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The steady-state level of celE mRNA (coding for celiulase Es) in Thermomonospora fusca YX was measured
by Northern (tNA blot) hybridization under conditions causing induction or repression of cellulase synthesis.
A good correlation was found between the mRNA level and the level of cellulase E5, suggesting that the T.fusca
celE gene is regulated at the level of mRNA and, most likely, at the level of transcription. The 5' and 3' ends
of the celE gene transcription unit were determined by S1 mapping with single-stranded DNA probes. These
results showed that there were three species of ceLE mRNA in T. fusca YX with closely spaced 5' ends and
identical 3' ends. The size of each mRNA was about 1.5 kilobases, from both the Northern and S1 data. This
size is only slightly longer than that required to code for the 45-kilodalton E. protein. In Escherichia coli D318
(celE), the 5' ends of the celE mnRNAs are identical to those in T. fusca, but the 3' ends are located ca. 300 base
pairs upstream of the T. fusca 3' end. The region where the putative celE promoters were located had some
interesting features, including a 60-base-pair A+T-rich sequence and sequences resembling &r' promoters.

In cellulolytic bacteria and fungi, cellulase synthesis is
usually regulated by induction and repression (4, 7, 9, 13, 15,
16, 26, 28). The study of the regulation of cellulase synthesis
and its molecular mechanism is complicated by the multi-
plicity of cellulase genes and products as well as the lack of
basic information about cellulolytic microorganisms. Noth-
ing was known about the molecular mechanisms of cellulase
gene regulation until a recent study with Cellulomonas fimi
showed a positive correlation between the level of the
mRNA for two cellulase genes and the overall cellulase level
(10).
We have previously provided evidence that both induction

and repression cause coordinated regulation of the cellulase
genes in Thermomonospora fusca YX (17). Here we report
on the expression of the T. fusca cellulase E5 gene (celE
gene) (5). The levels of celE mRNA were measured in T.
fusca YX, and the 5' ends and the 3' ends of celE mRNA
isolated from both T. fusca and Escherichia coli were
determined by Si mapping.

MATERIALS AND METHODS
Bacterial and phage strains. E. coli D318 is strain HB101

transformed by plasmid pD318. Plasmid pD318 (Fig. 1) was
desicribed previously (5). Phage M13mplO and the host E.
coli strain JM101 (kindly supplied by R. Wu) were described
by Messing (20).

Preparation of the Northern hybridization probe. pD318
plasmid DNA was cut with the restriction enzymes SmaI
and StuI. The mixture was fractionated by electrophoresis
on a 0.7% agarose gel, and the small fragment (0.37 kilobase
[kb]) was electroblotted onto DEAE-cellulose membrane
NA45 (Schleicher & Schuell) and eluted with 1.0 M NaCI-20
mM Tris (pH 8.0)-0.1 mM EDTA at 55°C, as suggested by
the supplier. After five n-butanol extractions and two etha-
nol precipitations, the fragment was labeled with [at-
32P]dCTP (800 Ci/mmol) by nick translation (19) to give a
specific radioactivity of >3 x 107 cpm/p.g of DNA.
RNA sample preparation. Bacterial cultu,res in early to
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mid-log phase were centrifuged at 4,000 x g for 5 min at 4°C,
resuspended in 1/10 the original volume of lysis buffer (200
mM NaCl, 20 mM Tris [pH 7.5], 5 mM EDTA) plus 0.5%
sodium dodecyl sulfate (SDS) containing 1% diethyl pyro-
carbonate, at 0°C, and lysed at 4°C in a French press
sterilized by repeated SDS washing, and then RNA was
isolated by the procedure given in Smith and Calvo (24). The
final RNA pellet was lyophilized and dissolved in H20, and
the RNA concentration was determined by the orcinol
reaction.
Northern hybridization. RNA (10 ,ug) in 5 to 10 ,lA of H20

was mixed with 2 volumes of 75% formamide-3.3 M form-
aldehyde-15 mM sodium acetate (pH 7.4)-0.75 mM EDTA.
The sample was denatured by heating at 65°C for 10 min,
chilled in ice-water, mixed with 5x loading dye (0.825%
bromophenol blue in 0.5% SDS, 25% glycerol, 20 mM
EDTA), and loaded on a 0.8% agarose gel containing 10 mM
sodium acetate (pH 7.8) and 1.2 M formaldehyde. The gel
was run at 20 to 25 V in 1.1 M formaldehyde-10 mM sodium
phosphate (pH 7.4) with buffer circulation. The RNA was
transferred from the gel to a nitrocellulose membrane and
hybridized to the DNA probe mentioned earlier by the
method described by Southern (25) with the following mod-
ifications. Prehybridization was carried out at 40°C for 4 h,
and hybridization was carried out at 40°C for 12 to 15 h. The
nitrocellulose membrane was washed two times with 2x
SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-
0.1% SDS at 400C for 15 min and then washed two times with
O.1lx SSPE-0.1% SDS; the first time was at room tempera-
ture for 15 min, and the second time was at 68°C for 10 min.
The membrane was dried and exposed to Kodak XAR-5 film.
M13 subcloning of the celE gene. The 5' end of the celE

gene was subcloned into M13mplO by inserting the EcoRI-
SmaI fragment into ml3mplO DNA cut with EcoRI and
SmaI. The 3' end of the celE gene was subcloned into
M13mplO DNA by inserting the StuI-SalI fragment from
plasmid pD318 into phage DNA cut with Sail and SmaI as
described by Messing (20). The plaques were screened for
the inserts by plaque hybridization with the fragments being
cloned, labeled by nick translation with [a-32P]dCTP, as
probes. Positive clones were purified and used for prepara-
tion of single-stranded DNA molecules.

Synthesis of S1 mapping probes. Single-stranded DNA
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FIG. 1. T. fusca celE gene. Plasmid pD318 contains the celE gene. The DNA from plasmid pBR322 is represented by the thick line. Above
the restriction map of the celE gene, the hatched bar represents the probe used for Northern hybridization, and the open bars represent the
probes used for Si mapping.

probes were synthesized by the primer extension procedure
(20). The primer for the 3'-end probe was oligonucleotide
1212 (New England Biolab), and the primer for the 5'-end
probe was the denatured XhoI-NcoI fragment fromn plasmid
pD318.

Si mapping. The method developed by Berk and Sharp (3)
was used with some modifications. RNA (15 ,ug) was ethanol
precipitated in a siliconized Eppendorf tube, centrifuged,
lyophiized, dissolved in 20 jil of 80%o formamide-40 mM
PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid), pH 6.4],
0.4 M NaCl, and 1 mM EDTA. It was denatured by heating
at 67°C for 7 to 10 min. Because of its high G+C content, the
single-stranded DNA probe in TE buffer (0.01 M Tris, 1 mM
EDTA [pH 8.0]) was boiled for 3 min and chilled to 0°C. The
RNA sample was transferred from 67 to 50°C, and the probe
(.2 ,ul per sample) was immediately added, mixed, and
incubated at 50TC for 2.5 to 3 h and then at 68°C for 10 min.
The sample was transferred to 56°C, and 0.4 ml of S1
nuclease (700 U/ml) in 280 mM NaCl-30 mM sodium acetate
[pH 4.4]-4.5 mM zinc acetate-20 ,ug of denatured calf
thymus DNA per ml was quickly added, mixed, chilled in
ice, and then incubated at 37°C for 1 h. To stop the reaction,
30 ,ul of 2.5 M ammonium acetate-50 mM EDTA and 30 ,ul of
carrier tRNA (1 zug/ml) were added. The DNA was precip-
itated with 0.55 ml of isopropanol at -70°C for 15 tnin and
centrifuged for 15 min. The pellet was dried add dissolved in
90% formamide-0.05% bromophenol blue-0.05% xylene
cyanol. The sample was boiled for 4 min, chilled to 0C,
separated on a 5% polyacrylamide-7 M urea gel, and auto-
radiographed.

RESULTS

Measurement of celE mRNA. Northern hybridization was
used to determine the steady-state level of celE in T. fusca
YX cells grown on different carbon sources. The RNA
samples were prepared from log-phase cultures, in which
cellulase synthesis is highest. The results are shown in Fig.

2a. E. coli HB101 was used as the negative control, and no
hybridization signal was detected; an RNA sample frotn E.
coli D318 was used as a positive control, and it gave a 1.2-kb
signal. RNA samples from T. fusca YX gave hybridization
signals of different intensity depending on the carbon source,
but the size of the mRNA was consistently 1.5 kb. The
amount of celE mRNA present in each sample was estimated
by scanning the autoradiogram with a densitometer, and the
values are given in Table 1 along with the level of cellulase
E5 measured under identical growth conditions. There was a
clear positive correlation between the relative level of cellu-
lase E5 and the level of celE mRNA in cells grown on
different carbon sources. This shows that both the idduction
and the repression controls regulate the level of cellulase E5
mRNA, which suggests transcriptional regulation of the celE
gene.
The celE mRNA level was also measured during transient

repression (17), and the results are shown in Fig. 2b. The

a b
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FIG. 2. celE mRNA levels, in T. fusca YX and transformed E.
coli cells. The RNA samples used were isolated from the following
cultures: (a) T. fusca YX grown on glucose (lane 1), cellobiose (lane
2), cellulose (lane 3), and maltose (lane 4), E. coli HB101 (lane 5) and
D318 (lane 6), and molecular weight markers (lane 7); (b) T. fusca
YX induced by cellulose with no repressor (lane 1), with glucose as
repressor (lane 2), ahd with maltose as repressor (tane 3).

VOL. 170, 1988



3840 LIN AND WILSON

TABLE 1. celE mRNA levels in T. fusca YX culturesa

Carbon Relative level Relative level Es sp actof celE of cellulase EI smacsource ITmRNA E(U/mg)

Glucose 0.015 0.006 0.055
Maltose 0.02 0.01 0.097
Cellobiose 0.11 0.10 0.99
Cellulose 1 1 9.8

a Cellulase E5 level and activity were measured by the immunoinhibition
method (17).

levels of celE mRNA calculated by densitometry relative to
that with no repressor were 0.57 and 0.75 for glucose and
maltose, respectively; the relative cellulase synthesis rate
measured under identical conditions was 0.33 and 0.69,
respectively. Again, there was a good correlation between
the level of mRNA and the rate of overall cellulase synthe-
sis; glucose, a strong repressor, reduced both the level of
mRNA and the rate of cellulase synthesis more effectively
than the weak repressor maltose.
Mapping of the 5' and 3' ends of celE mRNA. To determine

the location of the celE promoter and terminator, the 5' end
and the 3' end of the celE mRNA were determined by Si
mapping. The restriction fragments of plasmid pD318 corre-
sponding to the 5' end and the 3' end of the celE gene were
subcloned into M13mplO phage, and single-stranded DNA
probes were synthesized as described in Materials and
Methods. Because T. fusca mRNA is highly unstable, the
hybridization temperature was lowered to 50°C to avoid
RNA degradation. It was then shifted to 68°C to denature
nonspecific duplexes and finally shifted to 56°C before S1
nuclease was added to avoid enzyme inactivation. These
modifications were found to be necessary in preliminary
experiments.

In the 5'-end mapping, the RNA sample from T. fusca YX
gave three protected fragments; 303 ± 2 (standard error), 299
+ 2, and 292 ± 2 nucleotides long, indicating that three
closely spaced 5' ends were located about 303, 299, and 292
base pairs (bp) upstream from the XhoI site (Fig. 3a). The
RNA sample from E. coli D318 produced protected frag-
ments identical to those of T. fusca RNA. Some additional
signals were seen and were probably caused by nonspecific
initiations in E. coli or readthrough from pBR322 promoters.
The RNA sample from strain HB101 gave no signal, as
expected.

In the 3'-end mapping (Fig. 3b), T. fusca YX RNA gave a
signal of 326 ± 2 nucleotides, indicating that all the mRNAs
ended at the same site, located ca. 326 bp downstream from
the StuI site. The length of celE mRNA calculated from the
S1 mapping data was ca. 1.54 kb, consistent with the result
from Northern hybridization. The RNA samples from the E.
coli strains D318 and HB101 gave no signal with the probe,
as expected, because the 1.2-kb celE mRNA in strain D318
should end very near the StuI site and therefore would not
hybridize with the 3'-end mapping probe, which starts at this
site.
The DNA sequence around the 5' ends of the mRNAs was

determined (Fig. 4). There was a 61-bp region immediately
upstream from the 5' ends that had a relatively high A+T
content (61%) compared with the average value of 41% for
the whole noncoding region shown. If the A+T-rich region is
not counted, the average A+T content was only about 35%.
In addition, the DNA sequence upstream from the putative
initiation sites resembled the so-called u60 promoters present
in some bacteria, including species of Escherichia (22),

a1 2 3 4 2 3 4

-326

303
g292
5292

FIG. 3. S1 mapping of the 5' and 3' ends of celE mRNA. (a)
5'-end mapping. The RNA samples were from E. coli HB101 (lane
2), E. coli D318 (lane 3), and T. fusca YX (lane 4); molecular weight
markers (lane 1). (b) 3'-end mapping. The RNA samples were from
E. coli HB101 (lane 1), E. coli D318 (lane 2), and T. fusca YX (lane
3); molecular weight markers (lane 4). The sizes of the bands
indicated on the right were calculated from the molecular weight
standards and have an error of ±2 bp. The molecular weight
markers were prepared by cutting X DNA with HindIll and EcoRV
and labeling with reverse transcriptase. The marker closest to the
three 5'-end fragments is 317 bp long.

Salmonella (11), Caulobacter (Mullin et al., personal com-
munication), Klebsiella, and Rhizobium (1), most of which
are regulated by nitrogen metabolism. The distances be-
tween these sequences and the corresponding putative initi-
ation sites were 2 bp shorter than has been found for the
other promoters, which could result from an error in the S1
mapping. The sequence following the ATG start codon
encoded a potential signal sequence followed by the N-
terminal sequence of cellulase E.. There was a 106-bp
noncoding sequence present at the 5' end of the smallest
celE mRNA and a 117-bp noncoding sequence in the largest
celE mRNA. There was a 5-bp-long Streptomyces lividans
ribosome-binding site present just before the ATG start
codon and an 8-bp E. coli ribosome-binding site starting 2
bases downstream from the initiation codon.

DISCUSSION

In this study, we show that the level of celE mRNA and
the rate of cellulase synthesis are correlated, suggesting that
the T. fusca celE gene is probably regulated at the level of
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GTCGGTGCATCGCOG GTCGTCCTCC C1TGG CCGCA CTGGC

CAGGC GTCGG GG1TC CTCCC ATGCT CCCGG MCTTCACCT

CATCC AGCAC CCCTC CTTCT TTGAG TGACC TAGAT CACTT

F-r I r-2 r-+3
ATTGC TCTTG ACTTT GTGCT ACGGT CTCAC TACAT AACGA

1-
2-

3

GAACG GCGCA TTCCT CC1TC CCCGA TTCTG TCACG GAAT

CGCAT CCCTA TATGG GCGCG CTCCC ATAGC GCTCT TCCTC

Nco I
CCCTC TCCCC TTGGAGGMC CAIG

FIG. 4. DNA sequence of the celE promoter. The promoter
region was sequenced by E. Jung (unpublished result). The 5' ends
of the celE mRNAs are indicated by arrows. The A+T-rich region is
underlined. The DNA sequences homologous to the -24 and -12
regions of the or' promoter are indicated by horizontal bars, with the
numbers corresponding to the three putative initiation sites. The
ATG start codon for the celE gene is also underlined.

transcription. As all the major T. fusca cellulases are coor-
dinately regulated (17), this conclusion could be true for the
synthesis of the other cellulases in this organism. A study
with C. fimi (10) has shown that the levels of the mRNAs
produced from two cellulase genes change in parallel when
the cells are grown on different carbon sources and that
these mRNA levels correlate with the total cellulase level,
but it has not been shown that all the cellulases are coordi-
nately regulated in C. fimi.
The putative promoters of the celE gene are located in a

unique A+T-rich region which is a feature of many procary-
otic promoters. Among typical examples are the E. coli
rnnp1 promoter (6), a Bacillus subtilis promoter (21), the
Klebsiella pneumoniae nifA promoter (27), and the C. ther-
mocellum celA promoter (2).

Interestingly, a recent study in which an in vivo system
was used to select from strong promoters from T5 phage
resulted in a group of promoters, all with an A+T-rich
stretch about 43 bases upstream from the start of transcrip-
tion, around position -43, as the most significant feature (8).
Some in vitro studies also suggest the importance of an
upstream high-A+T sequence in various procaryotic pro-
moters (8, 12, 21). The transition temperature of the pro-
moter may be influenced by upstream DNA sequences that
do not overlap with the region where melting-in occurs
during formation of the open complex (12, 14). The influence
of the upstream sequence on the promoter strength may be
explained by the observation that transient unwinding oc-
curs in A+T-rich regions in superhelical DNA (23). If the
same phenomenon occurs in vivo, it may facilitate the
melting-in process by trapping negative superhelicity and
consequently reducing the kinetic barrier for the formation
of the open complex.
The DNA sequence of the putative celE promoters gives

no significant homology when compared with cellulase pro-
moter sequences from C. fimi (10) and C. thermocellum (2).
To our knowledge, the transcription system of T. fusca

has not been studied, but our results show that in both E. coli

and T. fusca the celE mRNAs have the same 5' end. If these
5' ends are not processing products, the transcription sys-
tems in E. coli and T. fusca must have some similarities. The
level of celE mRNA in E. coli D318 is similar to the level of
celE mRNA in induced T. fusca, yet the level of E5 activity
in strain D318 is less than 1% of the value in induced T.
fusca. At this time we do not know the reason for the low
level of cellulase activity; however, the major species of celE
mRNA in E. coli D318 is shorter than that in T. fusca due to
the difference in their 3' ends and probably cannot code for
the entire E5 molecule.
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