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Switch Protein Alters Specificity of RNA Polymerase 
Containing a Compartment-Specific Sigma Factor 

During sporulation in Ban'llus subtilir, expression of developmental genes spoIVCB and 
wtD is induced in the mother cell wmpartment of the sporangium at morphologifal 
stages IV and Vy respectively. A 27-kilodalton RNA polymerase sigma factor called aK 
(or 0'') has been found that causes weak transcription of spoIVCB and strong 
transcription of cotD. A 14-kD protein was also discovered that changes the specificity 
of aK-containing RNA polyrnerase, greatly stimulating spoIVCB transcription and 
markedly repressing cotD transcription. Both oK and the 14-kD protein are products 
of genes known to be required for expression of specific genes in the mother cell. Thus, 
aK directs gene expression in the mother cell and it is proposed that inactivation or 
sequestering of the 14-kD protein switches the temporal pattern of gene expression 
during the transition fiom stages IV to V of development. 

A HALLMARK OF THE PROCESS OF EN- 

dospore formation in the Gram-pos- 
itive bacterium Bacillus subtilis is the 

formation of a sporangium composed of 
two compartments, the mother cell and the 
forespore (1). The compartments each re- 
ceive a chromosome generated during the 
last vegetative round of DNA replication, 
but then undergo divergent developmental 
fates. The mechanisms governing temporal 
and spatial control of gene expression GI the 
mother cell chamber of the sporangium have 
not been well studied. The sporulation 
genes spoIZZC and spoIVCB, the spore coat 
protein genes cotA, cotC, and cotD, and the 
germination gene gerE are examples of genes 
that are known or are inferred to be tran- 

of B. subtilis (Fig. 1). The transcripts were of 
the expected sizes (within 5 bases) for initia- 
tion at the known in vivo start sites of the 
cotD (6) and spoIVCB (3) genes, and the 
length of the run-off RNA's varied predict- 
ably with templates that extended for differ- 
ent distances downstream from the start 
sites (Fig. 1). 

To identify the factor or factors responsi- 
ble for cotD and spoZVCB transcription, the 
RNA polymerase was fractionated by gradi- 
ent elution from a DNA-cellulose column 
(Fig. 2). The cotD-transcribing activity (A) 
eluted at slightly higher salt concentration 
(reaching a peak in fraaions 24 to 26) than 
did spoIVCB-transcribing activity (Fig. 2B), 
which peaked in fraction 22. Moreover, 

scribed selectively in the mother cell (2-6). longer &posure (9) of the same gel showed 
These genes fall into three temporal classes that the enzyme activity eluting at low salt 
that are switched on at successive develop- (fractions 14 to 16) had almost exclusively 
mental stages. We report the use of cloned 
copies of spoZVCB (7)-which is switched 
on at stage IV (3)-and cotD (5)-which is 
switched on at stage V (6)-as templates for 
reconstructing compartment-specific gene 
transcription in vitro. 

Run-off transcripts fiom linear templates 
bearing promoters for the mother cell-ex- 
pressed genes cotD and spol VCB were gener- 
ated by RNA polymerase that had been 
partially purified (8) from sporulating cells 
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s p o l ~ ~ ~ - t r a n s c r i b & ~  activity, where& 
RNA polymerase in the higher salt-eluting 
hctions (fractions 30 to 34) had almost 
exclusively cotD-transcribing activity. 

Proteins from the gradient elution were 
displayed by electrophoresis on an SDS- 
polyacrylamide slab gel (Fig. 2C). Several 
proteins showed an elution pattern that was 
approximately coincident with the distribu- 
tion of cotD-transcribing activity, but recon- 
struction experiments showed that only one, 
a 27-kD polypeptide, directed cotD tran- 
scription. When, for example, proteins in gel 
slices in the 25- to 30-kD size range were 
eluted, renatured, and added to B. subtilis 
core RNA polymerase (Fig. 3A), only rena- 
tured protein corresponding to the 27-kD 

polypeptide activated cotD run-off transcrip- 
tion by core enzyme (Fig. 3B). Evidently, 
the 27-kD protein is a sigma factor for the 
cotD gene. 

Because spoZVCB is expressed earlier than 
cotD during sporulation and because 
spoIVCB-transcribing activity eluted at low- 
er salt concentration compared to cotD-tran- 
scribing activity (Fig. 2, A and B), another 
sigma factor may have been responsible for 
transcription of spoZVCB. However, pro- 
teins of many different sizes were tested (9), 
but only protein from the same 27-kD gel 
slice that stimulated cotD transcription (Fig. 
3B) caused core RNA polymerase to tran- 
scribe from the spoZVCB promoter (Fig. 
3C) (although the run-off transcription was 
weaker than that observed with cotD). One 
possible explanation was that the 27-kD gel 
slice contained two different proteins, one a 
sigma factor for cotD transcription that was 

Fig. 1. Run-off transcription from templates con- 
taining the corD and spoIVCB promoters. Linear- 
ized plasmid templates (2 pg) (top) were tran- 
scribed in 40-4 reaction miutures (17) with RNA 
polymerase pattially purified from sporulating 
cells of B.  subtilis (8, 18). The products of run-off 
transcription were displayed by electrophoresis in 
a 5 percent polyacrylamide slab gel containing 8M 
urea and detected by autoradiography. (A) Run- 
off transcripts from the cotD promoter-containbig 
template linearized with Hinc I1 (lane 1) or Hind 
111 (lane 2). (B) Transcripts from the spoIVCB 
promoter-containing template linearized with 
Xba I (lane 1) or SsrI (lane 2). 
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more abundant in fiactions eluting at higher 
salt concentrations and the other a sigma 
factor for spoZVCB transcription that was 
more abundant in fiactions eluting at lower 
salt concentrations. This possibility was 
ruled out when protein was eluted and 
renatured from gel slices of 27-kD protein 
from low- and high-salt eluting fiactions 
that had been separately subjected to gel 
electrophoresis. Renamed 27-kD protein 
from the low- and the high-salt eluting 
tiactions provoked identical patterns of 
strong cotD and weak spoZVCB transcription 
when added to core enzyme and challenged 
with an equimolar mixture of promoter- 
containing templates (9). Thus, a single 27- 
kD species of sigma factor, which we call oK 

FU. 2. Fractionation of cotD- and spoIVCB- 
transaibing activities. RNA polymerase was par- 
nayl puri6ed (8, 18) and eluted from a DNA- 
cellulose column with a linear gradient of 0.5 to 
1.3M KCl. Enzyme in 10-4 samples from the 
gradient elution fractions was tested for transcrib- 
ing activity, as described in Fig. 1, with an 
cquimolar mixture (2-p.g total) of cotD template 
linearized with Hind III (A)  and spolVCB tem- 
plate linearized with Xba I (8). Exposue of the 
gel to x-ray film was four times longer in (B) than 
in (A) to compensate for the lower level of 
spoIVCB manscription. Proteins in the gradient 
elution fractions were subjected to SDS-poly- 
acrylamide gel electrophoresis (PAGE) and 
stained with silver. (C) A 12.5 percent polyacryl- 
amide gel displaying intermediate-to-large poly- 
peptides. (D) An 18 percent polyacrylamide gel 
(20) showing proteins of low molecular size. The 
amount of protein placed on the gel was five times 
greater in (C) than in (D). 

(or on), directed transcription of both cotD 
and spoZVCB DNA's. 

Another possible explanation for the par- 
tial separation of d b i n g  activities was 
that the relative ~refcrence of d'-RNA 
polymerase (EuK) for the two templates was 
influenced by an auxiliary transcription fac- 
tor in the fractions from the DNA-cellulose 
column, and that the salt concentration for 
elution of this factor was different from that 
of EuK. Such a factor was found when 
protein from the gradient was subjected to 
electrophoresis in a gel system that resolves 
proteins of small molecular size. The tran- 
scription factor can be seen in Fig. 2D as a 
small, highly abundant polypeptide (from 8 
to 14 kD depending on the gel system used, 
but we refer to it here as 14 kD) that was 
preferentially eluted at the low-sht end of 
the gradient. When purified by preparative 
gel electrophoresis and added to E U ~ ,  the 
'l4kD protein altered the relative levels of 
transaiption of cotD and spoZVCB, and in- 
hibited run-off RNA synthesis from the 
former and greatly stimdated run-off tran- 
scription of the latter (Fig. 4 4 .  Thus, the 
presence of the 14kD factor, which we call 
a switch protein, and its elution earlier than 
d< from DNA-cellulose explains the partial 
separation of cotD and spoZVCB d b i n g  
activities observed in Fig. 2. 

The stimulation of spoZVCB transcription 
and the inhibition of cotD RNA synthesis 
are independent &errs of the switch protein 
because-each effect could be observed in the 
absence of the other template (Fig. 4B). 
Thus, in reactions that contained only the 
spoZVCB-bearing template, the addition to 
core enzyme of both d' and the 14kD 
protein (lane 7) provoked a strong run-off 
transaiption signal, whereas the addition to 
core enzyme of d' alone (lane 6) had only a 
modest e& in stimulating run-off tran- 
scription. [The addition to core enzyme of 
the 1 4 0  protein alone (lane 5) had no 
effect, an indication that the 14-kD protein 
is not itself a sigma factor.] Conversely, in 
reactions that contained onlv the cotD-bear- 
ing template the addition t iEuK of increas- 
ing quantities of 14kD protein (Fig. 4, 
lanes 2 to 4, with lane 2 displaying the effect 
of the highest quantity of protein added) 
inhibited cotD RNA synthesis. Other charac- 
terization of the 14kD protein, which is 
highly abundant in sporulating cells, indi- 
cates that it oligomerizes, and gel retarda- 
tion and template competition experiments 
(9) suggest that it exerts its effects on the 
selectivity of transcription by binding to the 
DNA templates. 

To skdy the in vivo function of the newly 
discovered mmcription factors, we sought 
to identify the structural genes for the 1 4  
kD and oK proteins by determining their 

partial NHz-terminal amino acid sequences. 
The proteins were purified by preparative 
polyacrylamide gel electrophoresis, electro- 
blotted onto membranes, and subjected di- 
rectly to sequential Edman degradation in 
an automated gas-phase sequenator (10). 
The l4kD protein was purified from 
pooled tiactions 14 to 18 from the DNA- 
cellulose gradient elution (Fig. 2) by electro- 

Fig. 3. R a m o n  of cotD- and spoIVCB- 
uanscribing activities with a 27-kD protein and 
core RNA polymerase. Proteins were eluted from 
gel slices, and renatured (21), incubated on ice for 
10 minutes with B. subtilis core RNA p o l y m m  
prepared as described (22) and tested for tran- 
scribing activity as described for Fig. 1. (A) A 
section of polyacrylamide gel in which protein in 
fraction 24 of the experiment of Fig. 2 was 
subjected to elestrophoresis (with the direction of 
protein migration from left to right) to display 
proteins in the vicinity of the 27-kD protein. 
Elution and maturation was performed on slices 
from a similarly prepared gel but with 50 times as 
much protein and stained with Coomassie blue. 
(B) Autoradiogram of the 225-base region of a 
gel displaying the products of run-off aanscrip- 
tion from cotD template linearized with Hind III 
by core RNA polymerase supplemented with 
cenatured protein from the slices corresponding 
to those indicated in (A). (C) Autoradiogram of 
the 170-base region of a gel of run-off transcripts 
from spoIVCB template linearized with Xba I by 
core RNA polymerase supplemented with rena- 
tured protein from the same gel slices as used in 
(B). Approximately 15 ng (if we assume complete 
recovery from the gel) of 27-kD protein was 
added to 60 ng of core RNA polymerase in the 
reactions that produced run-off transcripts. 
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phoresis in the gel system described in the terminus is specified by a separate gene 
legend to Fig. 2D. It yielded the following spoZZZC to which spoZVCB becomes joined 
34 residue-long NHz-terminal sequence by a dupmosornal rearrangement during 
(11): sporulation. Thus, uK is encoded by a com- 

MHDYIKERTIKIGKYIVETKKTVR- 
VIAKEFGVSK 

The u" factor was purified in a two-step 
p d u r e  in which the protein in pooled 
hctions 19 to 34 was subjected to electro- 
phoresis in a 10 to 20 percent polyacrylam- 
ide gradient gel, movered from a gel slice 
by electroelution, and subjected to electro- 
phoresis in a second gradient gel prior to 
sequence analysis, which yielded an NH2- 
terminal amino acid sequence of 13 residues, 
then an undetermined residue (-), and six 
uncertain residues (indicated by parenthe- 
ses) as fbllows: 

WKNNAFPQPLSS -(EEKKYL) 

The sporulauon gene spoIIID was previ- 
ously identified as a candidate for a direct 
regulator of spoIVCB (3). Anticipating that 
it encodes the 14kD protein or u", we (12) 
cloned and sequenced the spoIZZD gene, the 
predicted product of which was found to be 
a 93-residue-long polypeptide whose first 
34 amino acids exactly conformed to the 
NHz-terminal sequence of the 14-kD pro- 
tein. Thus, the 14-kD protein is encoded by 
a known sporulation gene whose product is 
requkd  b r  spoZVCB gene expression in 
Vivo (3). 

To our surprise, the NHz-terminal se- 
quence of uK matched pe r fdy  with a 20- 
amino acid sequence (with serine at the 
undetermined residue) found at codons 21 
to 40 of spoZVCB itself (3, 13), one of the 
genes whose transcription u" directed in 
viao. As reported by Stragier et al. (13), 
spoIVCB is a k c a t e d  gene that encodes 
only the NHz-terminus of uK. The COOH- 

&ite S~OZVCB-~OZZZC gene, alsb, called 
sigK (13). 

The assignment of spoIZZD as the structur- 
al gene for the 14-kD switch protein sug- 
gests that the spoZZZD gene product is a 
temporal regulator of the mother cell l i e  of 
gene expression, and that its inactivation or 
sequestering during the transition from 
stage IV (cortex formation) to stage V (coat 
brrnation) of sporulation causes a switch in 
the overall pattern of gene expression. In 
our scheme, spoZZZD protein turns on the uK 
structural gene (spoZVCZ3qoIIZC) and then, 
by acting in conjunction with EuK, activates 
the transcription of other stage N genes, 
includmg genes involved in cortex forma- 
tion. At the same time, the presence of the 
spoZZID gene produa during stage IV pre- 
vents the d p t i o n  by EuK of cotD and 
certain other coat genes. Next, d-g the 
transition to stage V, spoIIID protein is 
inactivated (or somehow rendered inaccessi- 
ble to the mbther cell chromosome), thereby 
turning ofFfiuther aanscription of stage IV 
genes and activating the transcription of 
cotD and certain other stage V genes. 

Finally, we draw the following inferences 
fiom the discovery that u" is encoded by a 
composite of the spoIVCB and spoIIIC 
genes. (i) Transcription of spoZVCB-spoIIZC 
is in part autoregulatory, as its product 
directs its own d p t i o n .  Indeed, 
spoZVCB and spoZIZC mutants are known to 
be partially impaired in spoZVCB transcrip- 
tion (3). Furthermore, some spoIVCB- 
spoIIZC manscription must be directed, at 
least initially, by a holoenzyme form present 
earlier than Ed' in order to "prime the 
pump." Nevertheless, both categories of 

Fig. 4. A 14-kD protein switches the speu6city of A 14tD 
d p t i o n  by uK-RNA polymerase. (A) Gel 
puritication of the 14kD protein. Proteins were n .- 
eluted from gel slices, renatured (21), and added i 

to transcription reactions immediately after the 
addition of EoK (reconstituted as in Fig. 3). At I 
the top is a d o n  of a Coomassie blue-stained 
protein gel prepared as described for Fig. 2D 
(except with 250 times more protein) in which I 
protein in fraction 16 of the experiment of Fig. 2 
was subjected to electrophoresis (with the direc- 
tion of protein migration from left to right) to display protein in the vicinity of the 14-kD protein. 
(Bottom) Autoradiogram showing 225-base cotD aanscript and 170-base spolVCB aanxript from an 
equimolar mixture (2-pg total) of templates linearized with Hind I11 and Xba I, respectively, produced 
by EuK supplemented with the indicated renatured proteins. (-) indicates that no gel-eluted protein 
had been added. Approximately 240 ng (if we assume complete recovery from the gel) of 14kD protein 
was present in the reaction that produced the altered pattern of transcription. (6) The stirnulatory and 
inhibitory effects of the 14kD protein are separable. (Lanes 1 to 4) Autoradiographs of 225-base cotD 
transcript produced by EuK with no additions (lane 1) or with die addition of the 14kD protein at 240 
ng (lane 2), 80 ng (lane 3), and 27 ng (lane 4). (Lanes 5 to 7) Autoradiographs of 170-base qiolVCB 
transcript produced by core RNA polymerase (60 ng) to which l 4 k D  protein alone (240 ng) had been 
added (lane 5), to which oK alone (15 ng) had been added (lane 6), or to which & and l 4 k D  protein 
had been added (lane 7). 

spoZVCB-spoZZZC RNA synthesis depend on 
the l4kD protein because a spoZZZD mutant 
is completely blocked in transcription tiom 
the spoZVCB promoter. (ii) The primary 
product of the u" structural gene is a pro- 
protein bearing 20 extra residues at the 
NHz-terminus of the sigma factor, as de- 
duced from the observation that the NH2- 
terminal sequence of mature uK commences 
at codon 21 of spoZVCB. If analogous to the 
sporulation sigma factor # (14), the pro-uK 
may be an inactive precursor whose process- 
ing to the mature, active form is triggered by 
a landmark, morphological feature of the 
stage I11 to lV sporangium. (iii) u" is 
localized to the mother cell chamber of the 
sporangium, and hence it is a transcription 
hctor specific to the mother cell. This fol- 
lows from earlier work (3) showing that 
spoIVCB transcription is principally or ex- 
clusively confined to the mother cell and 
from the fact that spoZVCB and spoIIIC 
mutations selectively block gene y e s s i o n  
in the mother cell (4, 6). Thus, a is the 
mother cell counterpart to the recently dis- 
covered forespore sigma hctor uG (15). 
Interestingly, transcription of the uG struc- 
tural gene spoZZIG is also autoregulatory 
(16). 

In summary, we have discovered two key 
regulatory components of the mother cell 
line of gene expression, and our data suggest 
a way in which the components govern 
temporal and spatial aspects of developmen- 
tal gene expression during endospore forma- 
tion. 
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Amplification and Molecular Cloning of HTLV-I 
Sequences from DNA of Multiple Sclerosis Patients 

Techniques of gene amplification, molecular cloning, and sequence analysis were used 
to test for the presence of sequences related to human T-lymphotropic virus type I 
(HTLV-I) in peripheral blood mononuclear cells of six patients with multiple sclerosis 
(MS) and 20 normal individuals. HTLV-I sequences were detected in all six MS 
patients and in one individual from the control group by DNA blot analysis and 
molecular cloning of amplified DNAs. The viral sequences in MS patients were 
associated with adherent cell populations consisting predominantly of monocytes and 
macrophages. Molecular cloning and nucleotide sequence analysis indicated that these 
amplified viral sequences were related to the HTLV-I proviral genome. 

A LTHOUGH EARLY DATA INDICATED 

that neurologic disorders of wild 
mice are caused by mouse retrovirus 

infection (I) ,  no direct correlation has been 
established between human neurological 
disorders and retroviruses. However, recent 
evidence suggests that the human immuno- 
deficiency virus (HIV-1) as well as HTLV-I 
and HTLV-I1 are associated with neurologi- 
cal disorders (2-1 1). 

We previously (4) reported the presence 
of antibodies that react with the HTLV-I 
gag (p24) protein in samples of serum and 
cerebrospinal fluid (CSF) from patients 
with multiple sclerosis (MS) in Sweden and 
in Florida. Sequences of HTLV-I were de- 
tected by in situ hybridization analysis in the 
lymphocytes of C U ~ W ~ S  of CSF cells ob- 
tained from one-third of the patients (4). In 
three patients with progressive chronic en- 
cephalomyelopathy, we noted three differ- 
ent patterns of reactivity in relation to 
HTLV-I infection (8, 9): (i) the presence in 
serum of HTLV-I antibodies together with 
viral sequences, as determined by in situ 
hybridization and by the detection of viral 
antigen in lymphocytes; (ii) the absence of 
HTLV-I antibodies in the presence of viral 
sequences in CSF cells; and (iii) the presence 
of HTLV-I antibodies in the absence of viral 
sequences in peripheral blood lymphocytes 
(PBL) and CSF cells (8, 9). Subsequently, 
HTLV-I was isolated from lymphocyte cul- 
ture (10) of one of these patients, and the 
proviral genomes were cloned (11) from 
these cells. 

Since HTLV-I sequences can be detected 
by in situ hybridization assays in very few 
lymphocytes of MS patients, never in more 
than one in lo4 or one in 10' cells (4), and 
since the absence of detectable antibodies to 
HTLV-I does not exclude HTLV-I infec- 
tion, we used the polymerase chain reaction 
(12, 13) coupled with forced cloning of the 
amplified DNA to look for the presence of 

HTLV-I sequences in three males and three 
females with MS as defined according to 
McDonald and Halliday (14). The patients 
were from Sweden and all were diagnosed 
and treated at the Department of Neurolo- 
gy, University Hospital, University of 
Lund, Sweden. The age at onset of disease 
ranged from 11 to 34years, and the dura- 
tion, from 2 to 12  years (Table 1). All 
patients had a moderate mononuclear pleo- 
cytosis in CSF and five had oligoclonal 
immunoglobulin on isoelectrofocusing. The 
patient with no oligoclonal bands had multi- 
$e bilateral lesions on magnetic resonance 
imaging compatible with MS. At the time of 
the study, three patients had exacerbations 
and one of these was treated with cortico- 
steroids. None of the patients had ever 
received a blood transfusion. Negative con- 
trols were ten healthy subjects from Sweden 
who had no antibodies for HTLV-I and ten 
healthy blood donors from Philadelphia, 
Pennsvlvania. 

Blood samples were obtained from the 
cubital vein, and the peripheral blood 
mononuclear cells (PBMC) were processed 
(15). Results of ELISA assays with the use 
of disrupted HTLV-I virions revealed the 
presence of antibodies in serum samples 
&om two of the six patients at the time their 
PBMC were tested for the presence of 
HTLV-I sequences (Table 1).  T o  amplify 
HTLV-I sequences in the cellular DNA 
extracted from PBMC, we used primer pairs 
from the gag and env region (16). These were 
25 bases long and rich in G-C content to 
allow stable hybridization. The gag primers 
included the recognition sequence for Sma I 
or Pst I and the env primers contained the 
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