
New Ways to Study Developmental 
Genes in Spore-Forming Bacteria 

(4). Once within the root tissue, the 
bacterial cells differentiate into "bacte- 
roids," a cell type that is able to fix 
nitrogen, to the considerable advantage 
of the host plant. The distinctive features 
of the life cycles of these prokaryotic 
microorganisms make it possible to 
study different aspects of the develop- 
mental process. 

The subject of this article, the Gram- 
positive bacterium Bacillus subtilis, is 

Philip Youngman, Peter Zuber, John B. Perkins perhaps the most extensively studied of 
the differentiating prokaryotes. Its devel- 
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The differentiation of cells into spe- 
cialized types raises the following kinds 
of questions. In what ways are cells 
induced to differentiate? How are devel- 
opmental genes regulated as temporal 
classes? How is gene expression restrict- 
ed to differentiated cell types? In what 
way:; are the products of developmental 
genes localized within cells and assem- 
bled into macromolecular structures? 
Among the kinds of bacteria that have 
proved to be especially useful for ad- 
dressing such questions are the dimor- 
phic bacteria of the genus Caulobacter, 
filamentous bacteria of the genus Strep- 
tomyces, social bacteria of the genus 
Myxococcus, symbiotic nitrogen-fixing 
bacteria of the genus Rhizobium, and 
spore-forming bacteria of the genus Ba- 
cillus. An essential element in the 
successful study of these model systems 
has been the creation of facile methods 
for applying the tools of bacterial genet- 
ics. 

Differentiation in Caulobacter cres- 
centus proceeds as a cell-cycle-depen- 
dent series of morphological changes, 
culminating in the formation of two cell 
types, a sessile stalked cell and a motile 
swarmer cell (I). One focus of interest in 
C. crescentus is the polar flagellum of its 
swarmer daughter, a cell-cycle-specific 
structure, whose synthesis and assembly 
represent a relatively simple system in 
which to study timing mechanisms in 
developmental gene expression and the 
role of positional information in morpho- 
genesis. Differentiation in Streptomyces 
coelicolor is not governed by internal 
events, such as the cell-division cycle, 
but is rather an adaptive response to 
environmental conditions (nutrient limi- 
--- -- -. .. .. 

tation). When grown on solid media, S. 
coelicolor is fungus-like in morphology, 
propagating as a branched mat of multi- 
nucleate hyphae known as the substrate 
mycelium (2). The S. coelicolor develop- 
mental cycle involves the formation of 
upwardly projecting hyphae (the "aerial 
mycelium"), which form septa and then 
differentiate into chains of spore cells. 
This system lends itself to an analysis of 
how environmental cues induce cell dif- 
ferentiation and to investigations of the 

response to conditions of nutrient deple- 
tion, and involves the transformation of 
a vegetative cell into a complex, two- 
compartment sporangium within which a 
dormant cell type known as the endo- 
spore is produced (Fig. 1) (5, 6). Devel- 
opment culminates with the lysis of the 
sporangium and the release of a mature 
endospore. Once triggered by nutrient 
limitation, the sporulation process fol- 
lows a well-defined series of morphologi- 
cal events that is correlated with the 
activation of many gene sets in a highly 
ordered temporal progression that lasts 
for 7 to 10 hours. Indeed, it is these two 

Summary. The regulated activation of numerous sets of genes in multiple chromo- 
somal locations is a hallmark of cellular differentiation in both eukaryotes and 
prokaryotes. Certain species of bacteria that experience complex developmental 
cycles are especially attractive as systems in which to study the mechanisms of this 
kind of gene regulation because they are highly amenable to both biochemical and 
genetic approaches. Bacillus subtilis, which undergoes extensive cellular differentia- 
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this Gram-positive species for identifying, manipulating, and studying the regulation ~f 
genes involved in spore formation, including the use of transposable genetic elements 
that create gene fusions in vivo as an automatic consequence of insertions into 
genes. 

morphogenesis of complex multicellular 
structures. Myxococcus xanthus is a par- 
ticularly useful system for studying the 
role of cell-cell communication in differ- 
entiation (3). During the M. xanthus de- 
velopmental cycle, large numbers of 
cells coalesce into an aggregation center 
which, after a period of massive cell 
lysis, develops into a raised mound 
known as the "fruiting body." The dif- 
ferentiation of spore cells takes place in 
this fruiting body aggregate. A combina- 
tion of genetic and biochemical ap- 
proaches has shown that spore formation 
is dependent on the transmission of spe- 
cific chemical signals between cells in 

aspects of sporulation-initiation by nu- 
trient limitation and the subsequent play- 
ing out of a temporal program of gene 
expression-that have been and still are 
the principal topics of experimental in- 
terest. Several other features of the de- 
velopmental cycle of this organism are 
also becoming accessible for study, such 
as differential gene expression in the two 
sporangium compartments and morpho- 
genesis of the multilayered coat that en- 
cases the mature spore. 

Although the various bacterial model 
systems are diverse in their biological 
features and in the aspects of cellular 
differentiation that are being studied. - 
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identify the regulated genes involved in 
the differentiation events and the need to 
analyze both in vitro and in vivo the 
factors that govern expression of such 
genes. Using the study of sporulation in 
B. subtilis as an example, we discuss in 
this article the kinds of genetic and bio- 
chemical approaches available in many 
bacteria for locating and analyzing genes 
subject to developmental regulation. We 
also consider how the knowledge of spe- 
cific regulated genes can lead to an un- 
derstanding of the regulatory mecha- 
nisms themselves. 

Stage 0 Stage 2 

Septa t lon  

Developmental Genes 

and Their Regulation 

Genes whose products are specifically 
required for endospore formation in B. 
subtilis are called spo genes (7). Such 
genes have been identified and defined 
by mutations that impair development 
but that have little or no effect on vegeta- 
tive growth. Since the pioneering work 
of Schaeffer and Ionesco and Spizizen 
(8), hundreds of spo mutations have been 
isolated, and they have been grouped 
into more than 50 genetic loci on the 

Engulfment 

Stage 3 

Stage 6-7 Stage  5 Stage 4 I 
Maturat ion, l y s i s  Coat  Co r t ex  

C C 

Fig. 1. The stages of sporulation and germination (6). 

Fig. 2. A genetic map of the B. suhtilis chromosome showing the positions of mutations that 
impair sporulation or germination, including eight Tn917-generated spo mutations. 

basis of their positions on the chromo- 
some and the stages at which they arrest 
development (Fig. 2); this is undoubtedly 
an underestimate of the number of genes 
involved in sporulation (6). Moreover, 
because pairwise complementation tests 
have been performed in very few cases, 
it is possible that many spo "loci" actu- 
ally consist of several cistrons (or even 
multiple operons) that govern the same 
morphological event. Mutations at par- 
ticular spo loci usually arrest develop- 
ment at a definite stage, and the loci are 
named according to the stage of block- 
age. For example, mutations at eight to 
ten loci called spoO prevent the forma- 
tion of the polar septum that partitions 
the sporangium into mother cell and 
forespore compartments, the first defi- 
nite morphological event of the sporula- 
tion sequence (Fig. 1). Mutations at eight 
known spoil loci allow septum forma- 
tion, but they block the subsequent en- 
gulfment step by which an embryonic 
endospore (the forespore protoplast) is 
produced. Mutations in at least six 
spolll loci allow development to proceed 
up to the stage at which a forespore 
protoplast is formed within the mother 
cell, but interfere with the subsequent 
synthesis or assembly of cortex or coat 
material (or both). Mutations that block 
at later stages (4 and 5) have also been 
isolated, as have mutations that impair 
spore germination (ger) and outgrowth 
(out) (Figs. 1 and 2). 

It has become apparent through the 
genetic analysis of spo mutations that 
each stage of endospore formation is 
determined by the expression of many 
genes located at many chromosomal po- 
sitions, and it has been widely assumed 
that the stage at which a particular muta- 
tion causes the arrest of sporulation re- 
flects the time during spore development 
at which the mutated gene is active. 
While this assumption may often be val- 
id, the information now available in a 
few well-studied cases suggests that Spo 
phenotypes are not always a reliable 
guide to the time of gene expression. It is 
clearly desirable, in any event, to deter- 
mine by direct measurements of tran- 
scription the precise temporal pattern of 
activity for particular spo genes; indeed 
it is only after spo genes (or a large 
proportion of them) are sorted into dis- 
tinct classes of temporal regulation that 
we can approach the question of how 
each class is regulated. 

Study of Cloned spo Genes 

One way to assess the activity of a 
sporulation gene quantitatively (at the 
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levell of transcription) is to use a cloned 
copy of the gene itself as a hybridization 
probe to measure the presence of the 
messenger RNA (mRNA) in the bacteria 
at different times during development. 
Such experiments can even distinguish 
between the transcripts that originate 
frorn different promoters (through the 
method of nuclease S1-protection map- 
ping). Cloned copies of a gene can also 
serve as temvlates for in vitro studies of 
tran~scription, and thus create the possi- 
bility of analyzing biochemically the fac- 
tors required for proper gene expression 
and regulation. Moreover, cloned genes 
can be mutated or otherwise altered in 
vitro (for the construction of gene fu- 
sions, for example) and then returned to 
the chromosome for analysis of their 
activity in vivo. The first developmental- 
ly regulated gene of B. subtilis to be 
isolated by molecular cloning and then 
subjected to this kind of analysis is a 
gene called spoVG, and the extensive 
and unexpected insights revealed 
through the study of this single gene 
illustrate the great utility of such experi- 
ments. 

spoVG is a small sporulation gene (400 
base pairs) that maps near the replication 
origin of the B. subtilis chromosome 
(asterisk in Fig. 2) (9). Transcription of 
spoVG is induced at the onset of sporula- 
tion, although its protein product ap- 
pears to be required at later stages of 
development. Activation of spoVG must 
soniehow be couvled to the initiation 
pha.se of sporulation, since its transcrip- 
tion depends on the products of a class of 
sporulation genes known as spo0, muta- 
tior~s of which prevent B. subtilis cells 
from entering the sporulation pathway 
(10). 

An unusual feature of spoVG is the 
complexity of its transcription initiation 
region, which is actually composed of 
two overlapping promoters that are sepa- 
rately utilized by forms of RNA poly- 
merase that contain different species of 
sigma factor, promoter recognition ele- 
ments that are responsible for the selec- 
tion of transcription initiation sites by 
RNA polymerase (11). Recognition of 
the upstream promoter P1 is determined 
by a 37,000-dalton sigma species known 
as cr37, whereas a 32,000-dalton sigma 
species cr32 dictates utilization of the 

downstream promoter P2. As is the case 
for promoter selection by other forms of 
RNA polymerase holoenzyme, cr37- and 
U ~ ~ - R N A  polymerases are believed to 
recognize promoter sites through con- 
tacts made by polymerase (and perhaps 
by the sigma subunits themselves) with 
conserved nucleotide sequences cen- 
tered about 35 and 10 base pairs (-35 
and - 10, respectively) upstream from 
their respective transcription start 
points. 

In the case of the overlapping spoVG 
promoters, whose start points are sepa- 
rated by ten base pairs, these -35 and 
-10 recognition sequences are thought 
to be arranged in alternating order, creat- 
ing the mosaic structure shown in Fig. 3. 
A further complicating feature of spoVG 
is the existence of an upstream AT-rich 
"box" (A, adenine; T, thymine) (Fig. 3), 
which strongly enhances transcription 
from both the P1 and P2 start sites (12). 
The AT-rich box is composed largely of 
alternating stretches of A's and T's, a 
structural feature now known to be asso- 
ciated commonly with the upstream re- 
gions of strongly utilized promoters in B. 
subtilis. 

The cr37- and ( T ~ ~ - R N A  polymerases 
were discovered during studies in which 
cloned spoVG DNA was used as a tran- 
scription template in vitro (11, 13). These 
experiments were designed to detect bio- 
chemical components of the transcrip- 
tion apparatus required for the utilization 
of the spoVG promoter. Similar tran- 
scription experiments with other well- 
defined cloned DNA's as templates have 
led to the discovery of at least five 
holoenzyme forms in B. subtilis (14, 15), 
only one of which (#-RNA polymer- 
ase) is homologous in specificity to the 
principal holoenzyme form of Escherich- 
ia coli, a Gram-negative bacterium in 
which evidence for RNA polymerase 
heterogeneity has only recently been re- 
ported (16). An important theme to 
emerge from the use of cloned DNA's as 
templates for in vitro RNA synthesis is 
that the activity of different sets of 
genes (including, in particular, develop- 
mental genes) may be determined, in 
part, by a spectrum of RNA polymerase 
holoenzyme forms whose promoter rec- 
ognition specificities are intrinsic to their 
structures (6, 14). 

Use of Gene Fusions to Study 

spo Gene Regulation 

Given the existence in B. subtilis of 
multiple RNA polymerase forms that 
display distinct promoter specificities, 
we might have supposed that the regulat- 
ed activation of different gene sets during 
sporulation might reflect simply the reg- 
ulated appearance of particular sigma 
species specific for the promoters of 
those gene sets; this would be analogous 
on a grand scale to the temporal gene 
regulation program of B. subtilis phage 
SPOl (17). In fact, such a mechanism 
may account for the activation of some 
genes that are expressed during middle- 
to-late stages of sporulation, such as 
genes transcribed by  associated ho- 
loenzyme (15, 18). However, in the case 
of spoVG, as well as any other sporula- 
tion gene transcribed by u32 or ~ ~ ~ - a s s o -  
ciated holoenzyme, some other mecha- 
nism must be responsible for gene acti- 
vation. The u37- and U ~ ~ - R N A  polymer- 
ase forms are present throughout the 
vegetative phase of development, a time 
when spoVG is relatively silent; and 
these polymerase forms do not increase 
in abundance at early times during spore 
development; that is, at the time when 
spoVG is induced to high levels of 
expression. Moreover, mutations in spoO 
loci that impair spoVG transcription do 
not detectably reduce the levels of u37 
and u32 enzymes. Thus, superimposed 
on the complex transcriptional features 
of spoVG-namely, its overlapping pro- 
moters and the AT-rich box that en- 
hances their utilization-are mecha- 
nisms for coupling its expression to 
events occurring at the onset of sporula- 
tion. These mechanisms probably in- 
volve one or more spo0 gene products or 
a protein under their control, which must 
act in conjunction with u37- and u32- 
associated forms of RNA polymerase to 
stimulate spoVG RNA synthesis, for ex- 
ample, by binding to the promoter re- 
gion. 

One way of identifying the regulatory 
factors required for induction of spoVG 
would be through the analysis of muta- 
tions and suppressors of mutations iso- 
lated on the basis of their effects on the 
expression of spoVG in vivo. In order to 
make such an analysis possible, the 

Fig. 3.  The transcription initiation region of spoVG. 
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spoVG coding sequence was "fused" to 
the E. coli structural gene that encodes 
P-galactosidase, the lacZ gene (19). This 
in essence replaces the spoVG gene 
product with P-galactosidase, and per- 
mits the semi-quantitative assessment of 
spoVG expression (transcription and 
translation) in colonies of bacteria on 

0 L - - - U - - I - - - L - - L L U - I  

- 1  1 3 5 7 9  

T ~ m e  (hours) 

agar plates that include the chromogenic 
substrate X-gal (5-bromo-4-fluoro-3-in- 
dolyl-p-D-galactoside). In one such con- 
struction, a 157-base pair segment from 
the transcription and translation initia- 
tion region of spoVG was fused in-frame 
to a lacZ coding sequence that has no 
promoter, and the resulting gene fusion 

Fig. 4. Temporally regulated expression of in 
vitro constructed spoVG-lacZ (e) and 0.3 kb- 
lacZ (0) gene fusions, and of a spo gene (V) 
interrupted by an insertion of Tn9171ac; all 
were assayed by measurement of p-galacto- 
sidase specific activity. To marks the end of 
log-phase growth and the beginning of sporu- 
lation. 

X X 
Fig. 5. The integration of 
pBR322 sequences by re- 

I e r m l  T n 9 1 7  & d Chromosome combination into a chro- 
mosonial copy of Tn917 ,,, ,, I s e l e c t  c m r  (amp, the Apr-conferring 

E c o  R I  p-lactamase gene of I p B R 3 2 2  
Tn9 1 7  

I pBR322; cat, a Gram- 
C h r o m o s o m ~ c a t P ; I a m ~  k e  positive cml-conferring 

E C O  R I  d igest  gene). Competent bacte- 
dilute l iga t ion  ria containing a chromo- 
t r a n s f o r m  E.  soma1 insertion of Tn917 
c o l i  s e l e c t  ~ p '  are transformed to Cm' 

with linearized plasmid 
DNA (32). 

Sol1 
Sol1 

Fig. 6 .  Restr~ction maps of pTV32 (A) and pTV53 (B), two temperature-sensitive plasmids used 
to select for chromosomal insertions of Tn9171ac and Tn917cat-lac. 

was inserted into the temperate B. subtil- 
is phage SPP (20). This created a "porta- 
ble" developmental promoter that could 
be conveniently moved into various ge- 
netic backgrounds (spoO mutants) simply 
by specialized transduction, and whose 
activity could be conveniently monitored 
with colorimetric substrates for P-galac- 
tosidase. Through the use of such an 
SPP::spoVG-lacZ transducing phage, it 
was possible to demonstrate that a small 
promoter-containing segment of spoVG 
contained all the information necessary 
for replicating the normal pattern of 
spo0-dependent activation of spoVG (20) 
(Fig. 4, filled circles). Thus, in at least 
this particular case, developmental regu- 
lation is exerted at or near the region of 
transcription initiation. 

Several other developmentally regu- 
lated promoters are becoming accessible 
to the kinds of analysis outlined above. 
For example, the B. subtilis serine exo- 
protease gene sprE, whose gene product 
is a classic marker for spo0-dependent 
events occurring at the onset of sporula- 
tion, is now known to be transcribed in 
vitro by u3'-RNA polymerase, and its 
regulation in vivo is being studied 
through the use of an sprE-cat operon 
fusion (21). The B. subtilis 0.3-kb gene 
(22), spoIIC and spoIIIC genes (18), the 
B.  pumilus cat-86 gene (23), the B. mega- 
terium genes encoding acid-soluble poly- 
peptide components of the spore core 
(24), and the gene encoding the para- 
sporal crystal toxin of B. thuringiensis 
(25) are all known to be associated with 
prumoters whose utilization begins at 
intermediate stages of sporulation, and 
the regulation of these genes is a very 
active area of investigation. (The tempo- 
rally delayed activation of the 0.3 kb 
promoter as detected by means of a lacZ 
transcriptional fusion is shown in Fig. 4.) 
Even though they were cloned from di- 
verse species, these genes are expressed 
in a developmentally appropriate fashion 
when introduced into B. subtilis, where 
their expression can be shown to exhibit 
a complex pattern of dependence on the 
products of other spo loci, and where 
their analysis has confirmed that spo 
genes comprise many distinct temporal 
expression classes. 

Use of Transposons to Identify and 

Clone spo Genes 

As explained above, the usual way of 
identifying genes whose products are in- 
volved in sporulation is to rely on muta- 
tions that block the sporulation process. 
These mutations can in turn be used to 
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clone spo genes, through the identifica- approximately 270 bp from its erm-proxi- 
ma1 end (30) (erm is the erythromycin 
resistance determinant of Tn917). After 
this Hpa I site was modified to facilitate 

tion of B. subtilis phage or plasmid 
clones that complement a sporulation 
deficiency (26) or through the identifica- 
tion of phage lambda recombinants that 

. . . , 
-- 

lerml Tn917 - - 3  Chromosome 

t Cmr 

its use for cloning (39), a promoterless 
lac2 gene was inserted into Tn917 in an 
orientation that made its expression de- 

can transform competent cells of a Spo- 
mutant to a Spo' phenotype (18, 27). To 
facilitate the identification of spo genes pend on transcription coming into the 

transposon from the outside, thus creat- 
ing the fusion-generating transposon 
Tn9171ac contained in plasmid pTV32 
(Fig. 6A). In this construction, the lac2 
gene was furnished with a ribosome- 

and to simplify subsequent manipula- 
tions such as cloning, a system of trans- 
poson-mediated insertional mutagenesis 
has been developed in B. subtilis (28). 
This system makes use of a transposon 
called Tn917, which originates from the 

Fig. 7. The conversion of a simple insertional 
mutation into a lac2 fusion by transformation 
with linearized plasmid DNA containing a 
Tn917 derivative substituted with a promoter- 
less lacZ gene and a cut gene that has its own 
promoter. 

binding site appropriate for the efficient 
initiation of translation in B. subtilis. 
Such lacZ-carrying derivatives of Tn917 
are unimpaired in their transposition and 

Gram-positive genus Streptococcus (29). 
The Tn917 transposon confers erythro- 
mycin resistance (Emr), is 5.3 kilobases 

nonselectable phenotypes (like spo mu- 
tations) to different genetic backgrounds, 
the construction of partial diploids, and 
the isolation of second-site suppressor 
mutations (33). This has motivated the 
introduction of transposons into many 
different species, including differentiat- 
ing members of the Myxococcus (34), 
Caulobacter (35), and Rhizobium (36) 
genera, where transposons have been 
successfully used for the identification 
and manipulation of developmental 
genes. 

in length, and has terminal inverted re- 
peats similar in sequence to those of 
transposons in the Tn3 family of Gram- 

create transcriptional lac2 fusions when 
inserted into a chromosomal gene in the 
appropriate orientation (31). 

negative insertion elements (30). Thus, in order to make fusions to 
Be:cause genes from Gram-negative 

bacteria are generally expressed very 
poorly in B. subtilis, it was not possible 

genes whose regulation we would like to 
study, it is no longer necessary to go 
through the laborious process of cloning, 

to u:ie in this Gram-positive system the 
well-characterized transposons of E. 
coli, such as Tn5, TnlO, and Mu, which 

making the fusion construction in vitro, 
and returning the fused gene to the chro- 
mosome without rearrangement. In- 

can generate a broad spectrum of inser- 
tional mutations. When Tn917 was intro- 
duced into B. subtilis, its ability to act as 

stead, it is simply a matter of making 
appropriate transposon-mediated inser- 
tional mutations. This is such a reduction 

a "random" chromosomal mutagen was 
untested, and a study of its insertion-site 
specificity was necessary. It has since 

Transposon-Mediated Gene Fusions in labor that it is now realistic to consider 
recovering a sufficiently large collection 
of insertion-generated spo gene fusions Perhaps the single most powerful ap- 

been established that the transposon dis- plication of transposons for the analysis 
of gene expression and regulation in vivo 
is their use to generate transcriptional 

to expect representation of all important 
plays a relatively high degree of target- 
site randomness (31). For example, of 
eight independently derived insertional 

temporal classes. Many such transpo- 
son-generated fusions have already been 
recovered, in preparation for analysis of gene fusions as an automatic conse- - 

quence of insertion into a gene, an appli- 
cation pioneered by Casadaban and Co- 
hen (37) with their Mud(Apr,lac) deriva- 

spo inutations investigated thus far, all 
have proved to represent insertions in 
different genes (Fig. 2). 

To make it possible to clone in E. coli 
the 13. subtilis spo genes that can be 
identified by Tn917-mediated insertional 

the temporal classes they represent. The 
regulation of these temporal classes 
might then be analyzed by transferring 

tives of the transposon-phage Mu. The 
Mud(Apr,lac) elements are defective de- 
rivatives of Mu engineered to carry a 

the transposon-mediated fusions into 
various genetic backgrounds (by trans- 
formation) and then assessing the depen- 
dence of expression of the spo::Tn917lac 
fusion in question on the products of 
other known spo loci. In addition, such 

mutagenesis, procedures have been de- 
veloped (32) for integrating derivatives 
of the E. coli cloning vector pBR322 into 

promoterless copy of the E. coli lactose 
operon, near one end of the Mu genome, 
oriented such that insertions into a chro- 

the B. subtilis chromosome at the site of 
any existing Tn917 insertion by means of 
the "marker-replacement" strategy de- 
scribed in the legend to Fig. 5. This 
permits the cloning of B. subtilis chro- 
mosomal DNA adjacent to Tn917 in E. 

mosomal transcription unit can place the gene fusions should be very useful for 
lac operon under control of the promoter 
and other regulatory elements of the 

the identification of new mutations that 
affect their regulation, such as second- 
site mutations that produce bluer or interrupted transcription unit. 

Several groups of investigators, in- 
cluding some interested in developmen- 

whiter colonies on X-gal plates. A poten- 
tial simplifying aspect of this kind of 
analysis is that even studies involving a coli simply by transforming E. coli cells 

with "circularized" chromosomal DNA 
fragrr~ents (that is, restriction endonucle- 

tal gene regulation in C. crescentus and 
M. xanthus (38), have recently taken 
advantage of the fact that any transposon 

single representative of a given temporal 
class may provide important insights into 
the regulation of the whole class. 

Because of the efficiency with which 
naturally "transformation-competent" 
B. subtilis bacteria can take up linear 

ase digests of chromosomal DNA ligated 
at dilute concentration) and then select- 
ing for pBR322-conferred resistance to 
ampicillin (Apr). 

In addition to facilitating the cloning of 
DNA, a transposon insertion "tags" the 
mutated gene with a selectable marker, 
and thus greatly simplifies many routine 
genetic procedures in bacteria including 

can, in principle, be made to function 
like Mud(Apr,lac). The key requirement 
is to identify a site near one end of the 
transposon where foreign DNA (such as 
a promoterless lac2 gene) can be insert- 
ed without disrupting genes or sequences 
important for transposition activity. A 
thorough physical analysis of Tn917 re- 
sulted in the identification of such a site 

DNA strands and incorporate them by 
homologous recombination into host se- 
quences, it is even possible in this sys- 
tem to turn already-existing spo::Tn917 
insertions into lac2 transcriptional gene 
fusions (Fig. 7). The creation of lac2 mapping, the transfer of mutations with in this transposon, an Hpa I site located 
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fusions in this fashion is possible when- 
ever the existing transposon insertion is 
appropriately oriented relative to the 
promoter of the disrupted spo gene (the- 
oretically 50 percent of all insertions), 
and thus should permit a more versatile 
analysis of many of our previously char- 
acterized spo::Tn917 mutations. 

Identifying Developmentally Regulated 

Genes by Expression 

Another important application of trans- 
posons that generate gene fusions is the 
identification of genes on the basis of 
expression or change of expression un- 
der specific conditions. One successful 
example was the use of Mud(Apr,lac) 
elements to identify genes of E. coli that 
become active in the "SOS" response to 
DNA damage (40). Two strategies have 
been developed in the B. subtilis system 
for identifying genes that become active 
during spore formation. 

One approach involves a transposon 
that simultaneously generates an operon 
fusion to both lacZ and cat (Fig. 6B) (cat 
is a drug resistance gene that encodes 
chloramphenicol acetyltransferase). In 
this transposon, Tn917cat-lac, a promo- 
terless lacZ gene and a promoterless cat 
gene (from B. pumilus) are arranged as a 
tandem pair, with no transcription termi- 
nator between them. Thus, insertions 
that activate the transposon-borne cat- 
lac "operon" (detected by blueness on 
X-gal plates) can be evaluated with a 
simple phenotypic test (sensitivity to 
chloramphenicol when cells are growing 
exponentially) to determine whether 
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Fig. 8. Fluorescence in 
colonies of B. subtilis 
bacteria containing dif- 
ferent chromosom~ in- 1 sertions of Tn917lac. 
The petri dish was 
sprayed (15 minutes be- 
fore being photo- 
graphed) with the p-ga- 
lactosidase substrate 4- 
methylumbelliferyl-&D 
galactoside, which gen- 
erates a highly fluores- 
cent hydrolysis product. 
Bright colonies repre- 
sent insertions into 
genes that are active 
during sporulation. 

expression of the fusion is restricted to 
stationary phase (the period during 
which spo genes are active). Insertions 
that give rise to blue colonies that are 
sensitive to chloramphenicol identify 
genes whose activity is restricted to the 
post-vegetative phase of the life cycle. 

Another approach is to use a p-galac- 
tosidase indicator in a way that provides 
a "real-time" assessment of gene activi- 
ty. Promising results have been obtained 
with the indicator substrate Cmethylum- 
belliferyl-p-D-galactoside (MUG) (41). 
When hydrolyzed by p-galactosidase, 
MUG is converted to 4-methylumbelli- 
ferone, which is so highly fluorescent 
under long-wavelength ultraviolet light 
that it is easily detected even when pre- 
sent in very small amounts. For exam- 
ple, the amount of MUG substrate hy- 
drolyzed within 10 minutes after applica- 
tion by a colony expressing a lacZ fusion 
at moderate levels may be readily visual- 
ized by its fluorescence, even when the 
observer is not "dark-adapted." (Hy- 
drolysis of the commonly used chromo- 
genic substrate X-gal cannot be detected 
with sufficient sensitivity for it to be used 
in this way.) 

Thus, when a population of B. subtilis 
bacteria containing Tn917lac-generated 
inserts is plated under conditions that 
favor sporulation, and then sprayed with 
a solution of MUG after colonies have 
developed to a stage where growth has 
virtually ceased and spores are forming 
(approximately 24 hours), colonies of 
bacteria that contain fusions of IacZ to 
genes active during sporulation are im- 
mediately apparent from their fluores- 
cence under a hand-held ultraviolet lamp 

(Fig. 8). For example, Fig. 4 (triangles) 
shows that one brightly fluorescent colo- 
ny identified in this way contains an 
insertion in a gene that is relatively silent 
during growth, but is induced to much 
higher levels of expression in the station- 
ary phase. Interestingly, a high propor- 
tion of insertions that generate bright 
colonies actually turn out to cause devel- 
opmental abnormalities-in fact, the ex- 
ample in Fig. 4 was found to cause an 
insertional spo mutation-although an 
important advantage of this approach is 
that it enables us to identify genes that 
are active during sporulation regardless 
of whether their products are required 
for spore formation: 

Conclusion 

One challenge to understanding the 
way in which differentiating cells, such 
as sporulating bacteria, regulate the 
expression of their genes is the extreme 
complexity of such differentiation 
events. Many different kinds of gene 
products are involved, which function in 
many different structural and regulatory 
roles. Once the regulated genes can be 
identified, however, powerful genetic 
and biochemical methods can b e  made 
available for their analysis. One advan- 
tage of many bacterial cell differentiation 
model systems, including the B. subtilis 
model, is the existence of rapid and 
convenient procedures for identifying, 
isolating, and manipulating the regulated 
genes of interest. The ease with which 
genes may be identified and studied in 
these systems makes the understanding 
of even complex regulatory networks a 
realistic objective. 
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Redesigning Trypsin: 
Alteration of Substrate Specificity 

Charles S.  Craik, Corey Largman, Thomas Fletcher 

Steven Roczniak, Philip J .  Barr 

Robert Fletterick, William J.  Rutter 

Studies relating the structure of the 
serine proteases to their functions as 
catalysts of amido and ester bond cleav- 
age have influenced current ideas con- 
cerning the mechanism of enzyme ac- 
tion. X-ray crystallographic analyses of 
eukaryotic and prokaryotic members of 
this family of enzymes (1, 2) have re- 
vealed a common three-dimensional 
structure. The results of structural analy- 
sis and ancillary data on selective chemi- 
cal modification have revealed the loca- 
tion and function of essential residues for 
zymogen activation (3) and catalysis (4). 
The catalytic mechanism appears to be 
conserved among the members of this 
extensive family. The diverse activities 
of the serine proteases are the result of 
the different sets of amino acids that are 
utilized by each enzyme for substrate 
binding. 

krein (9 ) ,  have been cloned and se- 
quenced. We elected to substitute, de- 
lete, or insert the codons for specific 
amino acids in the coding regions of 
these genes. Subsequent expression of 
the modified genes and characterization 
of the amino acid-altered gene products 
provide means to evaluate critically the 
postulates about specific amino acid side 
chains as they relate to catalysis, sub- 
strate specificity, and zymogen activa- 
tion of the serine proteases. Using this 
system, we have designed and partially 
characterized three trypsin mutants that 
influence substrate specificity. Two of 
the mutants may assume a zymogen-like 
conformation in the absence of sub- 
strate. 

Modeling wild-type and mutant rat 
trypsins. Although the three-dimensional 
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structure for rat pancreatic trypsin I1 is 
not known, the primary structure has 74 
percent identity with bovine cationic 
trypsin (5, 6), whose three-dimensional 
crystal structure is known (1). Of the 57 
differences in amino acids, 48 are at the 
solvent-accessible surface, 5 are con- 
servative changes within the internal 
structure, and the other 4 (88 Ser+Ile; 
112 Ala-tVal; 181 Phe-Val; 183 Ala 
-+Val) are nonconservative (10). Active 
site residues Hiss7, Asplo', and SerI9' of4 
rat and bovine trypsin are conserved and 
located in regions with sequence identi- 
ty. Similarly, AspIs9 at the base of 
the substrate-binding pocket, which is 
thought to confer the substrate specific- 
ity for arginyl and lysyl side chains upon 
trypsin, is present in the rat sequence. 
The glycine residues at positions 216 and 
226, which seem to permit entry of large 
amino acid side chains into the hvdro- 
phobic pocket, are also conserved. In- 
deed, when the structure of rat trypsin is 
compared with that of bovine trypsin 
complexed with pancreatic trypsin inhib- 
itor (11) (with L ~ S "  of the inhibitor in 
the substrate-binding pocket), there are 
no substitutions within 7.6 A of the sub- 
strate side chain. We therefore used the 
bovine trypsin structures complexed 
with either the pancreatic trypsin inhibi- 
tor or benzamidine [an arginine analog 
that is an accurate structural model for 
arginine (12, 13)] as a model for the rat 
trypsin complexed with lysine and argi- 
nine substrates, respectively. 
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