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Blocking of the Initiation-to-Elongation Transition by 
a Transdominant RNA Polymerase Mutation 

RNA polymerase, the principal enzyme of gene expression, possesses structural 
features conserved in evolution. A substitution of an evolutionarily invariant amino 
acid (Lys1065 -+ Arg) in the p subunit of Escherichia coli RNA polymerase apparently 
disrupts its catalytic center. The mutant protein inhibited cell growth when expressed 
from an inducible promoter. The assembled holoenzyme carrying the mutant subunit 
formed stable promoter complexes that continuously synthesized promoter-specific 
dinucleotides but that did not enter the elongation step. The mutant polymerase 
inhibited transcription by blocking the access of the wild-type enzyme to promoters. 

NA-DEPENDENT RNA POLYMER- 
ase is a multifunctional enzyme 
that carries out the principal bio- 

chemical steps of gene expression, including 
specific promoter binding, melting of the 
DNA double helix, template-directed de 
novo initiation, processive elongation, and 
release of RNA at terminators. Although we 
have a fairly detailed phenomenological un- 
derstanding of these steps of RNA polymer- 
ase fhctional cycle (I), our knowledge of 
the underlying molecular structures is limit- 
ed (2). These structures, however, must be 
universal among living organisms, since the 
general multisubunit architecture of the en- 
zyme (3-5) and the primary amino acid 
sequence of its subunits [ (6) ,  see Fig. lA] 
are remarkably conserved. 

We used the molecular genetic approach 
to study RNA polymerase structure func- 
tion, focusing on the (3 subunit of the 
enzyme from Eschevichia coli, which is en- 
coded by the E. coli rpoB gene (7). The P 
subunit has a homolog in every living orga- 
nism (Fig. 1A) and has been implicated in 
each basic step of the RNA polymerase 
functional cycle (8). Our strategy is to engi- 
neer in vitro rpoB mutations leading to the 
substitution of evolutionarily conserved 
amino acids in the hope to selectively inacti- 
vate individual basic functions of the en- 
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zyme. For example, a mutation might dis- 
rupt the polymerase catalytic center so that 
the enzyme binds to promoters but fails to 
make RNA. Obviously, such a mutation 
would be dominantly lethal because the 
mutant polymerase would in effect become a 
nonspecific repressor of transcription. For 
this reason, the mutations are engineered 
and maintained in a"tight1y repressed copy 
of rpoB. The second element of our experi- 
mental system is the in vitro assembly of a 
homogeneous preparation of the mutant 
RNA polymerase from individually overex- 
pressed submits, which is necessary for a 
biochemical analysis of the defect. The de- 
tails of this technology are to be published 
elsewhere (9). Here we describe an vpoB 
mutation that blocks the "escape" of RNA 
polymerase from the initiation complex, in- 
terrupting the transcriptional cycle at an 
intermediate step. 

The sites for mutagenesis were chosen on 
the basis of affinity cross-linking mapping of 
amino acids in the vicinity of the RNA 
polymerase active center (10) combined 
with the homology sequence alignment 
(Fig. 1A). Two Lys (K) to Arg (R) substitu- 
tions. K1065R and K1051R. were con- 
structed in the rpoB gene cloned into the 
pMKA92 expression plasmid (Fig. 1, A and 
B). 

In the genetic system for the analysis of 
the mutants' phenotype (Fig. lC), the Rif- 
sensitive host strain AJ6207 carries amber 
mutations in its chromosomal moB and lac2 
genes and also harbors the Lac repressor- 
producing plasmid p ~ a c ~ Q .  Such cells are 
absolutely dependent on the presence of the 
supU suppressor tRNA specified by an F' 

episome. Because of this dependence, the 
host strain never segregates Lac- variants. 
When the mutant K1051R P subunit was 
expressed in this host from the pMKA92- 
derivative plasmid, the cells became rifampi- 
cin-resistant. Under these conditions, 
IPTG-dependent Lac- segregants appeared 
with the frequency of about 2%, indicating 
that the plasmid-borne (3 could complement 
the chromosomal rpoB defect (IPTG, iso- 
propyl-P-D-thiogalactopyranoside). Such a 
phenotype is identical to the one conferred 
by the induction of the wild-type P. Thus 
mutation K1051R did not affect the vital 
functions of RNA polymerase. In contrast, 
the AJ6207 cells, as well as other hosts 
carrying the mutation K1065R encoded in 
the pMKA92-derivative plasmid, failed to 
form colonies on IPTG plates altogether, 
indicating that the cell cannot tolerate the 
mutate p subunit. Thus we classify the 
K1051R and K1065R alleles of rpoB as 
silent and dominant negative, respectively. 
Yet, in spite of its toxicity, the K1065R 
polypeptide accumulates . in substantial 
amounts when induced with IPTG in liquid 
culture and is deposited in the insoluble 
fraction of the cell, as does the wild-type P 
(11, 12). 

For the biochemical analysis of the mu- 
tants, RNA polymerase holoenzymes con- 
taining the K1051R and K1065R P sub- 
units were reconstituted in vitro from indi- 
vidually overexpressed subunits (13) and 
tested in a standard in vitro transcriptional 
assay with T4 DNA as the template. The 
specific activity of K105 1R poly~erase was 
indistinguishable from that of the intact 
wild-type polymerase, whereas the K1065R 
enzyme showed no detectable activity (Fig. 
2A). This result correlates with the mutants' 
phenotypes described above. 

We next addressed'the question whether 
the K1065R polymerase would interfere 
with the hct i6ning of active enzyme in the 
in vitro system. For this purpose, standard 
reactions were set up with a limiting amount 
of T4  DNA template,. to which increasing 
amounts of the mutant polymerase were 
added together with a fixed amount of 
normal enzyme. The K1065R enzyme 
strongly inhibited the normal reaction (Fig. 
2B). At a 1 : 1 ratio of the mutant to the 
wild-type enzyme, this inhibition was al- 
most fivefold and re~roducible. The inhibi- 
tion was not observed when transcription is 
performed at DNA excess, suggesting that 
competition for a DNA target is the basis 
for the inhibition. 

- 

To find out whether the K1065R enzyme 
forms specific promoter complexes, we used 
the DNA gel retardation assay (14, i5) with 
a 130-bp DNA fragment carrying the A1 
promoter of bacteriophage T 7  (15). The 
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wild-type polymerase and K1065R enzyme 
formed complexes with the promoter frag- 
ment that had identical gel mobility (Fig. 
3A, lanes 1 and 7). In both cases the com- 
plexes remained intact after 2 hours of incu- 
bation with poly(dA-dT) (lanes 6 and 12), 
which sequesters free polymerase instanta- 
neously. However, when the complexes 
were challenged with the four nucleoside 
triphosphates (lanes 2 to 5 and 8 to l l ) ,  the 
wild-type and mutant enzymes behaved dif- 
ferently: the normal polymerase complex 
disappeared, presumably due to elongation 
and eventual dissociation from DNA, 
whereas the K1065R enzyme remained 
bound to the promoter. We conclude that 
the K1065R enzyme retains the ability to 
recognize and bind to promoters and to 
form stable complexes but fails to enter the 
elongation step of the transcriptional cycle. 

To test whether the K1065R polymerase- 
promoter complex is catalytically active, we 
determined its ability to synthesize short 

Fig. 2. Analysis of mutant 
RNA polymerase in the 

u standard in vitro reaction. 
(A) Dependence of the ac- 
tivity on enzyme concentra- 
tion. Indicated amounts of 
the wild-type ( 0 )  or the re- 
constituted K1051R (0) 
and K1065R (0) enzymes 

1 2  were assayed (22). (B) Effect 
RNA ~olvmerase luo) Enzyme molar ratio (Kl065R:WT) of K1065R RNA polymer- 

, , ,, .,, 
ase on transcription per- 

formed by the wild-type enzyme. Increasing amounts of K1065R polymerase were added to the 
transcription reaction performed by 2 kg of the wild-type polymerase on 5.7 kg (0) or 0.6 kg of T4 
DNA ( 0 ) ;  100% activity was 2.38 (wild type, DNA excess) and 0.64 (wild type, DNA limit) nrnol of 
UTP incorporated in the standard reaction. 

oligonucleotides in the abortive initiation 
reaction (16). The autoradiogram of Fig. 4 
compares the products synthesized on the 
A1 promoter fragment by the wild-type 
(lanes 1 and 3) and K1065R (lanes 2 and 4) 
enzymes. In the presence of the four ribonu- 
cleoside triphosphates, the wild-type poly- 
merase (lane 1) yielded three principal prod- 

ucts, the dinucleotide pppApU, trinucleo- 
tide pppApUpC, and the 65-nucleotide run- 
off transcript (17). Under the same con- 
ditions, the K1065R polymerase produced 
comparatively negligible amounts of all 
types of transcripts except the dinucleotide 
pppApU (lane 2). Lanes 3 and 4 of Fig. 4 
present a similar experiment performed in 
transcriptional reactions containing, in addi- 
tion to the four standard triphosphates, the 
priming dinucleotide CpA, which corre- 
sponds to the positions - 1, + 1 of the A1 
promoter. Because CpA has a much higher 
affinity to the polymerase initiation site than 
adenosine triphosphate (ATP), most tran- 

E.C. 
P.P. 
S  
T  
L  
S.C. 
D.m. 
M.t. 
H.h. 
9.a. 

scrims svnth-esized in this reaction are 'n, 
T K I P  
v m 1  P  

* 
D K M A C R H G N K G  
D K Y A C R H G N K G  

L K I V K V Y L A  

P E T I H V Y I S Q  
P E T I R V Y I L Q  

Y K F C K I R V R S  
S R L A K  R V R I  

L A K V S V R D  

priAed Gith the dinucleotide and thus do 
not contain phosphates at their 5' termini. 
Oligomers of RNA with 5'-hydroxyl group 
have reduced gel mobility (18), as can be 
readily seen on the autoradiogram. The 
comparison of the products made under 

P U B :  
L R I P  

these conditions by ;he wild-type (lane 3) 
and K1065R (lane 4) polymerases demon- 
strates that the mutant enzyme made sub- 
stantial amounts of the trimer CpApU and 

Pvu I 
- 

Eco RI 
Pvu I 

relatively much less of the two longer abor- 
tive products. No ,&off transcript was 
made. The deficiency displayed by the 
K1065R enzyme is not specific to T7A1 

deletion 

- 1 ~  Rl-Pst I fragment / promoter, since the resul; of Fig. 4 was 
reproducible when poly(dA-dT) and the PR 
promoter of phage lambda were used as 
templates. We conclude that, at least qualita- 
tively, the K1065R polymerase is able to 
catalyze efficiently .the formation of the first 
phosphodiester bond specified by the pro- 
moter, whereas its ability to make longer 
RNA products is substantially reduced. 

The properties of the K1065R enzyme 
resemble the behavior of normal polymerase 

Oligonucleotlde- 
/ 

directed mulagenesis with KR 

substitution 

Fig. 1. The y o B  mutations K1051R and K1065R. (A) Sequence data and homology alignment. Boxed 
areas present the sequence specifications of the two mutations. The middle line in each box shows the 
coding DNA sequence at the mutation's site, with substituted nucleotides set in lower case. The 
arginines specified by the mutations are shown over their codons, and the newly emerged restriction 
sites are underlined. The amino acid sequences shown (from top to bottom) are from the P subunits of 
E, coli (E.c.), Aeudomonas putida (P.P.), chloroplasts of spinach (S), tobacco (T), and liverwort (L); the 
IIB subunit from Saccharomyces cerevisiae (S.C.), Drosophila melanogaster (D.m.); and the B(B1) subunit 
from three species of archaebacteria, Methanobacterium thermoautotrophicum (M.t.), Halobacterium halobium 
(H.h.), 'and Sulfolobus acidocaldarius (La.) ( 6 ) .  The extent of each segment within its respective 
polypeptide from the amino-terminal to the carboxyl-terminal amino acid is indicated by numbers. 
Positions of identity to the E,  coli sequence are outlined. The asterisks over the E. coli sequence indicate 
the four lysines identified as possible alternative labeling sites by substrate cross-linking (10). Arrows 
indicate the two substitutions of lysine (K) to arginine (R). Abbreviations for the amino acid residues 
are: A, Ala; C,  Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, 
Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. (B) The genetic engineering scheme 
based on the y o B  expression plasmid pMKA92 (20). Bold segments represent genes, and the triangle 
symbolizes the lac promoter. Relevant restriction sites are shown by arrows. (C) The genetic system for 
mutant phenotype analysis (21). The engineered mutation is symbolized by X. 

inactivated by rifampicin (19), whose bind- 
ing site is also located in the f3 subunit. The 
models originally suggested for rifampicin 
action, which are equally applicable to the 
K1065R defect, explain the failure to elon- 
gate RNA by the enhanced loss of oligonu- 
cleotides from the ternary transcriptional 
complex or by the inhibition of trisloca- 
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0' 15' 30' l h  Zh Zh 0' 15' 30' l h  2h 2h 

N T P : - +  + + + -  - + + + + -  

Wild type K1065R 

Fig. 3. Gel retardation assay of promoter com- 
plexes and their resistance to substrate challenge. 
The 130-bp promoter DNA fragment that was 
end-labeled by filling-in reaction at its Bam H1 
termini (15) was preincubated at 37°C for 15 min 
with reconstituted RNA polymerase, and then 
incubated for the indicated time periods with 100 
pglrnl of poly(dA-dT) in the absence (lanes 1,6,  
7, and 12) or in the presence (lanes 2 to 5 and 8 to 
11) of challenging nucleotides, followed by the 
gel electrophoresis (23). 

Fig. 4. In viuo activity of the mutant RNA 
polymerase (24). The gel autoradiogram shows 
the products made by the wild-type (lanes 1 and 
3) and K1065R (lanes 2 and 4) enzymes on the 
130-bp T7A1 promoter DNA fragment. The 
transcripts were initiated with ATP (lanes 1 and 
2) or CpA (lanes 3 and 4). The oligonucleotide 
products and the major runoff transcript (RO) are 
indicated. 

tion. Both explanations are consistent with 
the location of side chain in the 
proximity of the catalytic pocket of the 
enzyme, as inferred from the cross-linking 
studies of Grachev and co-workers (10). 

Basic transcriptional mechanisms can be 
explored with transdominant RNA poly- 
merase mutations in this experimental sys- 
tem. To study such mutations biochemical- 
ly, it is necessary to obtain a homogeneous 
preparation of the mutant polymerase, a 
difficult task if one were to separate mutant 
and wild-type molecules from the RNA 
polymerase pool of the induced cell. Indi- 
vidual overexpression of subunits in combi- 
nation with the in v i m  assembly technology 
circumvent this problem and make the toxic 
polymerase amenable to biochemical experi- 
mentation. 
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Localization of PDGF-B Protein in Macrophages in 
All Phases of Atherogenesis 

Lesions of atherosclerosis occur in the innermost layer of the artery wall and consist 
primarily of proliferated smooth muscle cells surrounded by large amounts of 
connective tissue, numerous lipid-laden macrophages, and varying numbers of lym- 
phocytes. Growth-regulatory molecules may be involved in intimal accumulation and 
proliferation of smooth muscle cells responsible for the occlusive lesions of atheroscle- 
rosis. Platelet-derived growth factor (PDGF) B-chain protein was found within 
macrophages in all stages of lesion development in both human and nonhuman 
primate atherosclerosis. Thus macrophages may play a critical role in the disease by 
providing PDGF, a potent chemotactic and growth-stimulatory molecule, to the 
intimal smooth muscle cells. 

A THEROSCLEROSIS IS A DISEASE OF 

large- and medium-sized arteries 
and is characterized by focal thicken- 

ing of the inner portion of the artery wall in 
association with fatty deposits (1). This re- 
sults in the clinical sequelae of myocardial 
infarction, cerebral infarction, gangrene of 
the extremities, and loss of function. F a m  
deposits, although common in Western so- 
ciety, may be missing in populations where 
other risk factors such as hypertension, ciga- 
rette smoking, and diabetes are associated 
with increased incidence of the disease (2- 
6 ) .  The common underlying events respon- 
sible for the formation of lesions are the 
intimal proliferation of smooth muscle cells, 
formation of new connective tissue matrix 
by these cells, and the possible accumulation 
of lipid. Smooth muscle cells appear in the 
lesions of experimentally induced atheroscle- 
rosis concomitant with, or following the 

appearance of, monoq~e-derived macro- 
phages and T cells (7-10). The smooth 
muscle cells may be derived from existing 
intimal cells or from cells that migrate in 
from the underlying media. As thesmooth 
muscle cells proliferate within the intima, 
the lesion increases in size and forms a 
fibrous cap that o\rerlies a deeper region of 
macrophages, T cells, and debris, culminat- 
ing in a large connective tissue-rich lesion 
that contains varying amounts of lipid. 
Platelet-derived growth factor (PDGF) (a 
homodimer of PDGF-A or PDGF-B chains 
or an AB heterodimer) ma\, be one of the 
principal growth-regulaton molecules re- 
sponsible for the migration of medial 
smooth muscle cells into the intima and for 
the proliferation of existing collections of 
intimal smooth muscle cells. The source of 
PDGF is not well defined; PDGF may be 
secreted by platelets, monocyte-derived 
macrophages, the overlying endothelial 
cells, or the smooth muscle cells themsel\~es 
(6 ,  11, 12). 
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Fig. 1. Comparison by Northern (RNA) analysis 
of arterial segments of nonhuman primates main- 
tained on a hypercholesterolemic &et (600 to 800 
mgldl) for 1 year with control normocholesterole- 
mic animals. Two pigtail monkeys (Macaca nemes- 
trina) between 3 and 5 years of age were main- 
tained on a hypercholesterolemic diet as described 
(8) and lulled after 1 year on the &et. An ad&- 
tional nvo monke!.s received normal monkey diet 
and senred as controls. Segments (1  cm) of tho- 
racic (T) or abdominal (A) aorta were removed 
from each animal and dissected as described for 
preparation of tissues for irnrnunoq~ochernistry 
(10) and snap frozen for isolation and analysis of 
total RNA (27). The same blot was sequentially 
rehybridwed Lvith the indicated cDNA probes or 
cRNA probe. p-actin hybridization was used as a 
reference for relative m M A  load per lane. Mes- 
sage sizes were 5.7 kb for the PDGF receptor (P  
subunit); 2.8, 2.3, and 1.9 kb for the PDGF-A 
chain; 3.7 kb for the PDGF-B chain; 4.3 kb for c- 
jnj; 1.8 kbfor IL-1P; 2.5 kbforTGF-P1; and2.1 
kb for 8-actin. 

hypercholesterolemic by ingesting a diet 
rich in cholesterol for 1 year. In comparison 
with the dissected normal aortas from con- 
trol animals, transcripts for several growth 
factors and their receptors were increased in 
the advanced lesions, whereas others re- 
mained unchanged (Fig. 1): PDGF-B, 
c-jinx (the colon).-stimulating factor type 1 
receptor), the p subunit of the PDGF recep- 
tor, interleukin- 1 (IL- l ) ,  and transforming 
growth factor p l  (TGF-P1) were increased, 
whereas PDGF-A and p-actin were not. 
These observations are consistent with the 
Northern analysis of human carotid endar- 
terectomy specimens in which increased lev- 
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