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SsgA-like proteins (SALPs) are a family of homologous cell
division-related proteins that occur exclusively in morphologi-
cally complex actinomycetes. We show that SsgB, a subfamily of
SALPs, is the archetypal SALP that is functionally conserved in
all sporulating actinomycetes. Sporulation-specific cell division
of Streptomyces coelicolor ssgB mutants is restored by introduc-
tion of distant ssgB orthologues from other actinomycetes.
Interestingly, the number of septa (and spores) of the comple-
mented null mutants is dictated by the specific ssgB orthologue
that is expressed. The crystal structure of the SsgB from Ther-
mobifida fusca was determined at 2.6 A resolution and repre-
sents the first structure for this family. The structure revealed
similarities to a class of eukaryotic “whirly” single-stranded
DNA/RNA-binding proteins. However, the electro-negative
surface of the SALPs suggests that neither SsgB nor any of the
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other SALPs are likely to interact with nucleotide substrates.
Instead, we show that a conserved hydrophobic surface is likely
to be important for SALP function and suggest that proteins are
the likely binding partners.

The mechanisms governing the correct timing and localiza-
tion of cell division is one of the most studied topics in cell
biology. In unicellular bacteria like Escherichia coli, cell division
occurs at the mid-cell position, away from the chromosomes
(1-3). The key step in this process is the appropriate timing and
localization of cell division protein FtsZ to the future septum
site, followed by polymerization to the Z-ring and sequential
recruitment of the divisome components (1, 4). One of the
major advances in our understanding of the cell division proc-
ess and, in particular, of the function of FtsZ came from eluci-
dation of the three-dimensional structure of FtsZ, which
showed striking similarity to the eukaryotic protein tubulin,
despite very low sequence similarity (5). Such prokaryotic
ancestry was later also revealed for the cytoskeletal proteins
MreB and Mbl, which belong to the actin family (6, 7), and
underscored the notion of generally conserved principles in
cytokinesis.

Spore-forming Gram-positive Streptomyces bacteria are an
important source of clinically useful antibiotics and anticancer
agents (8). In these morphologically complex microorganisms,
cell division is distinctly different from that in unicellular bac-
teria in several ways. For one, they are the only known orga-
nisms where FtsZ and MreB are both dispensable for growth (9,
10), which makes streptomycetes ideal for the study of cytoki-
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nesis. Streptomycetes have a complex life cycle that is mecha-
nistically very similar to filamentous fungi, in producing a
mycelium and propagating by sporulation (11, 12). During
sporulation, the cell division machinery produces up to 100
septa simultaneously, spaced at around 1 wm, resulting in long
chains of uniform and unigenomic spores (10, 13, 14). Besides
the simultaneous production of multiple septa, cell division in
mycelial actinomycetes also differs from that in other bacteria
at the molecular level; actinomycetes lack orthologues of MinC
and MinE for septum site localization (15, 16) as well as the
nucleoid occlusion system Noc and Z-ring anchoring proteins,
such as FtsA and ZipA (1, 6). Instead, several unique protein
families have been identified that play a role in the control of
cell division, including CrgA and the SsgA-like proteins (17—
19). However, molecular details of their mode of action are so
far lacking.

The SsgA (sporulation of Streptomyces griseus)-like proteins
(SALPs)?® are small (around 130—-140 residues), actinomycete-
specific proteins, which control sporulation-related processes
in streptomycetes (17, 20). Streptomyces coelicolor contains
seven SALP paralogues (SsgA to SsgG). SsgA and SsgB are
essential for sporulation of S. coelicolor (21, 22). SALPs are
involved in the control of cell wall-related events, such as sep-
tum localization and synthesis, thickening of the spore wall, and
autolytic spore separation (17, 20), and SsgA itself directly acti-
vates sporulation-specific cell division (22, 23). The morpho-
logical complexity of actinomycetes apparently correlates to
the number of SALP homologues in each organism, with one
paralogue in single spore-forming actinomycetes (e.g. Salinis-
pora or Thermobifida) and up to seven in multispore formers
(two in erythromycin producer Saccharopolyspora erythraea,
3-5in Frankia, and 6 -7 in Streptomyces) (17). Most SALPs can
be assigned to three subfamilies (SsgA, SsgBG, and SsgDE)
based on phylogenetic analysis (17). At present, there are no
functional homologues for the SALPs, and structural informa-
tion is lacking. To advance our understanding of how SALPs
function at the molecular level and to provide a structural tem-
plate for a unique protein family without obvious relatives in
any other organism, we selected the single SALP homologue
from the thermophilic soil bacterium Thermobifida fusca (a
major degrader of plant cell walls used in waste remediation
(24)) for detailed structural analysis by x-ray crystallography, as
part of our structural genomics program.

In this work, we show that SsgB is most likely the archetypical
SALP that occurs in morphologically complex actinomycetes,
with an evolutionarily conserved function in the control of
development. The three-dimensional structure of the SsgB
orthologue from T. fusca was determined and revealed signifi-
cant structural similarity to a eukaryotic family of ssDNA/
gRNA-binding proteins. However, the structure and experi-
mental data both suggest that SALPs probably interact with
protein ligands through a hydrophobic region on their surface.

3 The abbreviations used are: SALP, SsgA-like family of proteins; MAD, multi-
wavelength anomalous diffraction; TCEP, tris(2-carboxyethyl)phosphine
hydrochloride; ssDNA, single-stranded DNA; gRNA, guide RNA; PI, pro-
pidium iodine; Syto, Syto-82 Orange.
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EXPERIMENTAL PROCEDURES
Bacterial Strains and Culturing Conditions

E. coli K-12 strains J]M109 (25) and ET12567 (26) were used
for propagating plasmids and were grown and transformed
using standard procedures (25). Transformants were selected
in L broth containing 1% (w/v) glucose and the appropriate
antibiotics. The Streptomyces strains used in this work are
listed in supplemental Table S1.

S. coelicolor M145 was used for transformation and propaga-
tion of Streptomyces plasmids. Preparation of media for Strep-
tomyces growth, protoplast preparation and transformation
was done according to standard procedures (27). SFM medium
was used to make spore suspensions; R2YE medium was used
for regenerating protoplasts and, after the addition of the
appropriate antibiotic, for selecting recombinants.

Plasmids and Constructs

The plasmids described in this work are summarized in sup-
plemental Table S1.

General Cloning Vectors—pl]2925 (28) is a pUC19-derived
plasmid used for routine subcloning. For cloning in Streptomy-
ces, we used the shuttle vectors pHJL401 (29), for which main-
tenance in streptomycetes occurs via the SCP2* ori (30) (5 cop-
ies/chromosome). Plasmid DNA was isolated from ET12567
prior to transformation to Streptomyces. For selection of plas-
mids in E. coli, ampicillin was used, and chloramphenicol was
added for ET12567 transformants. For selection in S. coelicolor,
we used thiostrepton for pHJL401 and derivatives.

Construction of pGWS271, pGWS294, and pGWS295—Frag-
ments of ~900 bp harboring the SALP-encoding genes and
flanking regions from Salinispora tropica (designated ssgB-
(Stro)) or from Sacch. erythraea (ssgB(Sery) and SACE5535)
(see supplemental Table S3) were amplified by PCR using Pfu
polymerase (Stratagene, La Jolla, CA) and oligonucleotide pairs
SalTr_BF/SalTr_BR, Sery BF/Sery BR or Sery_2F/Sery_2R
(supplemental Table S2), respectively. Genomic DNA from S.
tropica was a kind gift from Paul Jensen (University of Califor-
nia San Diego). PCR products were cloned as EcoRI/BamHI-
digested (for ssgB(Sery)) or EcoRI-HindIII-digested (for ssgB-
(Stro) and for SACE5535) fragments into pHJL401 digested
with the same enzymes, resulting in pGWS271 (ssgB(Stro)),
pGWS294 (ssgB(Sery)), and pGWS295 (SACE5535) (S1). For
the precise sequences of the inserts, see supplemental Fig. S1.

Construction of pGWS298, pGWS299, pGWS554, pGWSS55,
and pGWS556—To ensure proper expression, the open read-
ing frames of the ssg orthologues from Kineococcus radiotoler-
ans (ssgB(Krad)), Thermobifida fusca (ssgB(Tfus)), and Frankia
sp. CcI3 (ssgB(Fran)) and a second SALP-encoding gene from
Frankia sp. Ccl3 (Francci3_3418) (see supplemental Table S3)
were fused to the S. coelicolor ssgB promoter region (nucleo-
tides —171 to —1 relative to the ATG start codon of ssgB (31))
by gene synthesis (Genscript Corp.). The exact sequences of the
inserts of all five constructs are presented as supplemental Fig.
S1. Sequences were designed so as to ensure that the promoter
sequence was fused to the most likely start codon (nucleotide
position 3147086 for ssgB(Krad), 2471763 for ssgB(Tfus),
1632970 for ssgB(Fran), and 4062696 for Francci3_3418 on
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their respective genomes), based on sequence homology with
Streptomyces ssgB. EcoRI/HindIII-digested fragments were
cloned into pHJL401 digested with the same enzymes, resulting
in pGWS299, pGWS554, pGWS555, and pGWS556 (supple-
mental Table S1).

Microscopy

Phase-Contrast Light Microscopy—Strains were grown
against coverslips inserted into solid SFM agar plates, as
described previously (32). After 7 days, spore formation was
assessed by phase-contrast light microscopy. For visualization,
a Zeiss standard 25 phase-contrast light microscope was used.

Fluorescence Microscopy—DNA in spore chains was stained
with a mixture of the membrane-impermeant fluorescent dye
propidium iodine (PI) (1 ug/ml) (Sigma) and the membrane-
permeant Syto-82 Orange (8 um) (Invitrogen). Samples were
analyzed with an Olympus BH2 fluorescence microscope using
a 495-nm band pass filter and a 515-nm long pass filter and a
505-nm dichroic mirror in between. In this way, a single image
can be made where DNA-bound PI emits a red-colored and
DNA-bound Syto-82 emits a green-colored fluorescent signal.

Electron Microscopy—Morphological studies on surface-
grown aerial hyphae and/or spores by cryo-scanning electron
microscopy were performed using a JEOL JSM6700F scanning
electron microscope, as described previously (21).

Protein Production and Crystallization

The ssgB gene from T. fusca YX-ER1 (GenBank™, YP_
290167.1; GI, 72162510; Swiss-Prot, Q47N25) was amplified by
PCR from genomic DNA using PfuTurbo (Stratagene) and
primers corresponding to the predicted 5’'- and 3'-ends. The
PCR product was cloned into plasmid pSpeedET, which
encodes an expression and purification tag, followed by a
tobacco etch virus protease cleavage site (MGSDKIHHHHH-
HENLYFQG) at the amino terminus of the full-length protein.
The cloning junctions were confirmed by DNA sequencing.
Protein expression was performed in a selenomethionine-con-
taining medium using the E. coli strain GeneHogs (Invitrogen).
At the end of fermentation, lysozyme was added to the culture
to a final concentration of 250 ug/ml, and the cells were har-
vested. After one freeze/thaw cycle, the cells were homogenized
in lysis buffer (50 mm HEPES, pH 8.0, 50 mm NaCl, 10 mm
imidazole, 1 mM TCEP) and passed through a Microfluidizer
(Microfluidics). The lysate was clarified by centrifugation at
32,500 X g for 30 min and loaded onto nickel-chelating resin
(GE Healthcare) pre-equilibrated with lysis buffer. The resin
was washed with wash buffer (50 mm HEPES, pH 8.0, 300 mm
NaCl, 40 mm imidazole, 10% (v/v) glycerol, 1 mm TCEP), and
the protein was eluted with elution buffer (20 mm HEPES, pH
8.0, 300 mm imidazole, 10% (v/v) glycerol, 1 mm TCEP). The elu-
ate was buffer-exchanged with HEPES crystallization buffer (20
mM HEPES, pH 8.0, 200 mm NaCl, 40 mm imidazole, 1 mMm
TCEP) using a PD-10 column (GE Healthcare) and treated with
1 mg of tobacco etch virus protease per 15 mg of eluted protein.
The digested eluate was passed over nickel-chelating resin (GE
Healthcare) pre-equilibrated with HEPES crystallization buffer,
and the resin was washed with the same buffer. The flow-
through and wash fractions were combined and concentrated

25270 JOURNAL OF BIOLOGICAL CHEMISTRY

for crystallization assays to 14.4 mg/ml by centrifugal ultrafil-
tration (Millipore). SsgB(Tfus) was crystallized using the nano-
droplet vapor diffusion method with standard Joint Center for
Structural Genomics crystallization protocols (33). Screening
for diffraction was carried out using the Stanford Automated
Mounting system (34) at the Stanford Synchrotron Radiation
Lightsource (Menlo Park, CA). The crystallization reagent con-
tained 40% (v/v) 1,2-propanediol and 0.1 M acetate, pH 4.5. No
additional cryoprotectant was added to the crystal. Diffraction
images were initially indexed in tetragonal space group P4, and
subsequent structure solution identified the space group as P4,
(Table 1). The molecular weight and oligomeric state of Ssg-
B(Tfus) were determined using a PROTEIN KW-803 column
(Shodex) precalibrated with gel filtration standard (Bio-Rad).
The mobile phase consisted of 20 mm HEPES, pH 7.5, 200 mm
NaCl, and 0.5 mm TCEP.

Data Collection, Structure Solution, and Refinement

Multiwavelength anomalous diffraction (MAD) data were
collected at Stanford Synchrotron Radiation Lightsource
beamline 11-1. The data were collected at wavelengths corre-
sponding to the high energy remote (A;), inflection (A,), and
peak (A;) of a selenium MAD experiment. The data sets were
collected at 100 K using a MarCCD 325 detector (Rayonix). The
data processing and structure solution were performed using
an automatic structure solution pipeline developed at the Joint
Center for Structural Genomics. The MAD data were inte-
grated and reduced using XDS and then scaled with the pro-
gram XSCALE (35). Selenium sites were located with SHELXD
(36). Phase refinement and automatic model building were per-
formed using autoSHARP (37) and RESOLVE (38). Model com-
pletion and refinement were performed with COOT (39) and
REFMAC (40). CCP4 programs were used for data conversion
and other calculations (41). Data and refinement statistics are
summarized in Table 1. Independently, the structure was also
solved by single-wavelength anomalous diffraction by the Mid-
west Center for Structural Genomics). Data were reduced, and
the structure was solved at 2.75 A with the HKL-3000 package
(42) using data previously collected on the ID-19 beamline at
the Advanced Photon Source. Refinement was performed in an
analogous way, as described above. The refined model was sim-
ilar to the one refined using the higher resolution data pre-
sented here. Analysis of the stereochemical quality of the model
was accomplished using MolProbity (43). All molecular graphs
were prepared with PyYMOL (DeLano Scientific) unless specif-
ically stated. The electrostatic potential in Fig. 4C was calcu-
lated using the program APBS (44).

RESULTS

SsgB Functionality and Developmental Cell Division of
Actinomycetes—The gene organization around the ssgB genes
from Streptomyces species is similar to that of the genetic loci of
the single ssg genes from T. fusca, Kineococcus radiotolerans,
Nocardioides sp. JS614, Acidothermus cellulolyticus, Salinis-
pora tropica and Salinispora arenicola and to one of the ssg
genes from Frankia species alni, Ccl3, and EAN1pec and from
Sacch. erythraea (Fig. 1). Hence, gene synteny evidence sug-
gests that the ssg genes have been derived from spread and/or
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the SsgBG subfamily (17). Details of
the exact constructs are presented
under “Experimental Procedures,”
and the precise DNA sequences of
the inserts and the predicted gene
products are presented in supple-
mental Fig. S1. These constructs
and the control plasmid (pHJL401
without insert) were individually
introduced into the S. coelicolor ssgB
mutant GSB1 (21) by transforma-
tion of protoplasts.

Mutants of S. coelicolor that pro-

‘ s5gB (SCO1541)

|::>membrane protein (SCO1540)

mtransport systern membrane protein (SCO1537) |:> Non-conserved

hreonine-tRNA synthetase (SC01531) []D RNAsl

anthranilate synthase (SCO1547)

@}transport system membrane protein {(SCO1538) D-ala aminotransferase (SCO1546)

duce aerial hyphae but fail to sporu-
late are called whi or white mutants,
since they lack the gray spore pig-
ment WhiE (46). Introduction of the
control plasmid pHJL401 or the

&tRNACYS
{RINAv

FIGURE 1. Genetic environment for ssgB loci in actinomycetes. Genes flanking Streptomyces ssgB that are
conserved in the flanking regions of ssgB orthologues from other SALP-containing actinomycete genera are
highlighted. Gene products for conserved genes are given in the box at the bottom.

duplication of an ancestral ssgB gene in actinomycetes (17).
This gene synteny includes a gene for tRNA Y upstream of ssgB
in all genera and at least three downstream-located tRNA genes
(typically specifying tRNASY, tRNA<YS, and tRNAY*) in all spe-
cies except Salinispora. Furthermore, several conserved open
reading frames are typically found in the vicinity of ssgB ortho-
logues, including homologues of the S. coelicolor open reading
frames SCO1531 for a threonine tRNA synthetase and
SCO1540 for a conserved actinobacterial transmembrane pro-
tein (Pfam 09656) with three transmembrane domains (Fig. 1).
As an exception, despite the gene synteny similarities, phyloge-
netic analysis places the SALP from A. cellulolyticus outside the
SsgBG branch of the SALPs (17). Thus, it is unlikely that this
protein functions as an SsgB orthologue in vivo. Studies on the
horizontal transfer of pathogenicity islands in bacteria suggest
that tRNA loci are common sites for the integration of foreign
DNA sequences (45). Another striking feature of SsgB ortho-
logues is that they are 99-100% conserved within the same
species, which is the case in all streptomycetes (10 orthologues),
in Frankia species (three orthologues), and in Salinispora (two
orthologues). In all cases, no more than a single non-conserva-
tive amino acid change is afforded close to the C-terminal end,
whereas at the nucleotide level, a much higher divergence is
found.

To establish whether more divergent SsgB proteins from var-
ious actinomycetes have functional overlap with SsgB from S.
coelicolor, the respective genes were introduced into the S.
coelicolor ssgB null mutant GSB1 (21) to analyze their ability to
restore sporulation. Low copy number plasmids based on
pHJL401 were constructed, containing the ssgB orthologues
from Frankia Cci3 (ssgB(Fran); pGWS555), K. radiotolerans
(ssgB(Krad); pGWS299), Sacch. erythraea (ssgB(Sery);
pGWS294), S. tropica (ssgB(Stro); pGWS271), or T. fusca (ssg-
B(Tfus); pGWS554). Additionally, we introduced the non-or-
thologous ssg genes from Sacch. erythraea (SACE5535) and
from Frankia sp. Ccl3 (Francci3_3418), which do not belong to
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plasmid harboring Sacch. erythraea
SACE5535 did not restore gray pig-
mentation. As a second important
control, all plasmids were intro-
duced into the ssgA mutant GSA3 (22), which is the only other
SALP mutant of S. coelicolor with a non-sporulating phenotype.
As expected, none of the constructs restored sporulation to
GSA3 (data not shown). However, transformants carrying the
expected ssgB orthologues ssgB(Fran), ssgB(Krad), ssgB(Sery),
ssgB(Stro), or ssgB(Tfus) turned light gray after 5-6 days of
incubation on SFM agar plates, indicating that sporulation had
been restored to the S. coelicolor mutant and that these genes
encoded functional homologues. Surprisingly, colonies ex-
pressing Francci3_3418 from Frankia Cci3 did have a gray
appearance, despite gene synteny and phylogenetic analysis
placing the gene product outside the SsgBG branch of the SALP
phylogenetic tree.

For analysis by phase-contrast light microscopy, impression
prints were made by pressing a microscope coverslip onto the
surface of the solid-grown cultures of the transformants. The
results largely corresponded to the degree of pigmentation. As
expected, no spores were observed in the control strain con-
taining pHJL401 or the construct expressing SACE5535 from
Sacch. erythraea. Introduction of ssgB(Stro) or ssgB(Tfus)
resulted in production, by the ssgB mutant, of many single
spores and a few spore chains, whereas ssgB(Sery), ssgB(Krad),
and ssgB(Fran) allowed formation of many spore chains, albeit
with spores of irregular sizes and shapes (see the analysis by
cryo-scanning electron microscopy below). Most surprising
was the confirmation that transformants expressing the non-
orthologous SALP Francci3_3418 from Frankia Cci3 sporu-
lated abundantly. This exceptional result perhaps reflects the
complex sporulation process in Frankia species, which may
require two functional SsgB paralogues in a single organism.

Detailed Analysis of Transformants by Cryo-scanning Elec-
tron Microscopy—Detailed morphological analysis of surface-
grown cultures of the various transformants and the parent
M145 was performed by cryo-scanning electron microscopy. S.
coelicolor M145 produced abundant and regular spore chains
(Fig. 2A), whereas pHJL401 control transformants of the ssgB
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FIGURE 2. Analysis by cryo-scanning electron microscopy of 7-day-old sur-
face-grown colonies. A, parental (wild type) strain S. coelicolor M145; B, S. coeli-
color ssgB mutant GSB1 harboring pHJL401; C, GSB1 + pGWS271 (ssgB(Stro));
D, GSB1 + pGWS294 (ssgB(Sery)); E, GSBT + pGWS295 (SACE5535); F, GSB1 +
pGWS299 (ssgB(Krad)); G, GSB1 + pGWS554 (ssgB(Tfus)); H, GSB1 + pGWS555
(ssgB(Fran)); I, GSB1 + pGWS556 (Francci3_3418). White bars, 2.5 pm.

mutant produced the long non-coiling aerial hyphae typical of

developmental mutants arrested in a very early stage of aerial
growth (Fig. 2B). In agreement with LM results, aerial hyphae of
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ssgB mutant colonies expressing ssgB(Stro), ssgB(Sery), ssgB-
(Krad), ssgB(Tfus), or ssgB(Fran) produced a significant
amount of spores (Fig. 2, C, D, and F-H). Expression of ssgB-
(Stro) resulted in the production of many single spores and few
spore chains. Some variation in spore sizes was observed,
although the majority of the spores had the characteristic oval
shape (Fig.2C). Colonies expressingssgB(Sery), ssgB(Krad), ssgB-
(Tfus), or ssgB(Fran) produced predominantly spore chains.
Spore-chain length and spore size varied significantly, and
small (squashed) or very large (bloated) spores were found at a
high frequency (Fig. 2, D and F-H). Colonies expressing
SACE5535 produced only aseptate aerial hyphae (Fig. 2E),
supporting the specific function of the ssgB orthologues. How-
ever, as was already observed by LM, colonies expressing
Francci3_3418 (the second SALP from Frankia sp. Ccl3) pro-
duced long spore chains (Fig. 21).

Spore Viability and Nucleoid Segregation—Considering the
aberrant spore shapes and sizes, we analyzed nucleoid distribu-
tion in the spore chains of the transformants. DNA was visual-
ized by simultaneous staining with PI and Syto-82 Orange
(Syto). PI is a fluorescent dye that cannot penetrate the mem-
brane of living cells and is used to stain DNA in dead or “leaky”
cells, whereas the membrane-permeant Syto is used to stain
DNA in living cells. Using a 515-nm long pass filter, DNA-
bound PI emits a red-colored and DNA-bound Syto emits a
green-colored fluorescent signal. In mature spore chains of the
parental strain M145, well segregated chromosomes were
observed (Fig. 3A4). The DNA in these wild type spores was
stained only by Syto, confirming that the cell wall of these
spores was intact. In transformants of the ssgB null mutant con-
taining any of the foreign ssgB genes, DNA was distributed over
all spores (Fig. 3), suggesting proper DNA segregation and con-
densation, since defects in this process typically result in a high
frequency of empty spores (20, 47). Even in spore chains con-
sisting of both tiny and large spores, all compartments were
fluorescently stained. Viability counts indicated that a number
of spores in these transformants had a permeable (lysed) cell
wall (supplemental Table S4). The lowest viability was found for
transformants harboring SsgB(Stro), with around 35% dead
spores, whereas close to 100% viability was found for transfor-
mants containing constructs expressing either SALP (SsgB or
SsgB2/Francci3_3418) from Frankia.

Crystal Structure of the T. fusca SsgB Orthologue—The selen-
omethionine derivative of the full-length SsgB(Tfus) was
expressed in E. coli with an N-terminal tobacco etch virus-
cleavable His tag and purified by metal affinity chromatogra-
phy. The crystal structure of SsgB(Tfus) was determined in
space group P4, at 2.6 A resolution using the MAD method.
The structure was refined to R, and Ry of 23.0 and 27.0%,
respectively. The model displays good geometry with 98.6%
favorable main-chain torsion angles (one outlier) and 97.5%
favorable side-chain rotamers according to MOLPROBITY
(43). The mean residual error of the coordinates was estimated
at 0.31 A by an R, -based diffraction component precision
index method (48). The final model contains one trimer (sub-
units A, B, and C; residues 1-137) per asymmetric unit. The
B1-B2, B3-B4, and B6-B7 loops at the base of the trimer are
highly mobile and were modeled only in promoter A, due to the
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FIGURE 3. Analysis by phase-contrast and fluorescence microscopy. DNA was visualized by simultaneous
staining with membrane-impermeant dye propidium iodine (red) and the membrane-permeant dye Syto-82
(green). A, wild type M145; B, S. coelicolor ssgB mutant GSB1 + pGWS271 (ssgB(Stro)); C, GSB1 + pGWS294
(ssgB(Sery)); D, GSB1 + pGWS299 (ssgB(Krad)); E, GSB1 + pGWS554 (ssgB(Tfus)); F, GSB1 + pGWS555 (ssgB(F-
ran)); G, GSB1 + pGWS556 (Francci3_3418).

Structure and Function of SsgB

lack of interpretable electron den-
sity in the other two subunits. The
more ordered loops seen in pro-
moter A are due to crystal contacts
with a symmetry-related molecule.
Data collection, model, and refine-
ment statistics are summarized in
Table 1.

SsgB(Tfus) is a single-domain pro-
tein consisting of eight B-strands
(B1-B8) and three a-helices (al1-a3)
arranged in an « + S fold (Fig. 44). It
contains two tandem repeats of a
four-stranded B-sheet and an a-he-
lix motif (81-B4 + «l and B5—8 +
a2) packed orthogonally. An addi-
tional helix a3 located at the C ter-
minus interacts with another pro-
tomer in the trimer. Structural
similarity searches with DALI (49)
showed that the SsgB(Tfus) struc-
ture is most similar to mitochon-
drial RNA-binding protein 2 from
Trypanosoma brucei (Protein Data
Bank code 2gia, r.m.s. deviation of
3.6 A for 107 aligned C,, Z = 8.5)
(50) and plant transcriptional regu-
lator PBF-2 (Protein Data Bank
code 113a, r.m.s. deviation of 4.4 A
for 107 aligned C_ atoms, Z = 6.4)
(51), despite low sequence similari-
ties (sequence identity <10%).
Additionally, it has partial similarity

TABLE 1
Data collection and refinement statistics (Protein Data Bank code 3cm1)
Parameter Value
Space group P4, )
Unit cell a=b=648A,c=1306 A
A, MADSe A, MADSe A; MADSe
Data collection _
Wavelength (A) 0.9184 0.9793 0.9790
Resolution range (A) 46.0-2.6 46.0-2.7 46.0-2.7
No. of observations 62,690 55,956 56,250
No. of unique reflections 16,527 14,741 14,382
Completeness (%) 99.5 (99.3)* 99.6 (100)* 99.6 (99.9)*
Mean I/ o(I) 15.0 (2.0)* 16.0 (2.7)* 15.0 (2.3)*
R, onI(%)" 4.6 (72)* 4.4 (52)* 4.9 (63)*
Modvel and refinement statistics
Resolution range (A) 46.0-2.6 Data set used in refinement A, MADSe
No. of reflections (total) 16,493 Cut-off criteria [F|>0
No. of reflections (test) 846 R et 0.23
Completeness (% total) 99.4 e 0.27

Stereochemical parameters; restraints (r.m.s. observed)

Bond lengths (A) 0.011
Bond angles (degrees) 1.41
Average isotropic B-value (A2) 88.7¢
ESU based on Ry, (A) 0.31
Protein residues/atoms 384/2,892

“ Highest resolution shell in parentheses.

? Ry = 2[1; = (IDI/Z|L], where I, is the scaled intensity of the ith measurement, and (/,) is the mean intensity for that reflection.

“Reryst = S|IE,| — |EJl/Z|E,|, where F. and F, are the calculated and observed structure factor amplitudes, respectively.

as for R but for 5.0% of the total reflections chosen at random and omitted from refinement.

Rree crystr

¢ This value represents the total B that includes TLS and residual B components. The estimated B-value based on the Wilson plot is 79 A2,

/ Estimated overall coordinate error (48).
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FIGURE 4. Crystal structure of SsgB(Tfus). A, monomer of SsgB from T. fusca (SsgB(Tfus)). Shown is a stereo
ribbon diagram of the SsgB(Tfus) monomer color-coded from N terminus (blue) to C terminus (red). Helices
al-a3 and B-strands, B1-[38, are indicated. B, SsgB(Tfus) trimer. Each protomer is colored differently. Residue
numbers at the ends of any gaps in the model are labeled. C, electrostatic surfaces of a SsgB(Tfus) monomer
(left) and trimer (right). The color was scaled from —3 to +3 kT/e (blue, positive; red, negative electrostatic
potential).

to the Ral-binding domain of Exo84 (Protein Data Bank code
1zc3, r.m.s. deviation of 3.9 A for 97 aligned C_, Z = 5.8) (52),
the N-terminal domain of coactivator-associated methyltrans-
ferase 1 (Protein Data Bank code 20gb, r.m.s. deviation 3.4 A for
83 aligned C_, Z = 5.6) (53), and a “hypothetical” protein (Pro-
tein Data Bank code 2nvn, r.m.s. deviation 4.3 A for 87 aligned
C,Z=55).

The SsgB(Tfus) trimer is bell-shaped, with dimensions of
71 X 67 X 47 A (Fig. 4B), and is assembled primarily through a3
interaction with al and &2 of a neighboring protomer. The
total buried surface area for the trimer is 4530 A? (1510
A?/monomer). Interestingly, multimerization of PBF-2 and
MRP1/2 also involves mostly helices, suggesting that the same
strategy is followed for oligomer formation for other members
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of this fold family. SsgB(Tfus) is an
acidic protein with a calculated
isoelectric point of 4.5; the surface
of SsgB(Tfus) has multiple electro
negative patches throughout its
surface for both monomer and tri-
mer (Fig. 4C).

The structural similarity of Ssg-
B(Tfus) to ssDNA-binding PBF-2 (51)
and gRNA-binding proteins, MRP1
and MRP?2 (50), is intriguing (Fig. 5).
The positively charged concave sur-
faces, formed by the -sheet, consist-
ing of the first four strands in PBF-2
and MRPs, interact with ssDNA/
gRNA. PBF-2 and MRP1-MRP2
both form “whirly” tetramers, such
that ssDNA/gRNA can interact
with extended surfaces of two pro-
moters simultaneously. The core
B-sheets of SsgB(Tfus) are highly
similar to these proteins, especially
to MRP1 and MRP2 (Fig. 5). Fur-
thermore, SsgB(Tfus) also con-
tains several equivalent positively
charged residues (Arg®’, Arg*', and
His*®), which in MRP1 are involved
in binding phosphoryl groups of the
gRNA backbone. However, SsgB-
(Tfus) lacks the concave-shaped
surface (for nucleic acid interaction)
due to differences in the mode of
oligomerization (trimer versus tet-
ramer) and in the conformation of
the second half of B1 (Fig. 5).

Analysis of Sequence Conserva-
tion and Mapping of Essential
Residues—Although knowledge of
their role in the developmental
process and in cell division is accu-
mulating, the precise molecular
mode of action of SALPs is
unknown. The crystal structure of
SsgB(Tfus) provides a structural
framework to understand mutational data (see below) and the
evolution of SALPs.

We analyzed the sequence conservation of SsgBs presented
in this study and two SsgAs (Fig. 6A). The hydrophobic core of
the (B-barrel is highly conserved. Conserved residues on the
protein surface are predominantly clustered around the sol-
vent-exposed edge of strand 84 (Fig. 6B). This strand interacts
with the B5-B6 and B7-88 loops. The first conserved cluster is
close to Trp>* and consists of residues from the B4, 85-86, and
B7-B8 loops. The second cluster is centered on Tyr*® and also
includes Tyr®?, Asp®®, Pro®’, Ala®°, Arg®®, Glu'??, and Asp'°.
This region is near the interface between helix a3 and the rest of
the protein and also close to the trimer interface. Thus, main-
tenance of the proper orientation of &3 with respect to the rest
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FIGURE 5. Comparison of SsgB(Tfus) with the plant transcriptional regu-
lator PBF-2 (Protein Data Bank code 113a) and mitochondrial RNA-bind-
ing protein 2 MRP1-MRP2 (Protein Data Bank code 2gje). Ribbon represen-
tations of SsgB(Tfus), PBF-2, MRP1, and MRP2 are shown in the same
superimposed orientation.

of the monomer is important for SsgB(Tfus) function. Addi-
tionally, residues on helix a3 (Asp'*®and Leu'®”) that are essen-
tial for interacting with neighboring promoter are also highly
conserved, suggesting a critical role for a3 in oligomerization of
SsgB(Tfus). The above observations also appear to be valid
when all known homologous SALP sequences are considered,
although the sequence diversity dramatically increases across
species with only three residues strictly conserved, Trp®*, Gly®*,
and Gly”?. Thus, based on sequence conservation, we suggest
that all SALPs are likely to adopt the same fold and function in
a similar fashion.

We previously constructed a large random mutant library of
SsgA from S. coelicolor (SsgA(Scoe)), which shares 40% amino
acid identity with SsgB(Tfus), and used it to map the function-
ally important residues (32). These data provided detailed
insights into the location of functionally important residues,
not only for SsgA but also (in light of the considerable number
of highly conserved residues) for other SALPs, including SsgB.
We mapped the functionally disruptive mutations (i.e. the func-
tionally important residues) of SsgA(Scoe) onto the structure of
SsgB(Tfus) (Fig. 6C). These residues correlate well with those
that are most conserved among SALPs (Fig. 6B). Most of the
disruptive mutations are located inside the hydrophobic core
(Fig. 6C), confirming that the integrity of the SALP structure is
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important for their function. Several important residues map to
either a3 (Leu'®” SsgB(Tfus) or Leu'®* SsgA(Scoe)) or the inter-
face between a3 and the rest of the protein (Tyr*® and Arg®® of
SsgB(Tfus); Tyr’>® and Arg® of SsgA(Scoe)), supporting the
importance of @3 in SALP function. Arg®® and Glu'** form a
buried salt bridge inside the protein. Several hydrophobic resi-
dues (such as Trp®*, Leu”’, Ala®®, and Phe'°?), whose mutations
are disruptive to SsgA function, map to a conserved surface
patch (Fig. 6, B and C). Two other reported disruptive muta-
tions that are not associated with this conserved surface, Leu®
and Leu®® to Pro mutations in SsgA(Scoe) (corresponding to
Asn®® and Arg®?, respectively, in SsgB(Tfus)), are likely to affect
the stability of the protein, since they would hinder main-chain
hydrogen bonding across the 3-sheet in which they are located.
Therefore, the current available experimental data are consist-
ent with the notion that the conserved solvent-exposed resi-
dues are important for SALP function.

Oligomerization of SsgB and Potential Binding Site—Unlike
PBF-2 and MRP1-MRP2, which form homo- or hetero-tetram-
ers, SsgB(Tfus) was crystallized as a trimer. It is currently not
entirely clear if this represents the physiologically relevant oli-
gomeric state for SsgB. Size exclusion chromatography indi-
cated that SsgB(Tfus) exists mainly as a monomer in solution. It
is, therefore, possible that an equilibrium exists between mono-
meric and trimeric forms. At the same time, we have extensive
evidence of SALP multimerization both in vitro and in vivo,
including formation of trimers by S. coelicolor SsgE in vivo,
formation of larger complexes by purified SsgA and SsgF (size
exclusion chromatography), and focal localization of SsgA and
SsgB as visualized by fluorescence microscopy. Purified SsgF
forms very stable dimers and trimers, as identified by LC-MS
(17,32).*

In the context of the trimer, a portion of the conserved sur-
faces discussed above are exposed to solvent at the trimer base,
whereas others are buried around the central channel of the
trimer (Fig. 7). The long strands of 81 and 82 of SsgB(Tfus) are
tilted toward 38 and form a barrel-like shape (Fig. 44). A valley
is created by the surrounding loops 33-84, 31-82, 37-88, and
B5-B6 and is lined by highly conserved hydrophobic residues
Leu'®, Val'®, Val**, Leu®®, Phe™, Leu®®, Ala®®, Val®?, Trp®*,
Leu®}, Pro®%, and Phe!®° that emanate mainly from either end of
these loops (Fig. 7). The three patches, one from each mono-
mer, are close to each other in the trimer near the 3-fold axis
(Fig. 7). Two nearby loops (35-B6 and 37-8) are also probably
important for SALPs. The 85-86 loop has a highly conserved
sequence motif "°GXGDV”* across all SALPs. Interestingly,
Asp” in this loop is close to the 3-fold axis and not readily
accessible to solvent. The B7-8 loop is also highly conserved
among SsgBs, with a sequence motif *'LSSPXGXA®®, SsgAs
have a different sequence motif (LQVGX(D/E)XA), raising the
possibility that the 87-88 loop may be one of the structural
determinants that differentiate SsgBs from SsgA and other
SALPs.

4 G. P.van Wezel, unpublished data.
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B-hairpin (B1-B10)

FIGURE 7. Hydrophobic surfaces of SsgB(Tfus) trimer for potential intermolecular recognition. A, map-
ping of disruptive mutations of SsgA(Scoe) onto the SsgB(Tfus) trimer, viewed down the 3-fold, non-crystallo-
graphic axis. Disruptive mutations are colored orange. The B-hairpin of a symmetry-related protomer B is
shown in blue. B, hydrophobic base of SsgB(Tfus) trimer (white, hydrophobic; green, hydrophilic).

DISCUSSION

SsgA-like proteins form a unique family of cell division pro-
teins in morphologically complex actinomycetes, which have
no overt sequence similarity to any other characterized pro-
teins. In Streptomyces, the well studied SsgA and SsgB proteins
have previously been shown to play an important role in the
control of sporulation-specific cell division. However, several
important issues concerning SALP function have not yet been
resolved. In particular, why are multiple SALPs found in acti-
nomycetes that produce multiple spores, and how do they act at
the molecular level? Also, what are the interacting partners of
the SALPs? In this work, we show that SsgB is the archetypal
SALP that is functionally conserved in all sporulating actino-
mycetes and plays a role in septum site localization. This func-
tional relationship of SALPs to cell division is further substan-
tiated by our recent discovery that SsgB localizes to the
sporulation septa, strongly suggesting that SsgB is, in fact, a
component of the divisome (supplemental Fig. S2).?

The three-dimensional structure of the archetypal SsgB pro-
tein is an important step forward in obtaining molecular
insights into the function of SALPs. Toward this goal, we deter-
mined the crystal structure of the SsgB orthologue from T.. fusca
at 2.6 A resolution, thus providing the first structural descrip-
tion of an SALP family member. The structure reveals struc-
tural similarities to a class of eukaryotic “whirly” ssDNA/RNA-
binding proteins. The ssgB gene is surrounded by structural
RNA-related genes (Fig. 1). These gene correlations coupled
with structural similarity to RNA/DNA-binding proteins raise
the possibility that SsgB could bind nucleic acids. However,
experimental and structural evidence strongly argue against
this notion. DNA binding studies using purified SsgA and SsgF
with radiolabeled genomic DNA did not identify relevant
nucleic acid binding (17).” Furthermore, SsgB localizes exclu-
sively to the sporulation septa, making it less likely that SALPs

Structure and Function of SsgB

function primarily through binding
of nucleic acids. Structurally, the
electro-negative surface of the Ssg-
B(Tfus) is not favorable for interac-
tion with the electro-negative back-
bone of nucleic acids (Fig. 4C),
whereas PBF-2 and MRP1/2 both
have large positive electrostatic
potentials to support ssDNA/sin-
gle-stranded RNA binding. Homol-
ogy modeling studies have indicated
that other SALPs also possess highly
electro-negative surfaces.

SsgB is essential for sporulation
and determines colony size in S.
coelicolor, as shown by the strictly
non-sporulating and extremely
large colonies that result from ssgB
mutations. So far, it is unclear whether these two function-
alities are the consequence of single or separate activities.
ssgB orthologues from Frankia sp. Cci3, S. erythraea, S.
tropica, K. radiotolerans, and T. fusca were all able to restore
the capacity to initiate sporulation-specific cell division to
ssgB mutants of S. coelicolor but not to ssgA mutants,
strongly suggesting conserved functionality between ssgB
orthologues. The large colony phenotype of the ssgB mutant
was not complemented by the above orthologues, and there-
fore, the determinants for sporulation and for cessation of
aerial growth may be separate activities of SsgB, perhaps
through interacting with different cellular partners.

Interestingly, introduction of the non-orthologous SALP
Francci3_3418 from Frankia Cci3 allowed production of viable
spores by S. coelicolor ssgB mutants to similar levels as the ssgB
orthologue (Francci3_1359) from the same species. The obser-
vation that, besides the likely SsgB orthologue Francci3_1359,
at least one other Frankia SALP (Francci3_3418) has SsgB-like
activity and suggests possible differences between sporulation
processes in the actinomycetes, Streptomyces and Frankia.

Although the intrinsic ability to sporulate was restored by
ssgB orthologues, significant anomalies were observed in spore
and spore-chain morphologies (Fig. 2). The spore-chain lengths
also varied considerably and correlated with the particular ssgB
orthologue that was introduced; for example, expression of ssg-
B(Stro) resulted in the production of many single spores and
very few (short) spore chains. Thus, spore-chain length may be
yet another functionality determined by SsgB. DNA segrega-
tion and condensations were not significantly affected (Fig. 3).
These data suggest that, although the intrinsic capacity to ini-
tiate and complete cell division had been restored to the S.
coelicolor ssgB mutant GSB1, correct septum site localization
was strongly perturbed. Precise positioning of the septum is

FIGURE 6. Mapping of sequence conservation and disruptive mutations of SsgA from Streptomyces coelicolor A3(2) (SsgA(Scoe)) onto SsgB(Tfus).
A, sequence alignment between SsgB(Tfus) SsgB orthologues used in this study and two characterized SsgAs from S. coelicolor A3(2) and S. griseus. Secondary
structures of SsgB(Tfus) are shown at the top. The disruptive mutants of SsgA(Scoe) are highlighted by stars in the bottom row. B, mapping of sequence
conservation of sequences shown in A onto the structure of the SsgB(Tfus) monomer. Residues with a high degree of conservation are colored red. C, mapping
of SsgA(Scoe) disruptive mutations onto the structure of the SsgB(Tfus) monomer. Residues that impact the function of SsgA(Scoe) are shown in orange. The

surface representations of the disruptive mutations are shown on the right.
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primarily determined by localization of the Z-ring, which con-
sists of polymeric rings of FtsZ (1). Variable spore sizes, as a
result of incorrect septum placement, suggest that SsgB is pos-
sibly required to ensure correct localization of the Z-rings dur-
ing sporulation. Indeed, as shown in supplemental Fig. S2, SsgB
localizes to the divisome in sporogenic aerial hyphae.

Thus, our experiments provide evidence that the ability to
initiate septum formation has been conserved over evolution in
actinomycete SsgB orthologues. However, this complementa-
tion is imperfect, as illustrated by misplacement of the septa
and variable and aberrant spore sizes. Since MinD and FtsZ are
well conserved between E. coli and actinomycetes, one might
expect a certain degree of similarity between these systems. The
SsgB structure is not similar to other known cell division pro-
teins in E. coli, such as MinE and ZipA. Interestingly, analogous
to SsgB, the FtsZ binding domain of ZipA, which anchors FtsZ
protofilaments to the membrane during invagination of the
septum, also has a fold that is similar to many RNA-binding
proteins (54). The C terminus of FtsZ interacts with the B-sheet
surface of ZipA through hydrophobic contacts. It is possible
that SsgB makes use of the conserved hydrophobic surface cen-
tered on Trp°* to interact with protein partners, such as FtsZ.
This proposed binding site in protomer A is in contact with a
symmetry-related B-hairpin at the N terminus of promoter B
(residues 1-10), suggesting a possible mode of protein-protein
recognition (Fig. 7A).

One of the remaining mysteries is how SALPs utilize a single
conserved fold to carry out complex molecular functions. The
SsgB(Tfus) structure suggests a few possibilities. First, the
properties of the conserved hydrophobic surface could be al-
tered by residues at the perimeter that are more variable. Sec-
ond, we observed that the fold of SALPs can support different
oligomeric states through similar contacts made through the
a-helices. For example, PBF-2 is a homotetramer. Geometri-
cally feasible models of dimers or tetramers of SsgB can be
assembled by computer modeling (not shown). Therefore, it is
plausible that different SALPs may function in different oligo-
meric states. Third, as seen in the example of the MRP1-MRP2
heterocomplex, the fold adopted by SALPs could also support
formation of heterocomplexes between different types of
SALPs, since they have similar structures. We have previously
shown that SsgC may antagonize the activity of SsgA, since
SsgA mutants have a similar phenotype to strains overexpress-
ing SsgC, and vice versa (20). However, at least with the bacte-
rial two-hybrid system (55), we have so far only been able to
demonstrate interaction between the same SALPs (e.g. SsgA-
SsgA or SsgB-SsgB),” although the two-vector system makes
analysis of simultaneous interactions between three different
proteins (such as SsgABC trimers) impossible.

In conclusion, our studies highlight SsgB as an important
control protein for sporulation-specific cell division in mor-
phologically complex actinomycetes, as illustrated by the clear
functional relationship between SsgB and spore-chain length
and localization of SsgB exclusively to the septa in Streptomy-
ces. The crystal structure of this archetypal SALP protein

5 E. de Waal and G. P. van Wezel, unpublished data.
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reveals structural similarity to whirly ssDNA/guide RNA-bind-
ing proteins that are found in mitochondria or in plants,
although interaction of SsgB with nucleic acids is unlikely. In
contrast, we identified a conserved surface for protein-protein
interaction. We are currently investigating the role of SsgB in
septum-site localization in sporulating actinomycetes and are
conducting an extensive search for interaction partners for the
different SALP proteins. These combined structural and func-
tional results have shed new light on the function of this inter-
esting protein family in the control of sporulation-specific cell
division.
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