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The extreme metabolic dormancy and resistance properties of spores formed by members of the Bacillus and
Clostridium genera are lost upon exposure to a variety of small-molecule germinants. Germinants are known
to interact in an as yet undefined manner with cognate receptor complexes that reside in the inner membrane
that surrounds the spore protoplast. The receptor itself is a complex of at least three proteins, and in this study
we identify amino acid residues, predicted to lie in loop regions of GerVB on the exterior aspect of the
membrane, that influence the Bacillus megaterium spore germination response. Three consecutive residues
adjacent to putative transmembrane domain 10 (TM10) were demonstrated to mediate to various degrees the
proline germinative response while also influencing germination in response to leucine, glucose, and inorganic
salts, suggesting that this region may be part of a ligand binding pocket. Alternatively, substitutions in this
region may affect the conformation of associated functionally important TM regions. Leucine- and KBr-
mediated germination was also influenced by substitutions in other outer loop regions. These observations,
when considered with accompanying kinetic analyses that demonstrate cooperativity between germinants,
suggest that binding sites for the respective germinants are in close spatial proximity in the receptor but do
not overlap. Additionally, proline recognition was conferred to a chimeric receptor when TM regions associated
with the putative binding loop were present, indicating that residues in TM9 and/or TM10 of GerVB are also

of functional importance in the proline-induced germinative response.

Endospores formed in response to nutrient starvation by
members of the genera Bacillus and Clostridium display re-
markable properties of resistance and dormancy that permit
their survival in the environment for extended periods. Despite
this extreme dormancy, spores retain the ability to initiate
vegetative metabolism rapidly upon exposure to appropriate
nutrients via the process of germination (20, 30). Significant
advances have been made in recent years through the applica-
tion of mainly genetic techniques to characterize the molecular
apparatus involved in spore germination, identifying structural
genes that encode germinant receptors (4, 8, 14, 23, 37), ion
channels (31, 35), and hydrolytic enzymes involved in the deg-
radation of the cortical peptidoglycan that surrounds the spore
protoplast (6, 11, 16, 21). Cytological observations on spore
coat degradation during germination (29) have also recently
been extended by the application of atomic force microscopy
to provide insights to the structural basis for the disassembly of
the outer layers that provide the primary barrier to environ-
mental insult (26).

Despite these advances, however, little is known of the mo-
lecular mechanism of the primary event of spore germina-
tion—the interaction of the germinant, typically an amino acid,
sugar, or riboside, with its cognate receptor—and how this
interaction triggers the subsequent cascade of germination
events. Biochemical and structural analyses of the germinant
receptor have been hindered by an inability to express key
receptor proteins at preparative levels, which, consistent with
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their status as receptors for environmental stimuli, have been
identified as integral or membrane-associated proteins (12,
22). Thus, virtually all information regarding functionality of
the germinant receptor has been accumulated from genetics-
based analyses. Evidence that the receptor comprises a com-
plex of at least three different proteins, for example, is pro-
vided by the conserved tricistronic receptor operon structure
observed in all sporeformer genomes, suggesting that genes
within the operon have coevolved, and, where tested, by the
absolute requirement for all three receptor components for
functionality (20, 23). Indirect genetic evidence for physical
interaction between the respective A, B, and C proteins that
comprise the receptor (13) has been complemented recently by
yeast two-hybrid experiments (34), which, in addition to pro-
viding evidence for the interaction between receptor subunits,
also suggest that some receptor proteins interact with SpoVA
proteins thought to be involved in the release of calcium dipi-
colinate during germination. Similarly, while some germinant
receptors can function independently to trigger the spore ger-
mination response, for example, the GerA-mediated L-alanine
response in Bacillus subtilis, most germinant receptors appear
to work in concert to initiate germination, either in response to
single germinants (e.g., the GerQ and GerlI response to inosine
in Bacillus cereus [4]) or to mixtures of germinants (e.g., the
GerB- and GerK-mediated response to AGFK in B. subtilis [9,
15]). Again, genetic evidence employing mutant B. subtilis con-
structs has been presented suggesting that different receptors
can physically interact (3, 5).

While it is generally accepted that germination is triggered
by the binding or interaction of a germinant with its cognate
receptor, relatively little experimental data have been pre-
sented regarding the identification of the receptor protein(s)
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and/or key amino acids that form the germinant binding site(s).
B. subtilis strains carrying point mutations in the structural
gene for GerAB, which necessitate a higher concentration of
L-alanine to initiate germination, were described a number of
years ago (28), providing the first indication that the B protein
of the receptor forms the ligand binding site. Further evidence
was presented recently when our laboratory demonstrated that
two close protein B homologues could interact with A and C
proteins of the Bacillus megaterium GerU receptor to form
receptors with different specificities (7). Thus, spores express-
ing GerUB are responsive to glucose and leucine, whereas
those expressing GerVB are responsive to proline and KBr in
addition to glucose and leucine.

The high degree of shared identity between these B proteins
and the hitherto largely unrecognized interchangeability be-
tween receptor components suggested that this system might
be amenable to a site-directed mutagenesis (SDM) approach
to identify residues that are crucial in determining the range of
germinants recognized. We describe such an approach in this
communication and, via construction of mutant constructs that
display conditional germination responses, identify a number
of functionally important residues that may participate in bind-
ing of the main B. megaterium QM B1551 germinants.

MATERIALS AND METHODS

Bacterial strains and media. B. megaterium strains employed in this study
(Table 1) are essentially all derivatives of strain PV361, a plasmidless variant of
the wild-type QM B1551 strain that lacks the GerU operon and GerVB struc-
tural gene required for efficient spore germination. B. megaterium strains were
routinely cultured at 30°C on LB agar or broth containing antibiotics, where
appropriate (1 pg/ml erythromycin and 25 pg/ml lincomycin for macrolide-
lincosamide-streptogramin B resistance [MLS]). Preparation of B. megaterium
protoplasts and polyethylene glycol-mediated transformation of plasmid DNA
was performed as described previously (19), with direct selection for transfor-
mants on RHAF agar plates containing 1 wg/ml erythromycin and 25 pg/ml
lincomycin. RHAF medium consists of the following (per liter): NH,CI, 1.0 g;
Tris base, 12.0 g; KCI, 35 mg; NaCl, 58 mg; Na,SO,, - 10H,0, 300 mg; KH,PO,,
140 mg; MgCl, - 5H,0, 4.26 g; yeast extract, 5.0 g; tryptone (Oxoid), 5.0 g;
sucrose, 68.46 g; and glucose, 2.0 g. The pH was adjusted to 7.5 with HCI before
addition of MgCl, - 5H,0. Solid medium contained 1% agar. Escherichia coli
strains used for SDM (XL1-Blue and XL10-Gold [Stratagene]) or preparation of
plasmid for transformation of B. megaterium (E. coli NovaBlue [Novagen]) were
cultured in LB medium at 37°C supplemented with 75 wg/ml carbenicillin.

Spore preparation. B. megaterium spores were prepared in 200-ml aliquots of
supplemented nutrient broth (10) in 2-liter flasks (at 30°C and 200 rpm) supple-
mented with 1 pg/ml erythromycin to provide selective pressure for maintenance
of the plasmid-borne receptor operon. Spores were harvested by centrifugation
after 72 h of culture and then subjected to repeated rounds of washing in sterile
cold water before storage on ice. All spore suspensions used in this work were
observed to be free of vegetative cells and debris.

SDM. SDM procedures were conducted with Stratagene QuikChange II and
QuikChange Multi SDM Kkits, as directed by the manufacturer. Primers for SDM,
sequences of which are available upon request, were designed both manually and
by using the QuikChange primer design program (Stratagene). The main paren-
tal plasmids subjected to SDM comprised gerU* (gerUA, gerUC, and gerVB) and
gerU (gerUA, gerUC, and gerUB) receptor operons cloned into the BamH1 site of
pGEM-3Z. Construction of the gerU* fusion operon was described previously
(7). Transformant E. coli harboring mutagenized plasmids was identified by
DNA sequence analysis of the appropriate B cistron amplified by colony PCR
using appropriate primers prior to purification of plasmid. Plasmids identified as
carrying the correct mutation(s) then served as templates for PCRs employing
primers containing BamH1 restriction sites spanning the entire receptor operon.
The receptor amplicons were then digested and ligated with plasmid pHT315 (2)
restricted with the same enzyme, and the ligation mixture was used to transform
E. coli, from which recombinant plasmid was prepared. Plasmid pHT315 is less
likely to be cured from the B. megaterium population during growth/sporulation
than the pUCTV2 vector employed in previous complementation analyses, per-
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TABLE 1. Strains and plasmids used in this study

B. megaterium strain Receptor characteristic(s) Source or
or plasmid reference
Strains
PV361 Nongerminative derivative of 33
QM B1551
PV361 transformants
GC-GerU GerU (containing gerUA, 7
gerUC, and gerUB)
GC-GerU* GerU* (containing gerUA, 7
gerUC, and gerVB)
GC-OL GerVB outer loops changed  This study
to corresponding GerUB
outer loops
GC-IL GerVB inner loops changed  This study
to corresponding GerUB
inner loops
GC-L1 GerVB with substituted OL1  This study
GC-L2 GerVB with substituted OL2  This study
GC-L3 GerVB with substituted OL3  This study
GC-14 GerVB with substituted OL4  This study
GC-L5 GerVB with substituted OL5  This study
GC-L5k334y GerVB K334Y This study
GC-L5y3354 GerVB V335A This study
GC-L5g336a GerVB E336A This study
GC-L5y3371 GerVB M337K This study
GC-GerUyps GerUB Y334 — K337 This study
changed to KVEM
GC-GerUViygion GerUB TM1 to TMS fused This study
with GerVB TM9 and
T™10
Plasmids
pGEM-3Z E. coli cloning vector; Amp™ Promega
pHT315 B. megaterium host plasmid; 2

MLS™

“ Amp', ampicillin (B-lactam) resistance.
? MLS', macrolide-lincosamide-streptogramin B resistance.

mitting 100% germination responses to be recorded. The fidelity of the entire
receptor operon cloned into pHT315 was assessed by sequence analysis prior to
transformation of B. megaterium PV361 to MLS". Final B. megaterium constructs
are detailed in Table 1.

GerUB/VB fusion. An overlapping PCR technique was used to construct a
gerU fusion operon encompassing gerUA, gerUC, and a chimeric gerUB/VB cis-
tron, which was predicted to encode a protein comprising transmembrane do-
main 1 (TM1) to TMS8 of GerUB and TM9 and TM10 (and outer loop 5 [OL5])
of GerVB. PCR was used to prepare two fragments of DNA, the first a 4,197-bp
amplicon encompassing the coding and putative regulatory sequences for
GerUA, GerUC, and the first 296 codons of GerUB. The second fragment
comprised a 435-bp amplicon encompassing codons 289 to 366 of GerVB and a
potential rho-independent terminator sequence. These products, which included
24 bp of overlapping sequence at the 3’ end of fragment 1 and 5" end of fragment
2 were purified and mixed to provide a template for a subsequent round of PCR
using primers with BamHI sites, resulting in the creation of a fragment of DNA
encompassing gerUA, gerUC, and the chimeric gerUB/VB gene arranged as a
GerA-type receptor operon with appropriate regulatory sequences. This product
was subsequently digested with BamH1, ligated with pHT315 restricted with the
same enzyme, and used to transform E. coli. The resultant recombinant plasmid
was used to transform PV361 to MLS’, yielding the GC-GerUVy,,, Strain.

Germination assays. Spores at 5 to 10 mg/ml (dry weight) in water were heat
shocked at 60°C for 10 min and then cooled on ice. Spores were resuspended at
an optical density at 600 nm (ODyg) of 0.95 to 1.0 in germination buffer (5 mM
Tris-HCI, pH 7.8, plus 10 mM germinant [S0 mM for KBr]) at 30°C. Control
experiments with heat-shocked spores in buffer alone were included for each
experiment. Spore germination was monitored by measurement of the 444, of
the suspension over a 40-min period using a 1-ml cuvette in a Hewlett Packard
8452A diode array spectrophotometer. All values reported are the averages of at
least duplicate experiments utilizing independently prepared batches of spores.
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FIG. 1. A model of GerVB with 10 putative TM domains predicted
by the HMMTOP program. Circled residues in loop regions were
subjected to replacement with the corresponding residues in GerUB,
as adjudged by ClustalW alignment (Fig. 2).

Where presented, maximum rates of spore germination are given relative to the
Agoo loss observed for B. megaterium QM B1551 spores incubated with 10 mM
glucose, where a 65% loss of the ODg, correlates to approximately 100% spore
germination, as determined by loss of heat resistance.

Experiments designed for germination kinetic analyses were conducted in a
96-well plate format in a total volume of 200 pl/well using a Tecan Infinite-200
series shaking-incubating plate reader. Experiments were conducted in triplicate
with two different spore preparations. Heat-activated spores (ODg of 0.4) were
exposed to various concentrations of leucine (0.1, 0.175, 0.25, 0.5, 1, 2.5, and 5
mM) at specific constant proline concentrations (75, 100, 150, and 200 wM), and
germination was monitored by measuring the decrease in A4y, at 30°C every
minute for 60 min. Germination rates (v [OD units/min]) were calculated as the
slope of the linear segment of OD changes over time that follows the initial lag
phase. Data were subsequently plotted as double-reciprocal plots of 1/v versus
1/[leucine concentration]. The Michaelis-Menten function of SigmaPlot, ver-
sion10 (Systat Software Inc.), was employed to determine apparent K,,, and V.,
values. The effect of varying individual germinant concentrations was also as-
sessed in a 96-well plate format (total volume, 300 pl/well), where heat-activated
spores (ODgq of 0.4) were incubated at 30°C in 5 mM Tris-HCI (pH 7.8) with
germinant concentrations ranging from 0.1 to 50 mM, and germination was
monitored by measuring the decrease in the A4, value every minute for 60 min.
Germination rates and apparent V,,, values were calculated as described above.

Molecular biology methods and bioinformatics analyses. All PCR procedures
were performed by standard methodologies using Kod Hot Start Polymerase
(Novagen). Plasmid DNA was prepared using a QIAprep Spin miniprep kit
(Qiagen). DNA sequencing was performed by the Department of Biochemistry
sequencing facility (University of Cambridge), while DNA sequence analysis was
performed using CLC free-workbench software (CLC bio). Protein topology and
transmembrane helix predictions were made using the HMMTOP program (32),
which is available on the ExPASy server (Swiss Institute of Bioinformatics)
(http://expasy.org/).

™

J. BACTERIOL.

TABLE 2. Amino acid substitutions

Amino acid substitution(s) (n)*

Region
Inner loop Outer loop
N terminus  None (0) NA
Loop 1 H58Y, S59T, D63N, D31R (1)
M74L (4)
Loop 2 V1371 (1) A95S, A103E, S108F,
E112D (4)
Loop 3 K208N, Q210S, F1661, T167K, V178L,
M215V (3) V181S (4)
Loop 4 None (0) D242N, S245A, Q256E
3)
Loop 5 NA K334Y, V335A, E336A,
M337K (4)
Cterminus  K363R, Q364H, R365G (3) NA

“n, number of substitutions; NA, not applicable.

RESULTS

We have previously demonstrated that phenotypic differ-
ences in the germination properties of spores carrying the
respective GerU and GerU* germinant receptors are due to
two closely related B protein homologues that may present
different ligand binding sites (7). These proteins, GerUB and
GerVB, share 80% amino acid identity; therefore, phenotypic
differences are presumably conferred by the remaining 20% of
relatively randomly distributed amino acids that differ between
the two proteins. As a first step toward identifying residues
potentially involved in the recognition of defined germinants,
we decided to examine the role of amino acids that are pre-
dicted to lie in the hydrophilic loop regions of GerVB (Fig. 1)
by replacing putative outer-facing (integument) and inner-fac-
ing (protoplast) residues with those in the corresponding po-
sitions of GerUB, as adjudged by ClustalW alignment (Fig. 2).
The assignment of loops as protoplast- or integument-facing
was via HMMTOP analysis. We decided initially to examine
these residues collectively, preparing plasmid-encoded recep-
tors with 16 amino acid substitutions to the putative outer loop
regions and 11 changes to the inner loops via multiple rounds
of SDM (Table 2). Strains carrying the respective mutagenized
receptor plasmids (GC-OL and GC-IL) were observed to
sporulate normally; these were then prepared and assayed for
germination properties as described in the Materials and
Methods section. Spores carrying the parental GerU and

Lov e womwms

™1 2 TM3
(e 3 AV - MEKAKISASQLFILMVLFELGSELLVPIAUBAKQDAWLATIL}S [€SFVLFIAVYHKL:E] BILLPTEYMQKTI! GI YILYFMYDARRRVLRD
(eSS i) MME KAKISASQLFILMVLFELGSI\LLVPIFAISIAKQDAWLAI LIAGMiSIS FVLFIFVY HK L4y LLPTEYMQKI}H L{epyT MYILYFMYDASRVLRD
10 20 3 70 80 90

........ (S |

L 6050« v v oo

™4
20

TM5 TM6
GerVB LLTHAYPIHTPLF IALISN IYTIRKGIEV)J/ARSGE}S I)@yFIATM LIVEMSGLIEIRNLQPVLEEG] LKVA)ghe]T F|
GerUB IMLLTIJAY PIT PLF I ARPA MIYTIRKGIEV)SARSGEIA YIIAANINGFIILIVEISGLIESANLOPVLEEGIHL PHLKVAIRSIATIA JSE ANV F'
101 130 150 1 18 90

...... 1100 : 6 i3+

....... 140.....

QP he
....... 60:nz:e::wll0usnsnnsdl80:s405s0l

T™™7 T™M8
GerVB pgusnf:2afKbO! TMLCATGLSGINLWITMLINMSVLGVBMLTHRSQFPLLSTVEISIQVADFLERLDVFFMLAIAVIGEFISKISSVLIAYAAVIGTANLFKI
GerUB pgusgfn:240NBS TMLCATGLSGINLINITMLINYSVLGVH RSQFPLLSTVIYSIQVADFLERLDVFFMLAUVIGHMFIIK\YYSVLIFYAAVIGTANLFKI
80

20L.c o i v i 200050 2 e v 2200 o i v o 0 o 2300 v v win 240.....
T™9 T™M10

25000 o v oo e 260 . v o oo 2700 o a v 280....... 2290%; o o0 e 0

[eCEAVA- K SPSRIAS Y PLGIRY BITIASNFQEHLHEGLJ: QAU S ILATI
GerUB EEREIIMERNSINeTT BINITIASNFQEHLHEGL}#:¥:¥4 LETVISLIRRRRYSIPRSNIARHG|
301

bt
...... 310.:% 423200 c5:0+03800ivie:c34000 00

IPSLLLLV‘FLKNRKKQRE
G|
0 g

350 . 360...

FIG. 2. ClustalW alignment of GerVB and GerUB. Predicted TM regions, based on hydropathy profiling of GerVB by HMMTOP analysis, are

highlighted.
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TABLE 3. Rates of germination of spores complemented with
pHT315 plasmid-borne receptor variants®

PUTATIVE LIGAND BINDING SITES IN B. MEGATERIUM GerVB 2017

TABLE 4. Rates of germination of spores complemented with GerU*
receptors with substitutions to outer loop regions of GerVB*

Rate of spore germination with indicated germinant®

Rates of spore germination with indicated germinant®

Strain Strain
Buffer Glucose Proline Leucine KBr Buffer Glucose Proline Leucine KBr
GC-GerU 3 85 3 76 10 GC-GerU* 1 99 100 57 100
GC-GerU* 1 99 100 57 100 GC-L1 4 100 100 71 (%= 24) 100
GC-IL 1 97 100 41 88 (x9) GC-L2 3 100 100 100 10
GC-OL <1 100 <1 <1 7 GC-L3 <1 100 100 85 100
; ; ; . GC-14 <1 100 100 18 (= 10) 67
“ Spores were germinated in 5 mM Tris-HC, pH 7.8, for 40 min with 10 mM GC-15 2 97 2 10 (= 6) 13

germinant (50 mM KBr). Spore germination was measured as described in
Materials and Methods.

® Rates of spore germination are given relative to the A loss (65%) for B.
megaterium QM B1551 spores in 10 mM glucose, which was set at 100. This value
is equivalent to 100% germination after a 40-min incubation. Values are the
means of at least duplicate experiments; standard deviation was =5% of the
mean, except where indicated in parentheses.

GerU* receptors were also prepared for comparative pur-
poses.

Phenotypic differences in the germination properties of
spores carrying the GerU and GerU* receptors were as ex-
pected, with only GerU* spores showing a strong germination
response to proline and KBr (Table 3). Despite the apparent
reduced efficiency of the GerU receptor to single germinant
compounds, GerU demonstrated a stronger germination re-
sponse to leucine than GerU*, which is in agreement with
previous data. Spores of strain GC-IL, in which the predicted
inner loops of the GerVB protein have been replaced with
their GerUB equivalents, show strong germination responses
to all single-trigger germinant compounds, suggesting that res-
idues involved in recognition of proline and KBr have not been
significantly modified. Conversely, spores carrying the GerVB
protein with substituted outer loops (GC-OL) germinate effi-
ciently only in response to glucose. The loss of response to
proline and KBr indicates that B protein outer loops may be
involved in recognition of germinants; however, the loss of
germinative response to leucine, where a gain-of-function phe-
notype might have been expected—since GerU mediates the
stronger response to leucine—was not anticipated. The muta-
tions may introduce subtle differences to the composition and
spatial arrangement of the helical bundles, resulting in confor-
mational changes to the connecting loops and putative ligand
binding sites that permit the GC-OL mutant to germinate in
response to glucose but not to leucine. Regardless, this obser-
vation provides the first evidence of the close association be-
tween the composition of the TM and outer loop regions and
receptor functionality.

In order to identify specific outer loops involved in the spore
response to individual germinants, we decided to construct a
series of mutants carrying the GerVB protein with single outer
loops changed to match those of the corresponding region of
GerUB. Substitutions comprised a single amino acid change to
OL1, three changes to OL4, and four changes to OL2, OL3,
and OLS (Table 2).

The germinative response of this series of mutants to proline
is the most notable (Table 4), where a germination rate of
100% is observed for strains complemented with receptors
with mutations in OL1, OL2, OL3, and OL4. Spores carrying
substitutions in OLS5, however, which comprises four consecu-
tive amino acid changes (K334Y, V335A, E336A, and

“ Spores were germinated in 5 mM Tris-HC, pH 7.8, for 40 min with 10 mM
germinant (50 mM KBr). Spore germination was measured as described in
Materials and Methods.

b Rates of spore germination are given relative to the A loss (65%) for B.
megaterium QM B1551 spores in 10 mM glucose, which was set at 100. This value
is equivalent to 100% germination after a 40-min incubation. Values are the
means of at least duplicate experiments; standard deviation was =5% of the
mean, except where indicated in parentheses.

M337K), show no germinative response to this trigger com-
pound, indicating that some of these residues might participate
in ligand binding.

While mutations to a single outer loop appear to be primar-
ily responsible for the differences in receptor recognition to
proline, the response to other germinants is more complicated
(Table 4). The germination response to leucine is actually
enhanced with respect to GerU* and even the GerU receptor
when OL1 and, in particular, OL2 and OL3 are modified.
Further analysis of the concentration dependence on leucine-
induced germination (Fig. 3) reveals that spores carrying re-
ceptors with OL2 substitutions (strain GC-L2) display both an
increased germinative rate (V,,,, of 0.034 OD/min) and sensi-
tivity to leucine (50% spore germination at approximately 0.44
mM) compared to spores carrying the GerU* receptor (V.
of 0.011 OD/min and 50% germination at approximately 6.30
mM leucine). Spores of strain GC-L2 were also observed to
show increased germinative rates and sensitivity to proline
(Vimax 0.078 versus 0.043 OD/min; 50% spore germination at
approximately 0.30 mM versus 0.53 mM proline) and glucose
(Vmax Of 0.117 versus 0.098 OD/min; 50% spore germination at
approximately 0.13 mM versus 0.23 mM glucose) compared to
strain GC-GerU* (data not shown). Contrary to these gain-of-
efficiency observations, mutations in both OL4 and OLS5 se-
verely impact the germination response to leucine (Table 4). In
either case, differences in the efficiency of germination may be
explained by direct changes to residues involved in ligand
binding—which may involve interactions between multiple
loops—or by introduced conformational changes that promote
or inhibit the ability to accommodate the germinant and/or
transduce the signal upon ligand binding.

The GerVB-mediated germination response to inorganic
salts, exemplified by KBr in these experiments, is also influ-
enced by substitutions on more than one outer loop (Table 4).
Spores carrying receptors with substitutions in OL2, OL4, and
OLS all show decreased germination efficiency upon exposure
to KBr, while mutations to OL1 and OL3 have no impact. KBr
is the only germinant that is adversely affected by OL2 substi-
tutions, which demonstrably enhance the spore response to
nutrient-type germinants, as described above. As with leucine,
we cannot yet distinguish between conformational changes to
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FIG. 3. Effects of L-leucine concentration on spore germination
rates of strains GC-GerU* and GC-L2. Spores carrying receptors with
mutations in the putative OL2 of GerVB (strain GC-L2 [#]) display an
increased germinative rate (A) and sensitivity, in terms of minimal
germinant requirement, to leucine (B) compared to spores carrying the
parental GerU* receptor (<). Spores were germinated in 96-well
plates in a total volume of 300 wl of 5 mM Tris-HCI, pH 7.8, at 30°C
with variable leucine concentrations. Maximum rates of germination
were calculated from the slope of the linear segment of A, loss over
time that follows the initial lag phase. Under these experimental con-
ditions, a 60% loss in A4, correlates with 100% spore germination, as
determined by loss of heat resistance of strain GC-GerU* after a
60-min incubation in 10 mM glucose. This value was used subsequently
to estimate the proportion of germinated spores after incubation for 60
min under the range of germinant concentrations tested. Plotted val-
ues are averages of experiments conducted in triplicate (error bars
represent standard deviations from the mean).

the protein and/or direct changes to residues involved in ligand
binding. However, since both the cation and anion have been
demonstrated to influence the strength of the germinative re-
sponse (27), then perhaps different loops are involved in bind-
ing of the respective ions.

Since initiation of germination upon exposure to proline
appeared to be primarily affected by substitutions to OLS, we
decided to characterize further the residues involved by con-
structing mutants with single amino acid changes. Collectively,
these data demonstrate that even single mutations can exert
considerable influence on the functionality of the receptor
(Table 5). The E336A mutation, for example, completely pro-
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hibits the response to proline while conferring an enhanced
response to leucine with respect to the native GerVB protein.
Additionally, strain GC-L5 with the mutation E336A (GC-
L5gs364) displays increased sensitivity to leucine in terms of
the minimal germinant requirement for stimulation of germi-
nation, with 50% spore germination occurring at approxi-
mately 0.24 mM leucine in comparison to 6.30 mM for spores
carrying the GerU* receptor (Fig. 4). In contrast, the V335A
mutation essentially prohibits the germinative response to
leucine, while also adversely impacting the proline and KBr
responses. Analysis of A4, loss upon exposure to glucose re-
veals that spores carrying the V335A mutation are also subject
to an extended lag phase and reduced germinative rate, sug-
gesting that this residue is also involved in the germinative
response to glucose (Fig. 5). Spores of strain GC-L5y/3354 also
require increased concentrations of glucose to stimulate half-
maximal levels of germination (50% germination at 3.70 mM
versus 0.23 mM for GerU* spores). Of the other residues in
this region, the M337K mutation is also observed to impact
adversely on proline-, leucine-, and KBr-induced germination,
while the K334Y substitution is observed to reduce the germi-
native response to inorganic salts (Table 5).

In view of the importance of these four consecutive OLS
residues to the functionality of the receptor, particularly in
respect to their role in initiating strong proline and KBr ger-
minative responses, we decided to substitute the corresponding
residues in the GerUB protein to ascertain whether gain-of-
function germinative responses could be observed. Addition-
ally, spores carrying a plasmid-encoded receptor where the B
protein comprises a fusion of TM1 to TM8 of GerUB and TM9
and TM10 (and OLS) of GerVB were also prepared. Germi-
native analysis of these mutant strains (GC-GerU,,,s and
GC-GerUVy,qon) reveals that while substitution of residues
required for the recognition of proline in OLS results in a slight
increase in the response to leucine and KBr (Table 6), germi-
nation in response to proline is still weak (10% versus 8% for
incubation in buffer alone). However, spores carrying the TM
fusion protein display a relatively efficient germinative re-
sponse to proline (~39% spore germination) as well as im-
proved germinative rates to the other trigger compounds. The
observation that residues spanning TM9 and TM10 of GerVB
can confer novel gain of function to a noncognate parental

TABLE 5. Rates of germination of spores complemented with GerU*
receptors with single substitutions to putative OLS residues®

Rates of spore germination with indicated germinant”

Strain
Buffer  Glucose Proline Leucine KBr
GC-GerU* 1 99 100 57 100
GC-L5ks34y 2 100 100 63 66
GC-L5y335a 1 97 45 (= 6) 2 41 (= 15)
GC-L5g336a 2 100 1 87 (x8) 87(x12)
GC-L5y337x <1 99 7 20 15

“ Spores were germinated in 5 mM Tris-HCI, pH 7.8, for 40 min with 10 mM
germinant (50 mM KBr). Spore germination was measured as described in
Materials and Methods.

b Rates of spore germination are given relative to the Ay loss (65%) for B.
megaterium QM B1551 spores in 10 mM glucose, which was set at 100. This value
is equivalent to 100% germination after a 40-min incubation. Values are the
means of at least duplicate experiments; standard deviation was =5% of the
mean, except where indicated in parentheses.
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FIG. 4. Effects of L-leucine concentration on spore germination
rates of strains GC-GerU* and GC-LSgs564. Spores of strain GC-
L5g336a (®), in which the glutamate residue at position 336 of GerVB
is replaced by alanine, germinate at an increased rate (A) and display
a lower minimal germinant requirement for leucine (B) than spores
carrying the parental GerU* receptor (¢ ). Spores were germinated in
96-well plates in a total volume of 300 pl of 5 mM Tris-HCI, pH 7.8,
at 30°C with variable leucine concentrations. Maximum rates of ger-
mination were calculated from the slope of the linear segment of A,
loss over time that follows the initial lag phase. Under these experi-
mental conditions, a 60% loss in A, correlates with 100% spore
germination, as determined by loss of heat resistance of strain GC-
GerU* after a 60-min incubation in 10 mM glucose. This value was
used subsequently to estimate the proportion of germinated spores
after incubation for 60 min under the range of leucine concentrations
tested. Plotted values are averages of experiments conducted in trip-
licate (error bars represent standard deviations from the mean).

receptor suggests that binding sites for proline and probably
the other germinants can be attributed to this region of the
protein, while also demonstrating the importance of residues
in the TM regions in addition to the previously identified OLS5
residues.

Kinetic analysis of spore germination. The observation that
substitutions to a localized region of the putative OLS influ-
ence, to various degrees, the rate of spore germination with all
of the major germinants suggests that the respective ligand
binding sites may be in close spatial proximity in the tertiary
receptor structure or may perhaps even overlap. We decided to
investigate the latter by performing a kinetic study of germi-
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FIG. 5. Effect of mutation V335A on the glucose-mediated spore
germination response. Spores of strain GC-L5y35, (®) display an
extended lag phase and slower loss of Ay, when incubated in 10 mM
glucose (A) than the parental strain GC-GerU* (¢). The mutant
spores also require an increased glucose concentration to stimulate a
significant degree of spore germination (50% germination at approx-
imately 3.7 mM) (B). Spores were germinated in 96-well plates in a
total volume of 300 wl of 5 mM Tris-HCI, pH 7.8, at 30°C with variable
glucose concentrations. Under these experimental conditions, a 60%
loss in A correlates with 100% spore germination, as determined by
loss of heat resistance of strain GC-GerU* after a 60-min incubation in
10 mM glucose. This value was used subsequently to estimate the
proportion of germinated spores after incubation for 60 min under the
range of glucose concentrations tested. Experiments were conducted
in triplicate. In panel B, error bars represent standard deviations from
the mean.

nation whereby spores were exposed to varying concentrations
of leucine in the presence of different fixed concentrations of
proline. Analysis of double-reciprocal plots of 1/v versus
1/[leucine] at increasing proline concentrations yields plots
that intersect the x axis at different points (Fig. 6), indicating
that the affinity of spores for leucine increases upon proline
binding. Indeed, from calculated K,,, values (Fig. 6), the affinity
of the spore for leucine is observed to increase by a factor of
approximately 2.5 over a similar proline concentration range
tested, reflecting cooperativity between the germinants. Ap-
parent germination V.. values are also observed to increase,
albeit modestly, with increasing proline concentrations. Con-
sidered together, these data strongly suggest that proline and
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TABLE 6. Rates of germination of spores complemented with
GerU receptor variants®

Rates of spore germination with indicated germinant”

Strain
Buffer Glucose Proline Leucine KBr
GC-GerU 3 85 3 76 10
GC-GerUluop5 8 88 10 95 28
GC-GerUViygion 14 100 39 92 36

“ Spores were germinated in 5 mM Tris-HCI, pH 7.8, for 40 min with 10 mM
germinant (50 mM KBr). Spore germination was measured as described in
Materials and Methods.

’ Rates of spore germination are given relative to the A4 loss (65%) for B.
megaterium QM B1551 spores in 10 mM glucose, which was set at 100. This value
is equivalent to 100% germination after a 40-min incubation. Values are the
means of at least duplicate experiments; standard deviation was =5% of the
mean, except where indicated in parentheses.

leucine bind to different sites on the receptor, although the
potential for germination to proceed via activation of alterna-
tive pathways upon exposure to mixtures of germinants should
also be acknowledged, particularly since at least one other
functional germinant receptor has been recognized in B. mega-
terium QM B1551 (7). Kinetic analyses conducted with com-
binations of other germinants indicate similar cooperativity in
stimulating germination (data not shown).

DISCUSSION

Data presented in this communication represent the first
extensive application of SDM to study the function of the
Bacillus spore germinant receptor. The construction of a series
of strains carrying mutagenized receptor B protein variants
that display conditional germinative responses (where initia-
tion of germination is observed to at least one known germi-
nant but not to others) substantiates the hypothesis that this
component of the receptor determines the range of com-
pounds to which the spore germinates.

While virtually all membrane protein helix prediction programs
tested predicted GerVB to comprise 10 TM domains with N and
C termini localized to the protoplast side of the membrane, as is
characteristic for germinant receptor B proteins (17), agreement
on residues that mark the boundaries between helices and con-
necting loops was not observed. However, the HMMTOP pro-
gram appeared to provide a reasonable consensus on helix-loop
boundaries and was therefore employed in this study to define
loop regions for SDM experiments. The subsequent observation
that, of the residues tested, only modified outer loops appear to
influence the range of compounds that initiate germination sug-
gests that the general model of topology predicted by HMMTOP
is probably correct, since one would expect residues involved in
receptor sensing of germinants to be on the exterior aspect of the
spore inner membrane.

The rationale behind the SDM approach undertaken in this
study—substitution of residues for those in the corresponding
position of a close homologue—is perhaps vindicated by the
observation that in all cases a significant degree of functionality
is maintained by the modified receptors. However, while a
number of residues have been identified as influencing to var-
ious degrees the germinative response to specific trigger com-
pounds, the key issue concerns discriminating between, on the
one hand, residues that participate directly in ligand binding
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and are therefore components of the germinant binding site
and, on the other hand, those that are indirectly involved by
influencing the ability to accommodate or mediate access of
the germinant to the binding site.

In the absence of tertiary structural information or comple-
mentary biochemical data, it is difficult to assign residues to either
of these categories. However, we can state with relative confi-
dence that functionally important residues reside in both the
outer loop and TM domains. This is best exemplified by the
observation that TM domains associated with OL5 (TM9 and
TM10 of GerVB), which includes key residues for proline recog-
nition, are required in addition to the outer loop residues to
confer novel gain of function to a noncognate parental receptor.
Similarly, spores of strain GC-OL, in which all five outer loops
have been modified to match those of GerUB, a cognate receptor
for glucose and leucine, germinate only in response to glucose.
Thus, modification of putative binding sites of the outer loop
region alone appears to be insufficient for efficient initiation of
germination since additional TM-associated residues are required
to mediate presumed conformational changes that trigger the
cascade of germination reactions.

Potential candidates for sites of ligand binding include the
cluster of four nonconserved residues (K55, through Ms;,)
predicted to reside in OL5 of GerVB, immediately adjacent
to TM10, since substitutions to this region, both collective
and individual, were observed to influence to various de-
grees the germinative response to all four germinants. The
construction of mutant receptors with differing affinities for
germinants perhaps indicates that the various substitutions
affect the size, shape, and charge status of ligand binding
sites. The E336A mutation, for example, results in the com-
plete loss of proline recognition with a concomitant en-
hancement of the leucine response. Perhaps, then, the glu-
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FIG. 6. Kinetics of GC-GerU* spore germination in the presence
of leucine and proline. Germination rates were calculated from the
linear segment of OD changes over time to produce Lineweaver-Burk
plots of spore germination at variable leucine concentrations (0.1,
0.175, 0.25, 0.5, 1, 2.5, and 5 mM) and different fixed proline concen-
trations (0.075, 0.1, 0.15 and 0.2 mM). Apparent K,, values ranged
from 210 M to 527 wM in the presence of concentrations of proline
that varied from high to low, respectively. V., values ranged from
0.052 to 0.041 OD/min for concentrations of proline that varied from
high to low, respectively.
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tamate side chain carboxyl group participates in the binding
of proline, while the alanine residue is more favorable for
hydrophobic interactions with the leucine side chain. Thus,
amino acids in this region may participate in a binding
pocket that encompasses binding sites for all germinants,
rendering them close in spatial proximity in the tertiary
structure of the protein. This is certainly consistent with the
cooperativity observed upon kinetic analysis of the spore
response to combinations of germinants, which indicates a
sequential binding mechanism such that binding of one ger-
minant induces a conformational change that increases the
affinity of the receptor for a second germinant. Synergy
upon germinant binding has been observed in spores of
other Bacillus species (1, 3, 4) although this typically in-
volves interaction between two or more cognate germinant
receptors.

Information regarding nearby binding sites for substrates
and ions in prokaryotic secondary amino acid transporters,
thought to ensure close cooperativity during transport, is
extremely well established (18), and it is tempting to draw
parallels between the two systems. Although speculative,
such inferences may be appropriate since receptor B pro-
teins show distant homology to these transporters, leading
to their classification as a subgroup of the amino acid-poly-
amine-organocation superfamily (17). If the molecular basis
of transport in prokaryotic amino acid transporters does
represent a functional precedent for germinant-receptor B
proteins, then it seems likely that residues that participate
directly in germinant binding are also to be found in TM
domains, since this is where ligand binding sites in a number
of amino acid transporters are often located (24, 25, 36).
The observation that residues spanning TM9 and TM10 in
GerVB confer proline recognition to the GerUVy, ., pro-
tein while OLS residues alone do not would appear to sub-
stantiate this hypothesis. Previously described B. subtilis mu-
tants that carry point mutations in putative TM regions of
the GerAB structural gene, necessitating higher concentra-
tions of alanine to initiate germination, further support this
idea (28).

Further SDM studies should reveal the identity of residues
predicted to lie in TM domains that may participate in germinant
binding, perhaps as part of a ligand binding pocket comprising
both loop and TM residues. Mutagenesis-led studies may also
permit the as yet undefined role of the receptor A and C proteins
in germinant recognition to be assessed. Integration of these
analyses with biochemical and structural studies—assuming pro-
tein expression and purification problems can be surmounted—
should ultimately increase our understanding of the molecular
basis for spore germinant receptor function.
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