sured the rate coefficients for reactions 1
through 4, which are the key processes in
these cycles, and used them to evaluate the
ODPs of some of the most important HFCs
that contain the CF; group.

A pulsed photolysis apparatus equipped
with pulsed laser—induced fluorescence de-
tection (3) as well as a low-pressure flow
tube coupled to a chemical ionization mass
spectrometer (CIMS) detector (4) were
used to study reactions 1 through 4. Use of
diverse methods helps to identify possible
systematic errors and is essential in resolv-

ing an issue as critical as the present one.
In the pulsed photolysis apparatus, CF,0
radicals were generated by 193-nm laser
photolysis of either bis-trifluoromethyl per-
oxide (CF;00CF;) or CF;Br/O,/NO mix-
tures. CF;O was detected with laser-induced
fluorescence by excitation of the
A(CA)) < X(’E) electronic transition at
350.2 nm (0-0 band). The detection limit
for CF;0 (SN = 1) was <7 x 10° mole-
cules cm™3 in 100 torr He upon averaging
100 laser shots. Typically, 10" to 10'2
molecules cm™ of CF;0 were used. The
delay time, that is, the reaction time, be-
tween the photolysis and the probe beam was
varied between 10 ps and 50 ms to allow
construction of the temporal profile of CF;0.
In the flow tube apparatus, CF,00 rad-
icals were produced in a side-arm reactor by
pyrolysis of CF;I (producing CF;, which
reacts with O,) and CF;0 by pyrolysis of
CF;00CF;. CF;00 was reacted with I™ to
produce CF;O~ or with SF,~ to generate
CF;007. CF;0 was converted to CF;0~
through its reaction with NO;~ or SF,™.
The ions were detected by a mass spectrom-
eter. The reaction times were varied by
moving an injector through which the sta-
ble reactants entered the flow tube. The
detection limits for CF;0 and CF;00 were
~10° molecules cm™3. Typically, ~5 X
10 molecules cm ™3 of CF;0 and CF;00

were used.

Table 1. The reactions and their rate coefficients important in chemistry of CF; in the stratosphere
and used for modeling the effect of CF, on the ODP of HFCs. For the model calculations, the rate
coefficients and reaction products are selected so as to maximize the estimated ozone depletion.

Reaction

Rate constant

. CF,0 + 0, > CF,0, + O,
. CF,0, + O, - CF,0 + 20,
. CF,0 + NO — CF,0 + FNO

L WN =

. CF,0 + CH, — CF,OH + CH,

. CF40, + NO, + M — CF,0,NO, + M
. CF,0,NO, + hv — CF,0 + NO,

oo

7. CF,0, + 0> CF,0 + O,
8. CF,0 + CIO + M — CF,00CI + M
9. CF,00C! + hv — CF,0, + Cl
10. CF,0, + CIO - CF,0 + Cl + O,
11. CF,0, + HO, — CF,00H + O,
12. CF,00H + hv —> CF,0 + OH
13. CF,00 + NO - CF,0 + NO,

(cm® molecule~1 Comments
s
<4 x 10~ This work, upper limit
<3 x 10715 This work, upper limit
6 x 10-11* This work, 298 K.
Higher at lower T
>2 x 1015 This work, extra-
polated to low T
(6)
Assumed to be same
as HO,NO, cross
sections (6)
6 x 10— Estimated; similar to
HO, + O
2 x 10~" High-pressure
bimolecular limit
Use CI,0, cross
sections (6)
5x 10712 Same as CH,0, +
ClO in (6)
3.8 x 1013 Assumed to be same
exp(800/T) as CH,0, + HO,
Assumed to be same
as CH,OOH (6)
1.5 x 10— (4) and this work

*Very recent results from our laboratory show that this rate coefficient increases slightly at lower temperatures. The
previously reported value, k; = (2 = 1) x 10" cm® molecule~" s~ from our laboratory (4), was estimated by
modeling the CF;O profiles in the CF;00 + NO reaction system and is superseded by the present direct

determination.
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All experiments were carried out in a
large excess of pure He under pseudo—first
order conditions in the concentration of
free radical that was monitored. The con-
centrations of the excess reagent such as
O3, NO, and CH, were determined as
described elsewhere (4, 5). CF;00CF, and
O; were measured by absorption at 184.9
nm and 254 nm (Hg lines), respectively.

For reaction 1, the temporal profiles of
CF;0 in the presence of a large excess of O,
were observed to be exponential. From
these profiles, the first order rate coefficient
k" = (k;[O3] + ky) was calculated. Here k
is the first order rate coefficient for the loss
of CF;0 in the absence of O;. Within the
errors, k,' varied linearly with [O5] (Fig. 1).
From these data, k; = (2.5 = 1.0) x 10714
cm? molecule™ s™! at 298 K was deter-
mined in the pulsed photolysis system. The
flow-tube study yields a consistent value (k,
< 4 x 107 cm® molecule™! s~1). To be
conservative in the ODP calculations, we

Q 100 Torr He
A 100 Torr He with 13 Torr 02

70 15 20 25 30 35
[O5] (10'® molecules cm3)
Fig. 1. A plot of the measured first order rate
coefficient for the loss of CF;O radicals mea-
sured with the pulsed photolysis system in the
presence of various amounts of O,. The slope
ofthe line is k, and the intercept is the first order
rate coefficient for loss of CF,0 in the absence
of O,. The open triangles were measured in the
presence of 13 torr of O,.

ol 1
0.0 05

(]

Signal (10 counts s™)
N
ol

1 | ! | -
0.02 0.04 0.06 0.08 0.10
Relative reaction time (s)

Fig. 2. A plot of CIMS signal produced by
CF3;00 in the presencé of 3.9 x 10'S molecules
cm~3 of O, and a large amount of (CH,),CH to
scavenge CF,O as a function of relative reac-
tion time. The slope of the line is the first order
rate coefficient for the removal of CF,00; k,
was calculated from slopes of such plots at
various O, concentrations.




used an upper limit of 4 X 107 cm3

molecule ™! s™! for this rate coefficient (Ta-
ble 1). Our other observations are consis-
tent with the products of this reaction being
CF;00 and O, (see below). This reaction
will likely be slower in the stratosphere,
where the temperature will be much lower.
_ For reaction 2, the temporal profile of
CF;00 was measured in the flow tube
equipped with chemical ionization mass
spectrometry (CIMS) detection in excess
O; (Fig. 2). As a means to inhibit the
possible regeneration of CF;00 by the
reaction of "the product CF;O with O;,
isobutane was added in great excess to
scavenge the CF;O product through the
reaction CF;0 + (CH,;);CH — CF,0H +

25 I T T T =
20 m
b 15 .
<}
p3
x 10 N
0 20 Torr He
5 o 35 Torr He E
A 100 Torr He
og - 1 1 1
0 1 2
[NO] (1074 molecules cm-3)

Fig. 3. A plot of the measured first order rate
coefficient for the loss of CF;O radicals as
measured with pulsed photolysis system in the
presence of various concentrations of NO. The
slope of the line is k, and the intercept is the
first order rate coefficient for loss of CF,0 in the
absence of NO. Data represented by various
symbols were obtained under pressure condi-
tions as shown in the legend.
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Fig. 4. Calculated efficiency of CF, radicals
released from HFCs for ozone loss relative to
chlorine released from CFCs, as a function of
altitude, for mid-latitudes in winter. Three model
cases are shown: (i) a nominal case in which
the chemical scheme of Table 1 is used (except
for the reaction between CF;O and CIO, see
text); (i) a case where the reaction between
CF,0 and CH, is neglected for the purpose of
illustration; and (iii) a case where the rate con-
stant for the reaction between CF,0 and NO is
reduced by a factor of 10.

(CH,);C. The loss of CF;00 was very
small in an excess of O; (1.5 X 10'° to 5.0
X 10'® cm™3) when the isobutane scaven-
ger was present; this indicates a very slow
reaction, k, < 3 X 107! cm® molecule™!
s~1, if indeed any reaction does occur at all.
In the absence of the CF;O scavenger, the
temporal profile of CF;00 showed no loss,
which suggests that if the slow reaction were
occurring, it produces CF;O that in tumn
reacts with O; to regenerate CF;00. A low
value of k, is consistent with the low reac-
tivity with O; of other peroxy radicals such
as HO, (k = 2 X 107 !% cm® molecule ™! s™1)
and CH;00 (k < 3 x 10717 cm® mole-
cule™!s~!) (6). An upper limit for k, at 298
K was also deduced from pulsed photolysis,
where the ratio of k,/k, was measured to be
>4. On the basis of the quoted upper limit
for k;, we calculate k, < 1 x 107!* cm?
molecule™! s~!, consistent with the CIMS
value. This rate coefficient is likely to be
lower at stratospheric temperatures on the
basis of analogy with the HO, reaction.
For reaction 3, the temporal profiles of
CF;0 measured in the photolysis system
were strictly exponential and gave the values
,of the first order rate coefficient k;' =
(k5INOJ + k). In this expression, kj is the
first order loss rate coefficient of CF;O in the
absence of NO. A plot of k;" versus [NOJ
“from one series of experiments is shown in
Fig. 3. The slope of this line is k; and yields
a value of ky = (5.45 = 0.57) x 107" cm?

molecule™! s~1. Similar experiments carried .

out in the flow tube yield k; = (5.7 £ 1.3)
X 107! ¢cm3 molecule™! s~!. In the pulsed
photolysis system, k; and k,; were also mea-
sured by production of CF,0O from CF;Br
photolysis in the presence of NO and O, to
be (5.46 = 0.68) x 107! and (1.57 =
0.38) x 10~ cm® molecule ™! s™1, respec-
tively. This value of k5 is in good agreement
with previous determinations (4). The
agreement between these three determina-
tions of k is excellent and yields an average
value of kf = (5.6 £ 0.7) x 107! cm?
molecule™ 57!, independent of pressure..
The products of this reaction have been
shown to be CF,O + FNO (4, 7, 8).
Preliminary measurements show that the
rate coefficient for this radical-radical reac-
tion increases slightly with decreases in tem-
perature. Thus, the rate coefficients at
stratospheric temperatures will be larger
than the 298 K value (Table 1).

For reaction 4, k, was also measured by
following CF,O loss in the pulsed photoly-
sis system as well as in the CIMS system in
the presence of a large excess of CH,. The
averaged 298 K value was (2.1 = 0.4) X
10~ cm?® molecule™! s™1, in good agree-
ment with another recent measurement
(9). Extrapolation of a few measured values
of k, at temperatures above 245 K to lower
stratospheric temperatures of 200 K yields
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the lower limit shown in Table 1.

Estimates of the other rate coefficients
needed to assess the role of CF; in the
stratosphere are given in Table 1. In the
modeling calculations described below, it is
assumed that CF; is released instantanecusly
upon initiation of HFC degradation, primar-
ily by OH or O('D) reactions, and convert-
ed into CF;00 in the atmosphere. All of
the rate coefficients and photochemical pa-
rameters shown in Table 1 are either mea-
sured or estimated on the basis of analogies.

We evaluated the ODPs of several HFCs
containing the CF; group using both
semiempirical and purely theoretical ap-
proaches (10, 11). The purely theoretical
calculations were carried out with a two-
dimensional (latitude and altitude) numer-
ical model of the atmosphere (10) wherein
perturbations of the HFC in question and a
reference gas (CFC-11) are considered and
the relative ozone loss is determined. The
model includes heterogeneous chemistry on
sulfate aerosols but not polar stratospheric
clouds. All of the CF;-related species (see
Table 1) were calculated from steady-state
assumptions, and the chemistry of Table 1
was adopted with two important excep-
tions: (i) Reaction 8 (CF;O + CIO) was
not considered because the present model
does not include polar stratospheric cloud
chemistry and related polar ozone depletion
processes and (ii) the production of ozone
by photolysis of NO, formed from reaction
13 was neglected to maximize the possible
ozone loss and, hence, present a worst case.
Sensitivity tests were also carried out to
ensure that reaction 8 is not significant as
compared with others that were included
and, therefore, not a serious shortcoming.
For the semiempirical calculations, the dis-
tribution of the HFC source gas 134a was
inferred from an observationally derived
CH,, distribution in which the correlation
of HFC-134a with CH, determined from
the two-dimensional model was used. The
relative efficiency of CF; released from
HFC-134a for ozone loss as compared with
chlorine released from CFCs was evaluated
in the two-dimensional model and used as
input to the semiempirical calculation. Fig-
ure 4 shows the value of this important
parameter (hereafter referred to as &), illus-
trating the fact that the CF; radicals are
most efficient for ozone loss relative to
chlorine in the lowest part of the strato-
sphere. This result might be expected from
the fact that CF,0 and CF;00 are chem-
ically similar to OH and HO,.

Table 2 presents the ODPs calculated for
HFC-134a, -23, and -125. The lifetimes of
these three species are between about 15 and
400 years, bracketing the range for the impor-
tant HFCs. For the semiempirical calcula-
tions, a range of possible ozone loss profiles
based on measurements was adopted as de-
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scribed in Solomon et al. (I11). The table
shows the highest values derived as an upper
limit, which were obtained when no vortex
processing was considered and maximum
ozone changes were adopted at the lowest
altitudes; see Solomon et al. (I11). The
semiempirical values are similar to those of
the complete model but tend to be somewhat
larger, owing mainly to the fact that the
theoretical model tends to underestimate the
observed ozone losses in the lowest part of the
stratosphere. The semiempirical calculation
includes only observed ozone losses above
~12 km; as Table 2 indicates, losses at lower
altitudes do play a role in the theoretical
model calculations. The calculated ODPs for
HFC-125 and HFC-23 are greater than that of
HFC-134a because of their longer lifetimes,
but are still found to be well below 1 x 1073.

We next present a calculation showing

45k ‘.I ]
40 [
@ 35 3 /‘/—
‘g ’;'/ g —..
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5 N Lt voumbo ol 3ol PRETIT IR
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———=04+0C S oo oM Oz and HO, + O3
........ CIO + CF30, —_— To(aICI related

Fig. 5. Calculated ozone loss rates (mixing ratio
per second) versus altitude for mid-latitude win-
ter for different chemical processes. Note that
these calculations assume a very large tropo-
spheric abundance of 1 ppmv of HFC-134a.

the expected benefit to the ozone layer of
substitution of HFC-134a for current CEC
use. The calculation is intended to be illus-
trative rather than realistic. A comparison of
the calculated ozone loss rates resulting from
different chemical processes for mid-latitudes
(Fig. 5) shows that the shape of the ozone
loss profile related to CF; chemistry is similar
to that of OH + O; and HO, + O; and is
much steeper than that of chlorine-related
chemistry (compare with Fig. 4). Figure 5
shows that the ozone depletion related to
the reservoirs considered (CF;OOH and
CF;O0NO,) is negligible. Indeed, if these
reservoirs are short-lived (that is, an instan-
taneous balance between production and
loss can be assumed in the stratosphere) and
their ozone destruction can be neglected,
then they play no role in determining the
ODP. To obtain a globally averaged ozone
loss of ~1% that is illustrated in Fig. 5, an
HFC-134a tropospheric abundance of 1
ppmv was needed. Such a large, albeit un-
realistic, abundance was used to ensure the
accuracy of the calculated O; change and,
more importantly, to show that a very large
total global release of HFC-134a of about 1.5
billion metric tons per year would be re-
quired to produce a globally averaged ozone
loss of ~1%. This number can be compared
to the global use of all CFCs, estimated at
about 700,000 ‘metric tons in 1991. This
calculation therefore implies that even in
the case of complete substitution of HFC-
134a for all CFC use, ozone depletion would
be expected to be markedly reduced.

In addition to the O; loss mechanisms
and CF;0, reactions that we have explic-
itly considered, there are other proposed
cycles and reactions that may affect the
chemistry of CF;O, in the stratosphere.
The cycle involving the reaction of O with
CF,0, proposed by Li and Francisco (12), is

Table 2. Calculated ozone depletion potentials (ODPs) for various hydrofluorocarbons.

i ODP
Molecule lzlfgg:r;;a Notes*
Y Full model Semiempirical
HFC-134a 15.4 As in Table 1; all altitudes 1.5 % 10~%
As in Table 1; z= 10 km 1.3 x 1075 2.4 x 105
As in Table 1; z = 16 km 7.8 x 10~¢
(CF,0 + NO)/10; z = 10 3.0 x 105 75 x%x 10°5
km
CF,0+CH,=0;,z=10 4.0 x 10°°
km
(CF;0 + NO)/10; CF30 48 x 1074
+ CH, = 0; z= 10 km;
large polar ozone
losses
HFC-23 405 As in Table 1, all altitudes 3.9 x 104
As in Table 1, z = 10 km 3.5 x 1074
As in Table 1, z = 16 km 1.5 x 10~4
HFC-125 40.5 As in Table 1, all altitudes 3.0 x 105
As in Table 1, z = 10 km 2.6 x 10-%
As in Table 1, z= 16 km 1.5 x 105
*zis the altitude (in kilometers).
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one such scheme. Our measured value of k;
is close to that possible for the reaction of
CF;0 with O, and the abundance of NO
will exceed that of O atoms below ~40 km.
Further, if the products of the CF;0 + O
reaction are CF,0 + FO, this reaction will
terminate, rather than propagate, the cata-
lytic chain. Therefore, this reaction scheme
was not included here. Similarly, we have
neglected the reaction of CF;0 with O,,
which will lower the calculated efficiency of
CF; in destroying O; because it will gener-
ate CF,0. The chemistry of FNO has not
been included, because it absorbs quite
strongly in the 290 to 340 nm region (13)
and, hence, will photolyze rapidly to F and
NO. The F atoms will be quickly converted
to HF through reactions with CH,, H,0,
and so forth in the stratosphere.

The calculations presented here show
that the ozone depletion caused by the HFCs
should be greatest in the lower stratosphere.
The ODP depends primarily on the rate
constant for the reaction of CF;0 with O,
(which causes ozone loss) as compared to the
reactions of CF;0 with NO and CH,, (which
terminate the catalytic cycle; Fig. 4 illus-
trates that both are important in the lower
stratosphere). Thus, the results presented
here depend to some extent on the modeled
NO distribution. An extreme sensitivity test
was therefore carried out in which the rate
constant for the reaction of CF;0 with NO
(or, alternatively, the NO concentration)
was decreased by a factor of 10. As can be
seen from Table 2, even in this case the
calculated ODP of HFC-134a for both the
semiempirical and theoretical models is less
than 1 X 10~%. Similarly, in the extreme
case of neglecting completely the reaction of
CF;0 with CH, (or, equivalently, assuming
that the product CF;0H is short-lived and
regenerates CF;), an ODP of about 4 X
1077 is estimated for HFC-134a from the
theoretical model. The most extreme case
considered was one in which the reaction of
CF;0 with CH, was neglected, the reaction
of CF;0 with NO was divided by a factor of
10, and large polar ozone losses were includ-
ed in the semiempirical model. Even for this
very unrealistic simulation, the estimated
ODP for HEC-134a was less than 5 X 1074,
largely because the rate of formation of CF,
is slow in the high-latitude lower strato-
sphere and because chlorine chemistry is
quite effective at destroying ozone there.

The kinetics measurements described here
together with modeling and semiempirical
estimates show that the chemical reactions
involving CF;0 and CF;00 lead to negligi-
bly small ODPs. Therefore, we conclude that
HFCs and HCFCs containing CF; groups are
no more harmful to the stratospheric ozone
layer than those that do not. For example, the
ODP for HCFC-123 will be determined by its
chlorine release, with the presence of the CF,



group making essentially no contribution to
the total. On the basis of our current under-
standing, it appears highly likely that the
ODPs for the HFCs considered here are all
well below 1 x 1073. For the key substitute
HFC-134a, the best estimate of the ODP is
only 1 X 107°to 2 X 107°.

Note added in proof: Since the submission
of this manuscript, several studies on reac-
tion 1 (14-16), reaction 2 (14, 15), reac-
tion 3 (17), and reaction 13 (17) have been
published. All of these measurements are in
agreement with the results reported here.
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Target of the Transcriptional Activation Function
of Phage M\ cl Protein

Mei Li, Henry Moyle, Miriam M. Susskind*

Activation of transcription initiation by the cl protein of phage X is thought to be mediated
by a direct interaction between cl and RNA polymerase at the Pg,, promoter. Two neg-
atively charged amino acid residues in the DNA binding domain of cl play a key role in
activation, suggesting that these residues contact RNA polymerase. The subunit of RNA
polymerase involved was identified by selecting polymerase mutants that restored the
activation function of a mutant form of cl protein. Although previous studies suggest that
several activators interact with the a subunit of RNA polymerase, the results here suggest
that cl interacts with the o subunit. An arginine to histidine change near the carboxyl
terminus of o specifically suppresses an aspartic acid to asparagine change in the acti-
vation region of cl. This finding supports the direct-contact model and suggests that a
cluster of positively charged residues near the carboxyl terminus of o is the target of the
negatively charged activation region of cl.

Gene expression is frequently regulated by
activator proteins that stimulate the rate of
transcription initiation at specific promot-
ers. In many cases, activation is thought to
involve direct contact between the activa-
tor and RNA polymerase on the promoter
DNA. Strong evidence for this model has
been presented for the cI gene product of
phage \, which acts as both a repressor and
activator of transcription (1). In \ lysogens,
cl protein binds to sites in the Oy and O,
operators, thereby turning off two major
promoters, Py and P;. At the same time,
the cI dimer bound to Og2 turns on tran-
scription of the ¢l gene from the Pgy,
promoter (Fig. 1). The cI dimer bound to
Og? is thought to interact directly with
RNA polymerase bound to Pgy,, thereby
stimulating isomerization of closed poly-
merase-promoter compléxes to open com-
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plexes (2-6). Part of the evidence for this
model was the isolation of a special class of
¢l mutants, called pc for positive control,
that bind to Oy and repress Py normally,
but cannot activate Pg,, (3-6). The pc
mutations change amino acids in the first o
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helix or turn of the helix-turn-helix DNA
binding motif of cl. These residues are on
the surface of the cI DNA binding domain
when it is bound to operator DNA (7) and
are appropriately positioned to contact
RNA polymerase (4).

The region of RNA polymerase that
contacts cl protein was unknown. The ma-
jor form of Escherichia coli RNA polymerase
is composed of a core enzyme (a,B’) plus
the dissociable 07° subunit, which confers
promoter specificity. The o’® subunit is
predicted to be close to cl, because o°
recognizes the —35 region of the promoter
(8, 9), which overlaps Og2. The a subunit
is another likely candidate to interact with
cl, because o apparently interacts with
several other activators (10). To identify
which subunit is the target for activation by
\ cl protein, we generated a mutant form of
RNA polymerase that allows a cI-pc mutant
to activate Pg,,. To obtain this polymerase
mutant, we constructed a strain carrying two
P22 prophages integrated in the bacterial
chromosome (Fig. 2). The first prophage (11)
carries the kan (kanamycin resistance) gene
under control of wild-type A Pgy. The second

Fig. 1. (A) Organization of A Pg

cl binding sites (open box- U

es) and promoter elements O3 Og2-35  Ogt-t0 [~
(filed boxes) in X Og re-  { d I—i I—i

gion. In M\ lysogens cl ] -10 -35

binds Oz1 and Og2 (but cl Pran

not Og3), represses Py,
and activates Fpg,,. (B) Pro-
posed interactions be-
tween ¢7° and the promot-
er or activator. The subunit
o7¢ is aligned with the left-
ward Pg,, promoter with a
cl dimer bound to Oz2. Ar-
rows represent interactions

between ¢7° residues and -10

+1 -12

A-{TTAGAT
-]

R584 Rsss‘ R5%
SV
i el

ATAGAT TGTGGCACGCACAAC 5'
Pam -35 Ogr2

consensus base pairs (8, 9, 22) (however, —31 of Pg,, is nonconsensus) or the activation patch of
cl. The latter interaction is presumably with the cl monomer at left. D, Asp; Q, GIn; R, Arg; T, Thr.
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