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Filamentous actinomycetes are commercially widely used as producers of natural products. However, the
mycelial lifestyle of actinomycetes has been a major bottleneck in their commercialization, and screening is
difficult due to their poor growth on microtiter plates. We previously demonstrated that the enhanced expres-
sion of the cell division activator protein SsgA results in the fragmented growth of streptomycetes, with
enhanced growth rates and improved product formation. We here describe a novel and efficient method to
create, maintain, and screen mutant libraries in streptomycetes and the application of this method for the
functional analysis of Streptomyces coelicolor ssgA. The variants were amplified directly from deep-frozen
biomass suspensions. Around 800 ssg4 variants, including single-amino-acid-substitution mutants correspond-
ing to more than half of all SsgA residues, were analyzed for their abilities to restore sporulation to an ssg4
mutant. The essential residues were clustered in three main sections, and hardly any were in the carboxy-
terminal third of the protein. The majority of the crucial residues were conserved among all SsgA-like proteins
(SALPs). However, the essential residues 1.29, D58, and S89 were conserved only in SsgA orthologues and not
in other SALPs, suggesting an SsgA-specific function.

Filamentous microorganisms are widely used as industrial
producers of products such as antibiotics, anticancer agents,
antifungicides, and enzymes (1, 6, 9). These organisms include
the eukaryotic filamentous fungi (in particular, ascomycetes)
and the prokaryotic actinomycetes (e.g., Amycolatopsis, Nocar-
dia, Rhodococcus, and Streptomyces species). The market cap-
italization for antibiotics and enzymes totals around 28 and 2
billion dollars per year, respectively. While the industrial po-
tential of actinomycetes is widely recognized, the filamentous
lifestyle makes them less favorable for growth in submerged
cultures, where they produce dense clumps or pellets (3, 31).
Other host-specific disadvantages include slow growth rates
and high viscosity of the culture broth. The latter necessitates
high stirrer speeds, resulting in uncontrolled fragmentation
and lysis of the mycelium. Hence, morphological engineering
of streptomycetes has become increasingly important for the
optimization of fermentation processes and the improvement
of productivity. For these objectives, understanding the factors
that control morphogenesis in submerged cultures is of the
utmost importance. On solid-grown cultures, the high-G+C-
content, gram-positive streptomycetes have an unusually com-
plex life cycle, with mycelial growth and reproduction through
spores (4, 5, 8). After spore germination, a large vegetative
mycelium of branching hyphae is produced. Upon starvation,
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sporogenic aerial hyphae are produced on top of the vegetative
mycelial mat, culminating in the simultaneous formation of
many sporulation septa and eventually producing chains of
mature, uninucleoid spores. In submerged cultures, most strep-
tomycetes grow only by hyphal extension, although some
species produce submerged spores (14).

The SsgA-like proteins (SALPs) form a family of develop-
mental regulators occurring exclusively in sporulating actino-
mycetes. The genome of Streptomyces coelicolor (2) encodes
seven SsgA-like proteins (SALPs), with specific tasks in the
control of the sporulation process, each protein playing distinct
and important roles (13, 20, 29). SsgA plays an important role
in the control of morphogenesis in both liquid- and solid-
grown cultures and is a known activator of sporulation-specific
cell division (11, 28). The overproduction of SsgA in S. griseus
and S. coelicolor results in mycelial fragmentation (12, 28). The
industrial importance of ssg4 for a number of Streptomyces
species was recently highlighted, and increased expression of
ssgA results in fragmented growth of S. coelicolor, “S. lividans,”
and S. roseosporus and enhanced growth rates in batch fermen-
tations, with strongly improved enzyme production by S.
lividans (27). The SALPs do not share significant homology to
other proteins and are one of the few protein families that lack
any clear protein motif, and so far the three-dimensional struc-
ture is unknown. A mutational analysis of the SsgA protein
would provide more insight into the functional importance of
individual residues. However, screening a library of perhaps
thousands of transformants is feasible only when microtiter
plate (MTP)-based screening and colony PCR are an option.
While the growth of streptomycetes on microtiter plates has
been reported previously (19), PCR-based screening is difficult
and often requires mycelium pretreatment (lysis) and DNA
isolation steps, and the direct screening of transformants has
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TABLE 1. Bacterial strains, plasmids, and libraries

Bacterial strain,
plasmid, or construct

Relevant genotype or description

Reference

Strains
E. coli IM109

F" raD36 proA™ proB* lacl® A(lacZ)M15 A(lac-proAB) ginV44 gyrA96 recAl relAl endAl thi hsdRI17 22

E. coli ET12567 dam dcm hsdM hsdS hsdR cat tet 18

S. coelicolor M145 Wild type (SCP1~ SCP27) 15

S. coelicolor GSA3 M145 AssgA(::aadA) 28

Plasmids and
constructs

plJ2925 Derivative of pUC19 with BglII sites flanking the multiple cloning site 10

pHJILA401 Shuttle vector with ori for maintenance in E. coli (pUC) and ori for replication in Streptomyces 16
(SCP2¥)

pGWS32 pHJLA401 with a 2-kb fragment harboring the ssgR and ssgA4 gene cluster (including promoter This study
regions)

pGWS278 (library) plJ2925 with the random mutagenic PCR product of ssg4 (reaction with additional dGTP) This study

pGWS279 (library) plJ2925 with the random mutagenic PCR product of ssg4 (reaction with additional dTTP) This study

pGWS280 (library) pGWS32 with the wild-type ssg4 sequence from the BamHI site replaced with inserts from This study

pGWS278 and pGWS279

been reported only for transformants carrying high-copy-num-
ber plasmids (23, 26).

In this work, we describe an efficient method to create,
propagate, and screen a large strain collection of random ssgA4
mutants and present a way to amplify and sequence the indi-
vidual mutant clones directly from deep-frozen samples stored
on microtiter plates. For each of the amino acid residues of the
SsgA protein, the importance for in vivo function of the pro-
tein was analyzed.

MATERIALS AND METHODS

Bacterial strains and culturing conditions. The bacterial strains used in this
work are listed in Table 1. Escherichia coli K-12 strains JM109 (22) and ET12567
(18) were used for the propagation of plasmids and were grown and transformed
using standard procedures (22). S. coelicolor M145 was obtained from the John
Innes Centre strain collection. S. coelicolor GSA3 (van Wezel 2000) is an ssgA
null mutant of M145, created by the insertion of the spectinomycin and strep-
tomycin resistance cassette aadA (21). GSA3 produces aerial hyphae but pro-
duces very few spores and only on mannitol-containing media. The introduction
of a plasmid carrying ssgA4 and its promoter region fully restores sporulation (25).
Preparation of media, protoplast preparation, and transformations were done
according to methods described in reference 15. Soya flour agar medium (SFM)
(15) was used to make spore suspensions and to check for the complementation
of the GSA3 phenotype by ssg4 mutant-containing plasmids. R2YE agar plates
were used for regenerating protoplasts and selecting transformants.

Creating a library of random mutants. PCRs were performed in an iCycler
thermal cycler (Bio-Rad). Oligonucleotides used in this research are listed in
Table 2. PCR-mediated random mutagenesis was performed using Tag polymer-

TABLE 2. Oligonucleotides used in this study”

Nucleotide

Primer DNA sequence (5’ to 3") location of
5" end
Q1 CTGGAATTCTAGCATCGAGGGCAGGACATCAGA —1450
Q5 CTGGAATTCATATGAGCTTTCTCGTGTCCGAGG +1
Q6 CTGAAGCTTCACCGCTGCCTTGCTGGCCGGGTC +540
ssgA W41A CCGAAGGCCGCGGTCACCGGCGCGTC +105
ssgA S89A CGCGGCGGAGGCACGGAACAGCG +254
ssgA L94A GAAGGCCACCGCGGGCGCGGCG +270
ssgA P106A CCTGCCCCAGCGCCACCAGCTTG +308

“ Restriction sites used for cloning are presented in bold. Restriction sites:
GAATTC, EcoRI; AAGCTT, HindIII; CATATG, Ndel. Underlined triplets are
present to introduce codons encoding alanine. The locations of the 5’ ends of
oligonucleotides are given relative to the start of ssgA4.

ase in the buffer supplied, with 5% dimethyl sulfoxide, 200 uM deoxynucleoside
triphosphates, and 100 pmol (each) of appropriate oligonucleotides and in the
presence of 4.5 mM MgCl,, 0.1 or 0.5 mM MnCl,, and an additional 3.2 mM
dATP, dCTP, dGTP, or dTTP to allow occasional errors. A fragment of approx-
imately 540 bp containing the complete ssg4 sequence of S. coelicolor (nucleotide
positions +1 to +540 relative to the translational start site) was amplified by
PCR with primers Q5 and Q6 (Table 2) and Tag DNA polymerase. A large
excess of pGWS32 template (around 50 ng) was used to ensure enough yield
within 15 cycles. A control PCR was performed (without additional agents) to
make a preliminary judgment on the extent of mutations. Samples were sepa-
rated on a 1% agarose gel in Tris-acetate-EDTA buffer, correct products were
gel purified, and the yield was optimized by an additional PCR amplification
using proofreading Pfu polymerase (Stratagene, La Jolla, CA) in the buffer
supplied.

Site-directed mutagenesis. PCR-based site-directed mutagenesis was per-
formed using Q5 as a forward primer and reverse primers containing specific
mutations (Table 2) so as to create fragments of ssg4 with a specific codon
replaced by either GCG or GCC, the most frequently occurring Ala codons in
Streptomyces. Subsequently, a second PCR was done with the mutated PCR
products as forward primers and primer Q6 as a reverse primer, resulting in a
full-length ssg4 sequence specifying an SsgA mutant with a single amino acid
substitution. By using a strategy similar to that described in “General cloning
vectors” below, these mutants with site-directed ssg4 mutations were then cloned
as BamHI-HindIII-digested fragments into pGWS32 (Table 1) so as to replace
the wild-type copy of ssg4. The clones were verified by DNA sequencing.

Plasmids and constructs. (i) General cloning vectors. plJ2925 (10) is a
pUC19-derived plasmid used for routine subcloning. For cloning in Streptomyces,
we used shuttle vector pHJLA401 (16), containing an E. coli pUC19 origin of
replication (ori) and a Streptomyces SCP2* ori (17) (approximately five copies
per chromosome). pIJ2925 and pHJL401 contain an ampicillin resistance marker
for selection in E. coli. For Streptomyces transformants, thiostrepton was used for
the selection of pHJLA401. Plasmid DNA was isolated from ET12567 (Table 1)
prior to the transformation of Streptomyces.

(ii) Construction of ssg4 clone pGWS32. For the construction of pPGWS32, a
DNA fragment of approximately 2 kb was PCR amplified from genomic DNA of
S. coelicolor M145 by using primers Q1 to Q6 and was inserted as an EcoRI-
HindIII fragment into pHJLA401 digested with the same enzymes. The introduc-
tion of this plasmid into the ssg4 null mutant GSA3 fully restored sporulation
(see Results). pGWS32 was used as a basis for the cloning of the plasmid library
of ssgA variants.

(iii) Construction of mutant libraries. Mutations in ssg4 of S. coelicolor were
introduced by random mutagenic PCR. PCR-generated mutant libraries were
cloned as EcoRI-HindIII-digested fragments into EcoRI-HindIII-digested
p1J2925 (Table 1). Subsequently, E. coli TG1 cells were transformed by electro-
poration. Colonies were grown separately in 96-well MTPs in 200 ul of Luria-
Bertani medium overnight. All cultures reached similar optical densities (fully
grown) and were therefore expected to contribute approximately equal amounts
of plasmid DNA. After replication of the cultures on fresh MTPs containing 200
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pl of Luria-Bertani medium with 10% glycerol for storage, the biomasses were
pooled and DNA purified in batches. ssg4 variants were inserted as BamHI-
HindIII fragments into pGWS32 (Table 1) by using the BamHI restriction site
present approximately 60 bp downstream of the translational start site of ssg4
and the HindIII restriction site from the multiple cloning site. After the trans-
formation of E. coli TG1 cells, colonies were grown separately on 96-well MTPs
in 200 pl of Luria-Bertani medium overnight. Cultures were replicated for
storage before being pooled and DNA purified in batches. This process resulted
in plasmid library pGWS280 (Table 1). Prior to the transformation of Strepto-
myces, E. coli ET12567 was transformed with the library DNA by electroporation
and plated onto 12-cm-square petri dishes, giving around 2 X 10* colonies per
transformation, after which cells were harvested and DNA was isolated. GSA3
was transformed with this DNA (Table 1) and plated onto R2YE agar plates;
transformants were selected by screening for thiostrepton resistance.

Recovering ssgA variants and DNA sequencing. To sequence the individual
clones of the mutant library, the ssg4 gene was amplified by PCR in 96-well PCR
plates. As a template, we used 3 pl of frozen mycelial or spore stock, replicated
from deep-frozen 96-deep-well plates by using a metal pin replicator (Enzy-
screen, Leiden, The Netherlands). Pretreatment of the mycelium and/or spores
was not required. All DNA sequencing was performed directly with PCR-am-
plified DNA fragments by BaseClear BV (Leiden, The Netherlands).

Statistics to determine the cutoff for the analysis of multiple mutants. Of the
790 sequenced clones, 348 ssg4 mutant clones (approximately 44%) failed to
complement the sporulation-deficient phenotype of the ssg4 mutant. This figure
therefore illustrates the chance that any clone in the library would be noncomple-
menting. This figure was used to get a statistically relevant indication of the
number of independent clones required to judge the importance of a certain
residue for protein function. If a particular residue was mutated in n independent
clones, the approximate probability of this being coincidental becomes P =
(0.44)". To obtain a reliability score above 0.95, a minimum of four independent
clones was required.

Computing. Alignments were done using ClustalW software (24). Figure S1 in
the supplemental material was generated using Boxshade software (http://www
.ch.embnet.org/software/BOX_form.html). Sequences of SsgA variants were
aligned with the wild-type sequence of SsgA by the commercial SeqScape pack-
age at BaseClear, allowing the rapid identification of amino acid changes. The
data were then introduced into Excel (Microsoft).

RESULTS

Alignment of all known SALPs from streptomycetes. As of
this moment, 24 sequences of SALPs from different strepto-
mycetes are available in the databases. These include seven
different SALPs corresponding to the fully sequenced genome
of S. coelicolor (designated SsgA to SsgG), seven from S. sca-
bies, and six from S. avermitilis. Additionally, four orthologues
of SsgA have been annotated, namely, proteins from S. albus,
“S. goldeniensis,” S. griseus, and S. netropsis. Hybridization data
suggest that orthologues of SsgA, SsgB, SsgD, SsgE, and SsgG
(S. coelicolor nomenclature) occur in most if not all strepto-
mycetes (our unpublished data). Furthermore, several homo-
logues were identified by analyzing the genomes of other
sporulating actinomycetes, namely, Thermobifida fusca, Kine-
ococcus radiotolerans, Nocardioides, Acidothermus cellulolyti-
cus, Salinispora tropica, and several Frankia species. Without
exception, these non-Streptomyces orthologues share highest
sequence homology with members of the SsgB-SsgG branch of
the phylogenetic tree (20). Due to the low sequence homology
to SsgA, we have not considered these orthologues in this
work. An alignment of all Streptomyces SALPs (Fig. S1 in the
supplemental material) highlighted several conserved areas,
with 16 residues conserved in all 24 sequences (Fig. S1A in the
supplemental material).

Creation of a library of ssg4 variants. The strict alignment
(100% conservation) (Fig. S1A in the supplemental material)
highlighted a number of residues that are conserved among all
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FIG. 1. A schematic overview of cloning and propagation in E. coli
of the plasmid library of ssgA variants.

SALPs. To further address the question of which residues are
crucial for SsgA function, we set out to create a mutant library
of SsgA.

In order to create mutant variants of S. coelicolor ssgA as a
basis for a mutant library, we performed mutagenic PCR in
four reactions with mixtures containing an excess of either
dATP, dCTP, dGTP, or dTTP and in the presence of 0.1 mM
or 0.5 mM MnCl, (inducing amplification errors). Reaction
mixtures containing additional dGTP and dTTP were much
more efficient than those with dCTP or dATP (not shown).
The PCR products were cloned as EcoR-HindlIII-digested
fragments into plJ2925 (Table 1) digested with the same en-
zymes, and E. coli IM109 was transformed by electroporation.
As a test of each transformation, five individual clones were
sequenced; this sequencing revealed the desired two to seven
nucleotide changes in the region of interest when 0.1 mM
MnCl, was used in the initial PCRs and 15 to 20 nucleotide
changes when 0.5 mM MnCl, was used. The products of the
latter reaction were discarded. A total of 1,056 transformants
(528 transformants derived from the excess-dGTP PCR and
another 528 from the excess-dTTP PCR) representing the
maximum number of independent mutants in our library were
grown separately in 96-well MTPs overnight. To ensure satis-
factory recovery of the different mutants, a large excess (at
least fivefold) of this number of colonies was grown in the
subsequent cloning steps (Fig. 1). DNA was purified in
batches, resulting in plasmid libraries pGWS278 (generated
with an excess of dGTP) and pGWS279 (generated with an
excess of dTTP) (Table 1).

To transfer the ssgA4 variants from plJ2925 to a vector that
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allows for expression in Streptomyces, pGWS278 and
pGWS279 were digested with BamHI-HindIII by using the
BamHI restriction site naturally occurring in ssg4 and the
HindIII restriction site from the multiple cloning site, gener-
ating ssgA fragments corresponding to all residues from amino
acid position 25 onwards (amino acids 25 to 135). The frag-
ments were then inserted into pGWS32, a low-copy-number E.
coli-Streptomyces shuttle vector that harbors the entire ssgRA
gene cluster and its natural promoters (Table 1). Using the
BamHI restriction site for cloning replaced the nucleotides
encoding amino acids 25 to 135 with the PCR-generated ssgA
variants, while the nucleotides encoding the first 24 amino
acids remained unchanged (i.e., wild type). After the transfor-
mation of E. coli JM109, colonies were again grown separately
in 96-well MTPs and DNA was purified in batches, resulting in
library pGWS280 (Table 1). A schematic representation of the
different cloning steps leading to pGWS280 is given in Fig. 1.

Protoplasts of the ssg4 null mutant GSA3 (Table 1) were
transformed with pGWS280 and plated on R2YE agar plates.
After approximately 3 days, thiostrepton-resistant colonies
were individually transferred to solid SFM cultures on 24-well
plates. After 7 days, biomass samples (mycelia and, where
relevant, spores) from each of the GSA3 transformants were
individually prepared. Due to the high number of transfor-
mants (around 1,500), the standard procedures to harvest my-
celia and spores were not feasible and a new and much more
efficient method was required, which was developed based on
the following procedure.

A novel method to prepare and maintain Streptomyces li-
braries. Spores and/or mycelia were harvested with sterile cot-
ton swabs from the wells of 24-well tissue culture plates in
glycerol (20%, wt/vol), and large debris was removed by taking
up the suspensions with a syringe through the cotton of the
swab. Suspensions were stored separately at —80°C in 96-deep-
well MTPs. In this manner, 1,440 samples were produced. By
using a spring-loaded replicator (19), individual transformants
from deep-frozen MTPs were replicated onto squared SFM
plates (12 by 12 cm) for phenotypic screening. When a func-
tional ssg4 clone was present in GSA3, the colonies had a
typical gray, sporulation phenotype, while colonies of GSA3
with an inactive copy of ssg4 remained white (no gray spores);
occasionally, an intermediate (light gray) phenotype was ob-
served. In this way, the abilities of individual clones to restore
sporulation to the ssg4 mutant could be assessed. A typical
example is shown in Fig. 2A. The replicator was used to trans-
fer approximately 3 wl from the deep-frozen suspensions di-
rectly onto 96-well PCR plates for colony PCR (for details, see
“Recovering ssgA variants and DNA sequencing” in Materials
and Methods). To optimize the yield, all PCR products were
amplified once more using proofreading Pfu DNA polymerase
with 2 pl of the initial reaction mixtures as templates. This led
to saturated amounts of product for all reactions as confirmed
by gel electrophoresis (Fig. 2B). While successful PCRs with
Streptomyces biomass have been described previously (26), the
authors of the previous report used colonies harboring high-
copy-number plasmids (based on plJ486 [30]). Finally, 790
PCR products were sequenced using the same primers used for
amplifications and linked to the phenotypes of their respective
transformants.
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FIG. 2. (A) Typical example of an SFM plate containing a replicate
of transformants from deep-frozen 96-deep-well MTPs. The colony at
position Al is the control (GSA3 containing pHJL401 without the
insert), displaying the white, nonsporulating phenotype characteristic
of the ssg4 null mutant. All other colonies represent different GSA3
transformants of the library. Several phenotypes are observed: non-
sporulating phenotypes (no complementation) such as those in colo-
nies in positions A4 and E1, sporulating (full complementation) phe-
notypes such as those in colonies in positions A5 and B2, and
intermediate phenotypes (partial complementation) such as those in
colonies in positions B6 and H2. (B) PCR products for DNA sequenc-
ing. An initial PCR was done using a few microliters of deep-frozen
suspensions of individual mutants as the template. The amounts of
product formed in different reactions were highly variable (upper
panel). A second PCR was performed using products of the first PCR
as the DNA template, resulting in saturated amounts for all samples
(lower panel).

Functional analysis of the ssg4 mutants. Three hundred
forty-eight ssg4 mutant clones (approximately 44%) failed to
complement the sporulation-deficient phenotype, while the re-
maining 442 clones (approximately 56%) restored sporulation
either partially or completely. Of these active clones, 145
clones encoded wild-type SsgA, while 297 encoded a functional
mutant SsgA. No wild-type sequences were found among the
noncomplementing clones. This is an important observation, as
it indicates that invariably the constructs properly expressed
SsgA.

A collection of SsgA mutants with single amino acid substi-
tutions. Out of the 790 analyzed ssgA4 variants, 180 specified a
single amino acid substitution. For 62 out of the 111 amino
acids that were encoded by the part of ssgA4 that was subjected
to mutagenesis (residues 25 to 135), we obtained at least one
single-amino-acid-substitution mutant (Table 3). For 13 resi-
dues we obtained two different substitutions, and for residue 36
we obtained three different ones (D36G, D36N, and D36V).
Additionally, we replaced residues W41, S89, L.94, and P106
with an alanine residue by site-directed mutagenesis (see Ma-
terials and Methods). Of the 66 mutated residues, a total of 22
resulted in an inactive SsgA protein. These loss-of-function
mutations (i.e., present in noncomplementing clones) among
the single-substitution mutants were mostly found in the cen-
tral part of the protein (covering residues W41 to L98), with
small clusters from residues W41 to G51, residues V74 to L78,
and residues A85 to F87. Another small group of loss-of-function
mutations was found from residues Y25 to L29. Few loss-of-
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TABLE 3. Single-amino-acid mutations in a collection of clones obtained for the library expressing mutant SsgA*

Mutation Sporulation Mutation Sporulation
Y25C Not restored Restored
V2Tt et e et ne s nenne Not restored Restored
R28C Restored Not restored
L20P... ettt aenee Not restored Not restored
1.29Q Not restored Not restored
TB0A ettt ettt a e ae s neeneane Restored Restored
T30S Restored Restored
FBIL ettt ne e Restored Restored
F31S Restored Not restored
L33 ettt a e tenee Restored Restored
D36G Restored Not restored
DIBON .ottt ae s e aenne Restored Restored
D36V Restored Restored
P8ttt nee Restored Restored
T40A Restored Restored
WATA™ ettt ettt ettt a e s e esa st e e e e esenseneenenne Not restored Restored
G44D Restored Restored
RASL ..ottt ettt et sa e s n e eaan Not restored Not restored
E46G Restored Restored
LATQ ettt ettt ne e Not restored Restored
TSP ...ttt ettt en Not restored Restored
DSV ettt na e ne e Restored Restored
G51R Not restored Restored
VSZ2A ettt ettt eenena e aenne Restored Restored
G53S Restored Restored
RS4Q ettt ean Restored Restored
C56R Restored Restored
G5TS ettt ettt sena e a s e naaan Not restored Restored
R62G Restored Restored
TO3T ettt ettt e e eaan Not restored Restored
P65R Restored Restored
PT0Q ettt ne e Not restored Restored
PTOLcee ettt ettt ettt Restored Not restored
LT1P ettt ettt ae e Restored Restored
V74A Not restored Restored
VTAE ittt ettt st ettt s s enenne Not restored Restored
LTS5ttt ettt Not restored Restored
TT0T ettt et eaan Not restored Restored
R77G Restored Restored
RTTQ ettt ettt naeaan Restored Restored
LLT8P ettt ettt Not restored

“ Asterisks indicate point mutations made by site-directed mutagenesis.

function mutations were found in the C-terminal part of the
protein, with only two substitutions between residues D99 and
G135 resulting in nonfunctional SsgA (Table 3; Fig. 3).
Analysis of the multiple mutants. The majority of the SsgA
variants specified multiple mutations. In this manner, we ob-
tained mutants corresponding to mutations in nearly all the
residues subjected to mutagenesis, albeit in combination with
one or more other mutations. To allow us to also distill infor-
mation from the multiple mutants on the importance of indi-
vidual amino acids, we used the following approach. The de-
duced amino acid sequences of all 790 clones were aligned, and
the total number of times a certain residue was modified, alone
or in combination with other mutations, was counted. For each
residue, the fraction that occurred in clones unable to restore
sporulation was determined, resulting in a so-called impor-
tance score (Fig. 4). As an example, residue D83 was replaced
in 12 clones, five of which failed to complement GSA3; hence
the importance score was 42%. The residues with the highest
importance scores (80% or higher) are highlighted in Fig. 3. To
ensure an accuracy of 95% or more (P > 0.95), residues that

were found to be mutated in fewer than four clones were
considered below statistical reliability (see “Statistics to deter-
mine the cutoff for the analysis of multiple mutants” in Mate-
rials and Methods). While the initial cutoff was set at four
mutations, of all the residues with a high importance score
(>80%), none were found in four independent clones; two
were found to be mutated in five different clones (P of 0.99)
and all others were found to be mutated in six or more inde-
pendent clones.

Many of the important residues were clustered. The two
most noticeable clusters were residues 39 to 49 (VTWAFGR
ELL) and residues 55 to 61 (PCGDGDV). Another relatively
clustered group of important residues covered a somewhat
larger section, namely, residues V74 to L98. Outside of these
three regions, the effect of amino acid substitutions was signif-
icantly less obvious (Fig. 3). These regions all showed high
conservation among all SALPs and therefore most likely relate
to a general function, such as target binding. The overall amino
acid identity of the SALPs from S. coelicolor is between 30 and
50% (7).
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FIG. 3. Amino acid sequence of SsgA. The theoretical secondary
structure is shown; barrels indicate predicted «-helices, and arrows
indicate predicted B-sheets. Residues not subjected to mutagenesis in
this study (and hence invariably wild type) are shown in lower case.
Residues 100% conserved (identical or similar) among all 24 known
Streptomyces SALPs (see the text for further explanation) are under-
lined. Identical amino acids are further highlighted in bold. Bullets
above the sequence indicate single amino acid substitutions causing
loss of function (Table 3). Asterisks above the sequence indicate amino
acids which obtained an importance score of 80% or higher from this
study (see Results and Fig. 4). Amino acid numbering is shown below
the primary sequence (numbers correspond to the amino acid above
the first digit in each number).

An important question is, “Can we identify residues that are
important for SsgA but not conserved among the other
SALPs?” Such residues may be involved in a unique aspect of
SsgA function. For this purpose, we calculated a specificity
score (Fig. 4). We divided the importance score obtained from
our library by the degree of conservation (Fig. 4), expressed as
the occurrence of a particular residue in SsgA in all other
SALPs of S. coelicolor, with a conservation value of 1 if a
residue was unique for SsgA and a value of 7 if a residue
occurred in all seven S. coelicolor SALPs. In the example de-
scribed above, we calculated an importance score of 42% for
residue D83. This residue occurred in two SALPs, namely,
SsgA and SsgF, and hence the specificity score was 21%.
Among the 111 possible candidates, residues L29, D58, and
S89 obtained high specificity scores, i.e., they were found to be
important for SsgA function, but they were not significantly
conserved among the other SALPs. Expectedly, L29 and D58
were well conserved among all SsgA orthologues (L29 was
replaced with methionine in S. griseus and S. netropsis). How-
ever, S89 was less well conserved (it was replaced with valine in
S. albus, S. goldeniensis, and S. scabies and alanine in S. griseus
and S. netropsis).

DISCUSSION

So far, little structural information on the SsgA protein and
its relatives (SALPs) is available. The SALPs do not share
significant sequence homology to any known protein family,
and even structural characteristics (protein motifs) could not
be identified. However, the proteins play a major role in the
control of development (20) and have been used to efficiently
improve growth and product formation (27). Learning more
about the intrinsic properties of the proteins is the next logical
step in understanding the way the proteins function. For this
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FIG. 4. Graph showing the importance scores (gray bars) and spec-
ificity scores (black bars) in percentages on the y axis. The amino acid
sequence of SsgA is shown along the x axis. The SsgA importance score
represents the frequency at which a certain mutation occurs in a
nonfunctional ssgA4 clone, where 100% would indicate that an amino
acid is essential for SsgA function. By dividing the importance score by
the conservation value, amino acids are identified as primarily impor-
tant for the function of SsgA and less important for the other SALPs.
A score of 100% would indicate that an amino acid is essential for
SsgA function and unique for the SsgA protein. Data sets below the
statistical threshold (specific residues mutated in fewer than four
clones) were not included in the analysis.

purpose, we designed a new mutational analysis strategy to
identify the residues that are most important for the function
of SsgA. One of the main bottlenecks of working with strep-
tomycetes is the lack of a good system for batch handling of
many individual Streptomyces colonies, mainly due to the fact
that cultivation in microtiter plates and cloning of DNA di-
rectly from colonies are very difficult when working with fila-
mentous, obligate-anaerobe bacteria.

Producing a mutant library in streptomycetes with high
efficiency. In this work, we detail the creation of a plasmid
library of random S. coelicolor ssgA mutants and discuss a new
method to efficiently maintain the colonies and screen the
library. The PCR-based random mutant library resulted in a
maximum of more than 1,000 different E. coli clones, a figure
that represents the maximum number of different mutant
clones. Since the standard procedure of harvesting mycelia and
spores is time-consuming (and thus costly), the daunting task
of producing a library of thousands of transformants required
a novel approach. We were able to produce 1,440 individual
transformants, stored as spore and/or mycelium suspensions in
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96-deep-well MTPs at —80°C, in a short time. By using a
spring-loaded replicator (19), these suspensions were effi-
ciently replicated onto SFM plates to analyze the phenotypes
(sporulating or nonsporulating) of transformants of the ssg4
null mutant GSA3 harboring ssg4 mutant clones (Table 1).
The same replicator was used to transfer a few microliters of
deep-frozen samples into PCR mixtures. In this way, a total of
790 ssgA variants were amplified and sequenced while steps
involving DNA purification or pretreatment of the mycelium
were eliminated.

Amino acid clusters important for SsgA function. A com-
parison of the data obtained from the single-substitution mu-
tants and the data obtained from the complete library shows
that similar results were found. However, while mutants with
the single-amino-acid mutations Y25C, G51R, 163T, P70Q,
L75P, A85P, and L104P were all inactive, the respective resi-
dues were not highlighted by the analysis of multiple mutants.
This apparent discrepancy is at least in part explained by the
lack of sufficient data for some residues. For instance, the
single mutation G51R failed to complement the ssg4 null mu-
tant but since G51 was mutated in fewer than four clones it was
excluded from the analysis. Alternatively, the differences can
be explained by the nature of particular amino acid changes;
SsgA with P70Q was inactive, while SsgA with P70V was active
and the corresponding clone restored sporulation to an ssg4
mutant.

We identified several residues that are required for proper
SsgA function, or at least for its ability to activate sporulation-
specific cell division. A combination of all data highlights three
particularly interesting regions, namely, clusters of residues
V39 to G51 and residues P55 to 163 and a larger region cov-
ering residues V74 to L98. These regions are of great interest
as they possibly represent one or more motifs essential for the
function of SsgA. The penalty for mutations in the C-terminal
third of the protein is much lower, highlighted by the fact that
only two of the single mutations in this region inactivated
SsgA, both of which involved a leucine residue changed into a
much more bulky proline residue (L104P and L124P).

Most of the important residues considered show high levels
of conservation among all SALPs. Therefore, we compared
SsgA to the other six SALPs of S. coelicolor to try and identify
residues that are important for the function of SsgA but not
conserved among the other SALPs. Thorough analysis re-
vealed that particularly residues L29, D58, and S89 stood out
as candidates. Of these, L29 and D58 were particularly highly
conserved among the SsgA orthologues of different organisms,
while S89 was less well conserved. For residue L29, both the
L29P and L.29Q single mutations failed to restore sporulation
to GSA3. For residues D58 and S89, no single mutants were
obtained, but an S89A substitution introduced by site-directed
mutagenesis did result in a functional protein, restoring sporu-
lation to GSA3. Hence, out of all the residues identified as
crucial for SsgA function in sporulation, only two residues are
of particular importance for the function of only SsgA itself.

In conclusion, we designed a new method to efficiently create,
maintain, and screen mutant libraries for the industrially impor-
tant streptomycetes. The technology was successfully applied to
create a diverse mutant library of SsgA, with half of all SsgA
residues mutated in single mutants, and a large collection of
multiple mutants. Obviously, the full potential of this library will
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be unlocked once the three-dimensional structure of the SsgA
protein is available, which is a prerequisite to learning more on
the structure-function relationship. This insight will better our
understanding of the role of SsgA in the control of the growth and
development of streptomycetes and will provide new means to
exploit SsgA in strain development to further improve strepto-
mycetes as industrial production hosts.
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