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From the ‡CNRS UMR 5048, §INSERM U554, and ¶Université Montpellier 1&2, Centre de Biochimie Structurale, 29 Rue de Navacelles,
F-34090 Montpellier, �CNRS UMR 7104, **INSERM U596, and ‡‡Université Louis Pasteur, Département de Biologie et Génétique
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LicT belongs to a family of bacterial transcriptional antiter-
minators, which control the expression of sugar-metabolizing
operons in response to phosphorylations by the phosphoenol-
pyruvate:sugar phosphotransferase system (PTS). Previous
studies of LicT have revealed the structural basis of RNA recog-
nition by the dimeric N-terminal co-antiterminator (CAT)
domainon the onehand and the conformational changes under-
gone by the duplicated regulation domain (PRD1 and PRD2)
upon activation on the other hand. To investigate the mecha-
nism of signal transduction between the effector and regulation
modules, we have undertaken the characterization of a frag-
ment, including the CAT and PRD1 domains and the linker in-
between. Comparative experiments, including RNA binding
assays, NMR spectroscopy, limited proteolysis, analytical ultra-
centrifugation, and circular dichroism, were conducted on
native CAT-PRD1 and on a constitutively active CAT-PRD1
mutant carrying a D99N substitution in PRD1.We show that in
the native state, CAT-PRD1 behaves as a rather unstable RNA-
binding deficient dimer, in which the CAT dimer interface is
significantly altered and the linker region is folded as a trypsin-
resistant helix. In the activated mutant form, the CAT-PRD1
linker becomes protease-sensitive, and the helix content
decreases, and the CAT module adopts the same dimeric con-
formation as in isolated CAT, thereby restoring the affinity for
RNA. From these results, we propose that a helix-to-coil tran-
sition in the linker acts as the structural relay triggered by the
regulatory domain for remodeling the effector dimer inter-
face. In essence, the structural mechanism modulating the
LicT RNA antitermination activity is thus similar to that con-
trolling the DNA binding activity of dimeric transcriptional
regulators.

Transcription factors are usually modular proteins that per-
ceive environmental or intracellular signals within a sensor (or

signal receiver) domain, then transmit this information to an
effector domain that can either inhibit or stimulate RNA poly-
merase activity. In most transcriptional regulators, the effector
domain is a DNA- or RNA-binding domain, whose activity is
modulated by conformational changes in the sensor domain
occurring upon ligand binding or chemical modification such
as phosphorylation. The structural basis of this signal transduc-
tionmechanismhas been unveiled for a relatively small number
of transcription factors,mostlyDNA-binding proteins (1). Very
few studies have so far provided structural details of conditional
mRNA binding by transcription regulators. Among these are
the tryptophan RNA-binding attenuation protein (2, 3) and the
HutP antiterminator (4).
For over 2 decades, we have been studying transcriptional

regulation by a family of antitermination proteins controlling
the hierarchical utilization of carbohydrates in bacteria.Within
this family, LicT fromBacillus subtilis induces the expression of
the bglS gene and bglPH operons involved in the transport and
metabolism of �-glucosides (5). Other well studiedmembers of
this family are B. subtilis SacY (6) and Escherichia coli BglG (7).
When activated, these transcriptional regulators bind to a
ribonucleotidic antiterminator (RAT)2 sequence in targeted
mRNAs and stabilize its hairpin fold. This binding prevents the
formation of an overlapping terminator hairpin, which other-
wise provokes the premature arrest of transcription between
the promoter and the gene coding sequences (6, 8). All mem-
bers of the BglG/SacY family present the same modular orga-
nization (Fig. 1a). RNA binding is mediated by a N-terminal
co-antiterminator (CAT) domain, which can recognize specific
RAT sequences and promote antitermination on its own (9). At
the C terminus of CAT are linked two homologous regulation
domains, PRD1 and PRD2, which are the targets of multiple
phosphorylation reactions by the phosphotransferase system
(PTS) on their histidines (10–12). As to LicT, phosphorylation
of the PRD1 histidines by the aryl-�-glucoside-specific enzyme
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II (BglP) inhibits antitermination, whereas phosphorylation of
the PRD2 histidines by the general histidine-phosphocarrier
protein leads to LicT activation and hence transcription of the
bgl genes (12–14).
At the structural level, LicT is by far the best characterized

member of the BglG/SacY antiterminator family. The three-
dimensional structure of the RNA-binding domain (LicT CAT,
residues 1–56) has been solved by both NMR and crystallogra-
phy (15). It revealed a symmetric homodimer forming an eight-
stranded �-barrel similar to that observed previously for SacY
CAT (9, 16). The solution structure of LicT CAT bound to its
RNA target showed that this dimeric structure remains practi-
cally unchanged upon complex formation. The first x-ray struc-
ture of a PTS regulation domain was determined for an acti-
vated mutant form of the LicT regulatory region (PRD1-PRD2,
residues 57–277), in which the conserved histidines of PRD2
(His207 and His269) had been replaced by aspartic acids to
mimic phosphorylation (17). It is only more recently that the
structure of the wild type regulatory region has been solved in
its inactive state (18). In both the active and inactive states, LicT
PRD1-PRD2 is dimeric, each PRD protomer folding as a com-
pact five-helix bundle. The activating mutation in PRD2 causes
minor changes within the protomers but a drastic rearrange-
ment in the dimer. In the activated mutant structure, both
PRD1 and PRD2 form tight dimers, whereas in the native con-

struct most of the dimeric interface is provided by PRD1-PRD1
contacts, and PRD2 becomes almost monomeric (see Fig. 1b).
Although these studies clearly brought to light massive

activation-dependent structural changes in the LicT regulatory
region, they did not reveal how this regulation signal is trans-
mitted from the sensor domain to the effector domain. In par-
ticular, the conformational changes undergone by CAT upon
activation, as well as the structure of the CAT-PRD1 linker,
remained to be determined. For this purpose, we undertook
structural studies of a protein fragment containing the RNA-
binding domain (CAT, residues 1–52), the first PTS regulation
domain (PRD1, residues 68–167), and the intervening linker
region (residues 53–67).Wehave previously reported a prelim-
inary NMR characterization of the LicT CAT-PRD1, establish-
ing its folding in a symmetrical homodimer (19). In this study,
we have further characterized this construct and compared its
biochemical and biophysical properties to those of a mutant
CAT-PRD1 carrying a D99N substitution which, in vivo, ren-
ders LicT activation independent of PTS-mediated phospho-
rylation (20). We first demonstrate that the intrinsic ability of
CAT to bind its RNA target is reduced when CAT is linked to
the wild type PRD1, but it can be restored by the D99N muta-
tion within PRD1. The conformational differences between the
wild type and D99N mutant CAT-PRD1 were investigated by
NMR spectroscopy, analytical ultracentrifugation, circular
dichroism, and limited proteolysis experiments. The results of
these analyses revealed that important rearrangements of the
CATdimeric interface are driven by PRD1, not through a direct
contact between the two domains but through the helical
linker, which appears to unfold upon activation. Altogether,
our data provide the first structural insights into the mecha-
nism of signal transduction between the regulatory and RNA-
binding domains within an antitermination protein of the
BglG/SacY family.

EXPERIMENTAL PROCEDURES

Protein Purification—The native (or wild type) CAT-PRD1
fragment (residues 1–167) and the isolated wild type PRD1
fragment (residues 57–169) were produced as 6 histidine-
tagged proteins in E. coli BL21(DE3) and purified by affinity
chromatography and size exclusion chromatography as
described previously (19). The activated mutant CAT-PRD1
carrying the D99N substitution was prepared as native CAT-
PRD1 except that buffer pH was raised to 7.5 during purifica-
tion. The isolated CAT domain was produced as a glutathione
S-transferase fusion protein and subsequently cleaved with
thrombin (21). 15N-Labeled proteins were obtained by growing
cells in M9 minimal media with [15N]ammonium chloride
(Eurisotop, St Aubin, France) as the unique source of nitrogen.
For NMR relaxation experiments, a 2H-15N-labeled sample of
wild type CAT-PRD1 was obtained by growing a cell culture in
M9 minimal media supplemented with pure 2H2O (SDS, Mar-
seille, France) and [15N]ammonium chloride. For the produc-
tion of proteins selectively labeled with [15N]Phe residues, cells
were grown as described by Muchmore et al. (22), i.e. all indi-
vidual amino acids, including [15N]Phe, were added individu-
ally to the cell culture. Protein concentrations were measured

FIGURE 1. LicT modular structure. a, organization of LicT functional
domains, showing the PTS-mediated phosphorylation sites (P) and the acti-
vating mutation sites (*). b, modular three-dimensional structure of LicT in its
active state (top view) and inactive state (bottom view), as deduced from solu-
tion or crystal structures of different LicT constructs as follows: the active CAT
dimer bound to the RAT RNA hairpin (21) (PDB 1L1C), the activated mutant
form of the PTS regulation domains carrying the double H207D/H269D sub-
stitution in PRD2 (17) (PDB 1H99), and the native PTS regulation domains (18)
(PDB 1TLV). The two protomers of the dimeric modules are shown in different
colors. The four �-strands of the active CAT protomer and the five �-helices of
the PRD1 and PRD2 bundles are labeled. The side chains of the phosphoryla-
tion/mutation sites and of Asp99 at the PRD1 dimeric interface are shown. The
three-dimensional structures of CAT in the inactive state and of the CAT-PRD1
linker (residues 53– 67) in both states are still not known.
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by the Bradford assay or by UV absorbance at 278 nm using
theoretical extinction coefficients.
RNA Binding Assay—Electrophoretic mobility shift assay

(EMSA) experiments were performed using a 31-base-long
fluorescein-labeled oligoribonucleotide synthesized on an
Applied Biosystem synthesizer and corresponding to the bglS-
RAT target recognized by LicT (6). The experimental proce-
dure for gel mobility shift assays was essentially the same as
described before (15) except that 10 �M of fluorescein-labeled
RNA was used for the binding reactions, and the fluorescent
bands were revealed by UV exposure.
Fluorescence anisotropy binding assays were carried out

with an Atto647N-labeled bglS-RAT ribonucleotide purchased
from IBA (Germany). Just before use, an RNA aliquot at 200 nM
was boiled for 5 min, left on ice for a few minutes, and then
diluted to 2 nM in 200 mM KCl. Fluorescence anisotropy titra-
tionswere performed inCorningNBS384-well plates by adding
40 �l of the RNA preparation to 40 �l of the purified proteins
diluted in 10mMTris, pH 8, 150mMNaCl, 0.5mMEDTA, 1mM

DTT, 0.05 mg/ml bovine serum albumin. Fluorescence polar-
izationwasmeasured at 25 °C using aTecan Safire fluorescence
reader, and data analysis was conducted using the BIOEQS
software (23).
NMR Spectroscopy—All NMR spectra were acquired on a

Bruker spectrometer operating at a nominal proton frequency
of 599.9 MHz and equipped with a triple resonance cryoprobe
optimized for proton detection. 15N-1H HSQC experiments
were recorded with 15N and 1H spectral widths of 2000 and
6000 Hz, respectively, as t1 � t2 matrices of 64 (128) complex t1
points � 512 (1024) complex t2 points for CAT-PRD1 (CAT)
constructs. 15N-1H HSQC spectra of CAT, CAT-PRD1, and
D99Nmutant CAT-PRD1were recorded at 27 °C with the pro-
tein samples at 0.1 or 1 mM in 200 mM Na2SO4, pH 6.4, 0.5 mM

EDTA, 10 mM sodium phosphate, 1 mM DTT, and 2 mM ben-
zamidine. Titration experiments with the independent CAT
and PRD1 domains were performed in the same buffer but
higher pH (pH 7) to optimize PRD1 stability and solubility (19).
The starting concentration of 15N-CATwas 0.6 mM, and PRD1
was added up to 1.5 eq of 15N-CAT (resulting in final concen-
trations of 0.3 and 0.45mM, respectively). For relaxation exper-
iments on the 2H-15N CAT-PRD1 protein, the buffer was 50
mM Na2SO4, 10 mM sodium phosphate, pH 6.4, 0.5 mM EDTA,
2mMbenzamidine. All relaxation data sets were obtained using
TROSY-based pulse schemes, according to published pulse
sequences (24) at 20 °C. All spectra were recorded in an inter-
leaved manner, with a recycle delay of 2.5 s. Delay times for the
T1 experiments were 9, 300, 600, 900, 1800, 2400, 3000, and
3600ms, and for the T1� experiments delay times were 3, 6, 12,
24, 30, 36, 40, and 42 ms. A 1.5-kHz 15N spin-lock field was
applied during the T1� delay. Compensatory spin-lock fields
were introduced in the T1 and T1� experiments so that the
spins experience an identical heating in all relaxation experi-
ments.R1 andR1� rates were extracted by data fitting assuming
a two-parameter exponential decay, and the goodness of fit was
assessed by �2-based statistics. R2 was calculated from the rela-
tionship, R1� � cos2� R1 � sin2� R2, where � is defined as � �
artan(�1/�), �1 the spin lock field, and � the resonance offset

from carrier frequency. Estimation of the diffusion tensor was
done with the Tensor software from R2/R1 ratios (25).
Residual dipolar couplings (RDC) were calculated as the dif-

ference between splittings measured in the presence (J�D) and
absence (J) of the alignment medium (polyethylene glycol/
hexanol) (26). HN-N coupling constants were measured as dif-
ferences of splittings in the 15N dimension between a regular
HSQC spectrum and a TROSY spectrum recorded with 128
complex points in F1, and subsequently zero-filled to 256 com-
plex points using linear forwards prediction. Extraction of the
alignment tensor parameters was performed with the Module
software (27).
Construction of the models was done with the InsightII soft-

ware (Accelrys, Palo Alto, CA). We used the Pales software to
simulate the alignment tensors and to calculate the correlation
coefficients between the measured RDCs (Jdipmes) and simu-
latedRDCs (Jdipcalc) (28). AllNMRspectrawere processedwith
the Gifa Software (29) and analyzed with NMRview 5.0 (30).
Analytical Ultracentrifugation—Analytical ultracentrifuga-

tion experiments were performed using an Optima XL-A ana-
lytical ultracentrifuge (Beckman-Coulter, Palo Alto, CA)
equipped with a UV-visible absorbance detection system. Pro-
tein preparations of native and D99Nmutant CAT-PRD1 were
extensively dialyzed against 50 mM NaPO4 buffer, pH 7, 50 mM
Na2SO4, 2mMTCEP and then diluted to 0.5, 1, 2, or 4mg/ml in
the dialysis buffer. Equilibrium experiments were performed in
12-mm optical path cells by centrifugation at 8000 rpm at 5 °C
until equilibrium was reached, and a final centrifugation was
performed at high speed (50,000 rpm) to determine the base-
line offset. Data were collected at 280 nm, and whole-cell
weight average buoyant molecular weights were estimated
using the software EQASSOC (31). To determine the dissocia-
tion constant of the native CAT-PRD1 dimer, sedimentation
equilibrium experiments were carried out at 20 °C with a four-
hole An-55 rotor and standard 1.2-cm hexa-sector cells. Sam-
ples were run at 15,000 and 18,000 rpm, and protein concentra-
tion distributions were determined at 280 nm. Sedimentation
equilibrium data were fitted to a monomer-dimer model using
the software SEDPHAT (32) in a global analysis of several
experiments.
Far-UV Circular Dichroism Spectroscopy—After overnight

dialysis in 50 mM NaPO4 buffer, pH 7, 50 mM Na2SO4, 1 mM
TCEP, protein concentration of the native and mutated LicT
CAT-PRD1 preparation was measured and carefully adjusted
to 0.04 mM (according to UV absorption). Far-UV spectra
(180–260 nm) were recorded at room temperature, on an
Applied Photophysics ChiraScan spectrometer, in a 0.1-cm
path length cell at a step resolution of 1 nm. Experimental data
(corresponding to a mean of five scans and corrected for back-
ground) were analyzed using four different deconvolution soft-
wares (CDPro distribution): Lincomb (33),MLR (34), K2D (35),
and Selcon3 (36). The Lincomb andMRLmethods are based on
fixed sets of reference proteins and are insensitive to protein
concentration estimation. They thus represent the softwares of
choice to perform differential analyses for native and mutants
proteins to qualitatively decipher a change in secondary struc-
tures. The K2D and Selcon3 analysis software packages are
known to give more reliable values of secondary structure con-
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tent. Because they are sensitive to errors in the estimated pro-
tein concentrations, spectral magnitude effects had to be inves-
tigated (37), and it was found that the estimations were robust
as long as the error in protein concentration was below 10%.
Limited Proteolysis—Proteins were diluted to 1 mg/ml in

trypsin buffer (50 mM Tris, pH 7.5, 50 mM NaCl, 10 mM CaCl2,
0.5 mMDTT), and trypsin (Sigma) was added to a final concen-
tration of 0.01mg/ml. The reaction was performed at 25 °C and
stopped by the addition of EDTA (100 mM final concentration)
and denaturating loading buffer. Proteolysis fragments were
separated by electrophoresis on SDS-15% (w/v) polyacrylamide
gel, electrotransferred onto nitrocellulose, and subjected to
N-terminal sequencing.

RESULTS

D99NMutation of PRD1Restores CATRNABinding Activity—
Previous experiments have demonstrated that the isolated
CAT domain from LicT, including the 56 N-terminal residues,
is able to bind to its RAT target and promote antitermination
(9). In this study, we have investigated more precisely how the
adjunction of the PRD1 domain modulates the RNA binding
capacity of CAT in vitro. In EMSA experiments (Fig. 2a), iso-
lated CAT produced a band shift of the RNA probe, which was
already visible at a protein concentration of 0.1 �M. At this
concentration, no band was detected with CAT-PRD1. This
result demonstrates that the presence of the native PRD1 dras-
tically reduces the RNA binding activity of the CAT domain.
We then investigated the effect of the D99N substitution

within PRD1. This mutation, previously identified by genetic
screening for PTS-independent LicT variants (22), leads to a
strong constitutive active phenotype in vivo. In EMSA experi-
ments,mutantD99NCAT-PRD1, in contrast with nativeCAT-
PRD1, produced a clear band shift at a protein concentration
below 0.5 �M (data not shown). A fluorescence anisotropy-
based binding assay was used for quantitative comparison of
protein-RNA interactions. The binding profiles observed with
the wild type and D99N mutant CAT-PRD1 at 1 nM fluores-
cently labeled RNA (Fig. 2b) clearly revealed a higher affinity for
the mutant protein. The dissociation constant (KD) of the pro-
tein-RNA complex was found to be about 19 nM in case of the
wild type protein and 2.6 nM in case of themutant (see legend of
Fig. 2).
Altogether our results demonstrate that the RNA binding

activity of the CAT domain is reduced in the presence of the
native PRD1 and that theD99Nmutationwithin PRD1 restores
efficient RNAbinding, even in the absence of the PRD2domain.
CATAdopts aDifferent Conformation in theNative andActi-

vated Mutant CAT-PRD1—NMR chemical shifts are exquis-
itely sensitive probes of protein conformation even in the
absence of detailed three-dimensional structures. The possible
conformational changes undergone by the CAT domain upon
activation were investigated by this method. Fig. 3 shows the
15N-1HHSQC spectrumof isolatedCAT (in red) superimposed
with that of CAT-PRD1 in the native inactive form (Fig. 3a) or
activated mutant form (Fig. 3b). As CAT is composed of an
antiparallel �-sheet, its 15N-1H HSQC spectrum has very char-
acteristic high field and down field resonances. As seen in Fig.
3a, many of these resonance peaks were shifted in the native

CAT-PRD1 spectrum, indicating that the presence of the wild
type PRD1 modifies the structure of CAT. In contrast, for the
activatedmutant CAT-PRD1,most of the peaks assigned to the
RNA-binding domain could be retrieved by superposition with
the NMR spectrum of isolated CAT, despite the adjunction of
more than 100 additional peaks originating from PRD1. This
identificationwas facilitated by the fact that PRD1 is an all-helix
domain with the majority of its 15N-1H correlation peaks con-
centrated in the narrow and central 9–8/127–116 ppm region.
Hence, 41 peaks could be readily identified as originating from
the �-stranded CAT domain because their position in the
mutant CAT-PRD1 spectrum remained practically unchanged.
The assignments were confirmed by sequential HN(i)-HN(i �
1) NOE correlations found for the segments 4–5, 16–17,
18–20, 27–31, 32–35, 36–38, and 40–44, which are rich in
turns. Thus, our data demonstrate that the active state of CAT
is defined by a unique fold, whether it is isolated or linked to a
regulatory module, whereas perturbation of this fold results in
an inactive protein. Many backbone resonance shifts were also
observed outside the CAT domain, indicating that important

FIGURE 2. RNA binding activity of different wild type and activated
mutant LicT constructs. a, electrophoretic band shift assay in 8% polyac-
rylamide gel with a fluorescein-labeled oligoribonucleotide (10 �M) cor-
responding to the bglS-RAT target and increasing concentrations of puri-
fied His tag proteins (�M), including different wild type or activated
mutant LicT domains as follows. a, wild type CAT (residues 1–56), wild type
CAT-PRD1 (residues 1–167), or wild type full-length LicT (CAT-PRD1-PRD2,
residues 1–277). b, fluorescence anisotropy binding titration of Atto647N-
labeled RNA probe (1 nM) with wild type (closed circles) or mutant LicT
CAT-PRD1 (open circles). Normalized anisotropy changes (�A) are plotted
as a function of protein concentration (nM); solid line curves correspond to
data fitting using a model assuming a single binding event. Because of
differences in anisotropy plateau values, probably because of differences
in the dynamics of the protein-RNA complexes, we have fitted the raw
data and then normalized both data and fit for comparison. The free
energy of the dissociation reaction (�G, kcal/mol) calculated using BIOQS
(23) was found to be 10.4 � 0.9 for the wild type protein and 11.6 � 0.3 for
the mutant protein, corresponding to KD values of about 19 and 2.6 nM,
respectively. Errors were determined from rigorous 67% confidence limit
testing at the 67% level.
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conformational changes occurred
as well in the PRD1 and/or in CAT-
PRD1 linker upon activation.
Interaction Mode between CAT

and PRD1—The structural pertur-
bation inflicted on CAT by native
PRD1 could be due to direct con-
tacts between the two domains. To
explore this hypothesis, we pro-
duced both domains independently
and performed NMR footprinting
experiments using the 15N-labeled
CAT and the isolated nonlabeled
native PRD1. Both domains were
purified as dimers, as deduced from
their gel filtration profile (data not
shown). The 15N-1H HSQC spec-
trum of the CAT domain (0.6 mM)
was found to be virtually the same in
absence and in presence of 1.5 eq of
PRD1 (supplemental Fig. S1). Under
these conditions (cCAT � 0.3 mM,
cPRD1 � 0.45 mM), a dissociation
constant of 10�4 M (10�5 M) would
correspond to a concentration of
0.21 mM (0.28 mM) for the CAT-
PRD1 complex. Hence, for a Kd of
10�4 or 10�5 M, we would detect
changes in the NMR spectrum of
CAT (either shift or broadening
of resonances). The absence of
changes demonstrates that CAT
and PRD1 have no specific affinity
for each other.
The lack of direct contact

between CAT and PRD1 was also
supported by the observation of
slight differences in peak linewidths
for CAT and PRD1 in the NMR
spectra of the CAT-PRD1 con-
struct. We noticed that the reso-
nances from CAT residues were on
average 20–30% more intense than
the resonances fromPRD1 residues.
Accordingly, the relaxation timesT1
and T2 measured on the 15N-2H
labeled CAT-PRD1 protein pro-
vided estimations of 29 and 32 ns for
the overall correlation time (�c) of
CAT and PRD1, respectively (at
20 °C) (supplemental Fig. S2). If the
mutual orientation of the CAT and
PRD1 domains was fixed, both
domains would have the same cor-
relation time of 29 ns (as predicted
by Hydronmr for a closed structure
obtained by combining the CAT
C-terminal and PRD1 N-terminal

FIGURE 3. Comparison of 15N-1H HSQC spectra of LicT CAT, native CAT-PRD1, and activated D99N mutant
CAT-PRD1. Heteronuclear two-dimensional NMR spectra were recorded at 27 °C with the 15N-labeled proteins at 1
mM in 200 mM Na2SO4, pH 6.5, 2 mM DTT, 2 mM benzamidine. The figures show the spectrum of the isolated CAT
domain (red) superimposed onto the spectrum (black) of native CAT-PRD1 (a) or activated D99N mutant CAT-PRD1
(b). Resonance peaks have been attributed to CAT residues based on backbone resonance assignments obtained on
isolated CAT (21) or native CAT-PRD1 (19). CAT correlation peaks are numbered in red if not shifted and in black (and
connected by black lines) if shifted. For a better comparison between spectra, the peak line width in the 13-kDa CAT
spectrum has been broadened by an appropriate processing filter before Fourier transform to retrieve a comparable
line width to the spectra of the 40-kDa native and mutated CAT-PRD1 constructs.
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parts). Inversely, in the case of a complete independence, their
respective correlation times would be closer to the values pre-
dicted if they were isolated, i.e. 8.5 and 16.4 ns for CAT and
PRD1, respectively (although covalent adjunction of a domain
always increases the correlation time because of steric exclu-
sion phenomena (38, 39)). Hence, our data exclude the hypoth-
esis where CAT and PRD1move together as a single rigid body
as well as the hypothesis where they wobble independently
from each other. Rather, the correlation times are compatible

with a CAT-PRD1 protein in which the two modules have no
(strong) mutual interaction and are connected by a semi-rigid
linker.
Remodeling of the CATandPRD1Dimer Interface—Deutera-

tion was mandatory to achieve the assignment of the native
40-kDa LicT CAT-PRD1 protein, but precluded the recording
of side chain 1H-1H NOEs required for structure elucidation.
Although the structure of CAT in the inactive state is still
unknown, valuable information on secondary and tertiary
structures can be obtained from NMR experiments.
Fig. 4 shows the chemical shift index plot for backbone and

C� carbon atoms of native LicT CAT-PRD1 based on the
sequential resonance assignment of the triply labeled protein
reported previously (19). The predicted secondary structure of
CAT-PRD1 in the inactive state deduced from this plot indi-
cates that at least three of the four original�-strands of theCAT
monomer are present in native CAT-PRD1. Only the first
strandwas not correctly predicted, probably because of the par-
ticular distorted conformation of this strand. The conservation
of CAT topology was confirmed by the presence of all the
expected inter-strand amide-amide nuclear Overhauser effects
(NOEs) as follows: Lys5/Ser13 (�1/�2), Ile7/Val11 (�1/�2),
Val14/Leu22 (�2/�3), Ile12/Val24 (�2/�3), Met25/Lys46 (�3/�4),
and Val23/Lys48 (�3/�4) NOEs (21). The conservation of the
local structure of CAT was confirmed by the acceptable �2
value obtained in the estimation of the alignment tensor param-
eters from the measured HN-N RDCs and the coordinates of
the x-ray structure (Table 1). The predicted secondary struc-
tures in the downstream PRD1 module were also in excellent
agreement with the five-helix bundle observed in the crystal
structure of the LicT regulatory region (18).
Fig. 5A shows that the CAT residues exhibiting the highest

chemical shift variations are scattered all along the sequence.
Mapping of these residues onto the three-dimensional struc-
ture (Fig. 5B) revealed that the perturbations correspond to the
CAT dimeric interface. Moreover, in the isolated CAT dimer,
the two �4 strands make antiparallel interactions, and numer-
ous inter-strandNH/NHNOEs are observed (between residues
Lys53/Lys47, Asn52/Val47, Val47/Asp51, and Thr49/Asp51). None
of these inter-monomer �4/�4 NOEs was retrieved on the
spectra of native CAT-PRD1, which indicates a change in the
structure and/or dynamics of this �-strand. This strand is
indeed the structural element where themost important chem-
ical shift changes are measured. In addition, this �4 strand is
slightly shorter in CAT-PRD1 (residues 46–50) than in isolated
CAT (residues 46–53).

FIGURE 4. Chemical shift index plot of the C�, C�, and CO atoms and
predicted secondary structure of native CAT-PRD1. The Chemical Shift
Index (CSI) plot of native CAT-PRD1 carbon atoms is based on the sequential
resonance assignment of the triply labeled protein reported previously (19).
The Chemical Shift Index plot generated using NMRview (30) is shown below
the amino acid sequence of the His tag protein. On top and below are indi-
cated the positions of �-strands (black arrows) and �-helices (looped lines) as
calculated from the atomic coordinates of LicT CAT (PDB 1L1C) and native
LicT regulatory domain (PDB1TLV), or as predicted (Pred) from the CSI plot
analysis (48), respectively. The highlighted linker region (residues 53– 67) con-
necting the RNA-binding domain to the regulatory domain is predicted to be
folded essentially as a helix in native CAT-PRD1. For each backbone atom, C�,
C�, and CO, up and down pins represent positive and negative variation from
the random coil chemical shifts, respectively. The reliability of secondary
structure determination by CSI is estimated to be 80%. Combining CSI pre-
diction with sequence information by the PSI-Pred software (49), whose reli-
ability is estimated to be around 90%, confirmed the prediction of helix in the
linker.

TABLE 1
Alignment and diffusion tensor for native CAT-PRD1

Alignment tensor Diffusion tensor
A�, A� �, �, �a �2 b D�, D� (108 s�1) �, �, �a �2 c

CAT (native CAT-PD1) 10.9, 3.7 �83, 114, �18 1.5 4.6, 7.7 0, 119, �23 1.4
PRD1 (native CAT-PD1) 10.2, 4.2 118, 115, 123 2.8 NDd ND ND
CAT (D99N CAT-PD1) �4.2, 3 34, 92, 90 0.3e ND ND ND

a Euler angles of the tensor are shown. Only the values of � and 	 are meaningful for the comparison of the main axes of the diffusion and alignment tensors (� defines the
orientation of the perpendicular axes).

b Normalized �2 � �i1/N (Jdipmes(i) � Jdipcalc(i))2/
 2(i).
c Normalized �2 � �i1/N (R2/R1mes(i) � R2/R1calc(i))2/
 2(i).
d ND indicates not determined.
e The low value of normalized �2 for Asp99 CAT-PRD1 compared with native CAT-PRD1 reflects the low values of measured RDCs.
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Our attempts to assign the ensemble of correlation peaks in
the 15NNMR spectra of the activatedD99NCAT-PRD1 having
failed, we turned to specific 15N labeling of the phenylalanine
residues to get further information. CAT-PRD1 contains six
phenylalanines (Phe31, Phe48, Phe59, Phe103, Phe130, and
Phe155), and the 15N-1H HSQC spectrum of 15N-Phe D99N
CAT-PRD1 exhibited indeed only six correlation peaks (Fig.
6a). Phe31 and Phe130 are located outside the dimer interface
(Fig. 6b), and their correlation peaks remained unchanged
between native and mutant CAT-PRD1. The Phe48 (CAT),
Phe103 (PRD1), and Phe155 (PRD1) belong to the dimer inter-
face of their respective module, and their correlation peak
strongly shifted between native and mutant CAT-PRD1. It was
also the case of Phe59, located in the linker connectingCAT and
PRD1, indicating a different structural environment for this
residue between both protein forms.
Stabilization of the CAT-PRD1 Dimer upon Activation—As

native and mutant CAT-PRD1 had different dimeric interfaces,
their relative stabilities as dimers were investigated. The apparent
molecular masses at different protein concentrations were first
compared by analytical size exclusion chromatography.As seen in
Fig. 7a, at a concentration of 10mg/ml, themutant protein eluted
asa singlepeak in thevolumeexpected for a40-kDadimer.Elution
profiles of the wild type construct performed at different concen-
trations always exhibited the following two peaks: a 40-kDa peak,
whose relative height drastically diminished as protein concentra-
tion decreased, and a mobile peak, whose position shifted toward

lowermolecular weight and nearly reached the value expected for
the monomer (20 kDa). When concentrated and reinjected, the
native protein, which was recovered from each peak, yielded the
same two peak elution profile (supplemental Fig. S3). From these
observations, it can be concluded that wild type CAT-PRD1
behaves as expected for a protein in dimer-monomer equilibrium
(40), whereas the activated mutant protein is present as a dimer
under all the conditions tested.
Analytical ultracentrifugation was then performedwith both

proteins at different concentrations (Table 2). The average
molecular mass values measured for the mutant protein at all
tested concentrations were those expected for a dimer, namely
45.1 kDa. In contrast, the apparent molecular mass values
measured for native CAT-PRD1 increased from 29.6 kDa at the
lowest concentration (0.5 mg/ml) to 39.1 kDa at a concentra-
tion of 4 mg/ml. Analytical ultracentrifugation experiments

FIGURE 5. Chemical shift differences in native CAT-PRD1 versus isolated
CAT plotted on CAT primary and tertiary structure. A, backbone chemical
shift differences (��H

2�0.1��N
2)1/2 measured in Fig. 2a are plotted as a func-

tion of the residue number in the amino sequence. The factor 0.1 normalizes
the magnitude of 15N chemical shift changes to that of amide 1H chemical
shift changes and was established from estimates of atom-specific chemical
shift ranges for LicT-CAT-PRD1 (50). Resonances of residue Lys53 (labeled with
an asterisk) could not be assigned. B, comparison of (H,N) amide couples
experiencing a shift exceeding 0.2 ppm (represented as black spheres, right
side) with the (H,N) amide couples of the dimer interface (represented as light
gray spheres, link side). An (H,N) amide couple was identified as belonging to
the dimer interface as soon as the H or N atom was within 5 Å of any atoms of
the other protomer.

FIGURE 6. Localization and NMR spectral characteristics of the Phe resi-
dues in D99N CAT-PRD1. a, 1H-15N HSQC spectrum of specifically labeled
15N-Phe D99N CAT-PRD1. The spectrum exhibited six correlation peaks, cor-
responding to Phe31, Phe48, Phe59, Phe103, Phe130, and Phe155. Ellipses indicate
the positions of the corresponding correlations peaks of native CAT-PRD1
(two positions are indicated for Phe59, as NMR data were ambiguous for this
residue, but none corresponded to the correlation peaks found for mutant
CAT-PRD1). The correlation peaks of the Phe residues belonging to the dimer
interface and to the linker region are all shifted between the mutant and
native protein, whereas the other Phe residues (Phe31 and Phe130) exhibited
identical NMR chemical shifts. b, ribbon representation of the structure of CAT
and PRD1 (1H99, activated form). The side chains of the 6 Phe residues are
represented in light gray, with their respective label underscored.
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were repeated forwild typeCAT-PRD1 to determine the appar-
ent dissociation constant (Kd) for the monomer-dimer equilib-
rium (supplemental Fig. S4). Under the conditions used for the
experiments, a Kd value ranging from 1.8 to 7.5 �M was deter-
mined for the wild type CAT-PRD1 dissociation.
Structure of the CAT-PRD1 Linker in the Inactive and Active

State—Information on the backbone structure of the linker
joining CAT to PRD1 (residues 53–68) could be retrieved from
the high field NMR spectra of the triply labeled protein. From
the backbone chemical shift index plot presented in Fig. 4,most
of the CAT-PRD1 linker was predicted to be folded as a helix in

wild type CAT-PRD1 (resonances of residues 63–66 could not
be assigned). This helical fold was confirmed by the presence of
numerous contiguous HN-HN NOEs (Val55/Ser56, Ser56/Glu57,
Glu57/Lys58, Lys60/Thr61, and Thr61/Leu62). In contrast, the
corresponding residues have been observed to be in a random
coil in isolated CAT (21), with only two distant turns reminis-
cent of the helix evidenced in this study.
To examine the alternative conformation of the CAT-PRD1

linker, we have performed a precise analysis of the helical con-
tent of the LicT CAT-PRD1 constructs by far-UV circular
dichroism. Fig. 8a shows a comparison of the normalized CD
spectra obtained for the native and mutant CAT-PRD1. As

FIGURE 7. Comparison of the elution profile of the native and activated
D99N mutant CAT-PRD1 by size exclusion chromatography. a, elution
profile on Superdex 75 HR10/30 (GE Healthcare) of wild type (dotted line) and
activated D99N mutant (thick line) CAT-PRD1 at 5 mg/ml. The mutated CAT-
PRD1 protein elutes as a single peak at the position expected for a dimer of 40
kDa. The native CAT-PRD1 elutes as a double peak as follows: a minor peak
corresponding to the dimer size, and a major peak corresponding to a molec-
ular size intermediate between that of the dimeric and monomeric form. This
profile is characteristic of a monomer/dimer equilibrium (40). b, elution pro-
file of wild type CAT-PRD1 injected at 15 mg/ml (solid line), 5 mg/ml (dashed
line), or 1 mg/ml (dotted line). The height of the peak corresponding to the
dimeric form increases as the concentration of injected protein increases, as
expected for a monomer-dimer equilibrium. At a concentration of 15 mg/ml,
one can note the presence of minor peaks corresponding to higher molecular
weight aggregates, which were not further characterized in this study.

FIGURE 8. Comparison of CD spectral properties and protease sensitivity of
CAT-PRD1 in the active and inactive state. a, normalized far-UV CD spectra
obtained with the native (thin line) and activated D99N mutant (thick line) CAT-
PRD1 proteins at 0.04 mM in 50 mM Na2SO4, 50 mM NaH2PO4, 1 mM TCEP, pH 7. The
mean ellipticity values are in units of degrees�cm2�dmol�1 residue�1. b, SDS-
PAGE analysis of the trypsinolysis kinetics of the native (left) and activated D99N
mutant (right) CAT-PRD1 proteins at 1 mg/ml, incubated with trypsin (0.01
mg/ml). Arrows indicate fragments analyzed by N-terminal sequencing.

TABLE 2
Average molar mass of wild-type and activated mutant CAT-PRD1 as
determined by analytical ultracentrifugation

Protein
concentrationa

Average molar massb

Wild-type
CAT-PRD1

Active mutant
CAT-PRD1
(D99N)

mg/ml
0.5 29,600 45,150
1 31,210 45,150
2 37,260 46,130
4 39,140 45,150

a Concentration of the protein samples used for sedimentation equilibriumat 8000 rpm.
b The average molar mass (M) is related to the buoyant molar mass (M*) of the
proteins determined by whole-cell measurements at 280 nm of the concentration
distribution at equilibrium.M*�M(1� v�) where � is the partial specific volume
of the protein monomer (0.747) calculated from its amino acid sequence, and � is
the density of the solvent.
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expected, they both exhibited the typical features of proteins
containing a high proportion of �-helix, as evidenced by the
markedminima of themean residue ellipticity near 208 and 222
nm. However, the ellipticity minima of wild type CAT-PRD1
were found to be systematicallymore pronounced than those of
the mutant CAT-PRD1. Accordingly, quantitative analysis of
the spectra by four different deconvolution software packages
(Table 3) revealed a systematic increase in helical content and a
concomitant decrease in �-strand content for wild type CAT-
PRD1 comparedwith themutant protein. Based on the existing

structural data, the helical content of the CAT-PRD1 construct
is 50.3% if the linker is assumed to fold as a helix and 44.3% if it
is assumed to be unstructured. Considering the shortening of
CAT�4-strand observed in thewild type construct, the�-sheet
content is predicted to decrease from15.6% in the active state to
13.7% in the inactive state. These values are in good agreement
with the values estimated from the CD spectra analysis using
the K2D or Selcon3 methods, which usually provide the most
reliable estimation of the secondary structure content (see
“Experimental Procedures”). Hence, our results are consistent
with a helix-to-coil transition in the linker and a gain in �-sheet
structure in the CAT domain upon activation.
Unfolding of the CAT-PRD1 Helical Linker upon Activation—

The conformational changes associated with activation were
also investigated by limited proteolysis. As seen in Fig. 8b, very
different trypsin hydrolysis kinetics were observed for the
mutant and native proteins. After 60 min, the activated D99N
CAT-PRD1 had been totally cleaved, giving rise to a protease-
resistant fragment of about 12 kDa compatible with cleavage in
the linker region. In contrast, a substantial amount of the wild
type protein remained intact after 1 h of incubation with tryp-

sin. N-terminal sequencing of the
lowest molecular weight trypsinoly-
sis fragments revealed cleavage at
both Lys53 and Lys60 in case of the
mutant, and at Lys60 in case of the
wild type. As Lys53 and Lys60 are
located within the CAT-PRD1
linker, it can be inferred that these
residues are not readily accessible to
protease attack in the wild type con-
structs, in good agreement with this
region being folded as a helix in the
wild type protein. The fact that this
region becomes much more prone
to proteolysis in the active state is
also consistent with the linker helix
undergoing partial unfolding upon
activation.
Structural Models of Native and

Mutant CAT-PRD1 from HN-N
RDCs—Finally, we performed HN-N
RDC (Jdip) measurements on both
proteins in a polyethylene (C12E5)/
hexanol mixture (26). Fig. 9a
depicts the comparison of the RDC
profiles for CAT in native and
mutant CAT-PRD1. Twomajor dif-
ferences were evident; the ampli-
tudes and signs of the couplings
were strikingly different between
both proteins. The D2O splitting
was 10.5 and 11.7 Hz for native and
mutant proteins, respectively, indi-
cating a similar degree of medium
alignment in the spectrometer field.
Hence, the difference in amplitude
indicates a significant difference in

FIGURE 9. Comparison of HN-N RDC profiles measured for native and mutant CAT-PRD1 and simulations
of different models for the native protein. a, comparison of the HN-N RDC profile measured for CAT in native
and mutant D99N CAT-PRD1 as a function of the residue number in sequence. Filled triangles, native CAT-PRD1;
open circles, D99N CAT-PRD1. b, correlation plot of experimental versus simulated HN-N RDC for different
models of opening of CAT represented in c. c, backbone representation of CAT in different conformers (respect-
ing a 2-fold symmetry around the x axis of the derived alignment tensor). Thin line, closed conformation,
corresponding to the top correlation plot in b (r � 0.06); gray thick lines, semi-open conformation, correspond-
ing to the middle correlation plot (r � 045) in b; dark thick line, open conformation, corresponding to the
bottom correlation plot (r � 0.75) in b. The orientation of the alignment tensor axes estimated for CAT is
indicated as solid lines (Ax and Az). The orientation of the main axis of the diffusion tensor of CAT assuming an
axial model of tumbling is depicted as dotted line (D�).

TABLE 3
Secondary structure content in native and activated mutant
CAT-PRD1

Softwarea
Helix () �-Sheet Others

Native D99N Native D99N Native D99N
% % %

Lincomb 32 27 60 61 18 12
MLR 60 47 28 42 12 11
K2D 56 41 11 18 34 42
Selcon3 46 39 13 15 42 28

a Deconvolution softwares used for analyzing the native and activatedD99Nmutant
CAT-PRD1 spectra are presented in Fig. 6a.
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the anisotropy and tumbling mode of proteins, with CAT
adopting a more isotropic tumbling in the mutant protein. In
fact, in a PEGmedium characterized by a D2O splitting of 7 Hz,
no RDC could be measured for D99N CAT-PRD1, whereas
alignment was still detectable for native CAT-PRD1 at a D2O
splitting of only 5.3 Hz. The second difference in the RDC pro-
files is the quasi-systematic inversion of sign (see residues 8, 9
and 35). Accordingly, the derived alignment tensors are very
different (see Table 3). For CAT in native CAT-PRD1, this ten-
sor corresponds to a prolate model of tumbling along a z axis
perpendicular to the axis joining CAT and PRD1 (Fig. 9c). This
model was confirmed by the analysis of relaxation data of CAT
using the Tensor software, which found a diffusion axis adopt-
ing a quasi-identical orientation (Table 1). Such an orientation
was not expected if one assumes a closed model of CAT-PRD1
obtained by linking the C- and N-terminal parts of CAT and
PRD1. To verify this point, we have constructed models of
CAT-PRD1, where CAT adopts different orientations from a
tight closed dimer to a quasi-monomeric form. We simulated
the alignment tensor corresponding to these structures and the
derived RDCs. Fig. 9c represents the correlation between
experimental and simulated RDCs for three representative
models. The “closed” forms of CAT all resulted in very bad
correlations, with negative or null coefficients. Opening the
CAT dimer, as in the “semi-closed” orientation in Fig. 9c,
increased the correlation coefficient to 0.5. Further opening
of CAT (“open” conformation in Fig. 9c) gave a very good
correlation coefficient of 0.75. Such data strongly suggest
that the alteration of the dimer interface in CAT corre-
sponds to a large opening of the structure.

DISCUSSION

Our previousmodular studies of LicT revealed the structural
basis of RNA recognition by the isolated N-terminal CAT
domain on one hand, as well as the conformational changes
undergone by the tandem PTS regulation domains upon acti-
vation on the other hand (15, 18, 21, 41). Here we provide the
first structural insights into the mechanism of signal transduc-
tion between the regulatory domain and the RNA-binding
domain.
First, we showed that adding the first PTS regulationmodule

(PRD1) to theCATdomain led to a loss of RNAbinding activity
in vitro. This finding indicates that in the absence of PRD2,
PRD1, even nonphosphorylated, directly exerts a negative con-
trol on the RNA binding ability of CAT. It explains why LicT-
(1–167) corresponding to CAT-PRD1 was incapable of medi-
ating antitermination in recombinant B. subtilis strains (14).
Moreover, we found that the RNA binding activity of CAT-
PRD1 could be restored upon introducing the D99N substitu-
tion within PRD1. This finding correlates well with the active
phenotype of the correspondingmutation in full-length LicT in
B. subtilis strains that are devoid of the PTS proteins normally
required for activation (20). Interestingly, the dissociation con-
stant estimated here for D99NCAT-PRD1 is in very good agree-
ment with that previously determined for isolated CAT (41).
Hence, althoughthePRD2histidinesare thesiteofpositivecontrol
of LicT activity, activation can also be achieved by appropriate
mutations inPRD1.Our results show that PRD1alone can control

the RNA binding activity of CAT. The practical consequence of
this finding is that the structural basis of the control mechanism
canbe investigatedonPRD2-truncatedproteins thatareamenable
for NMR studies.
Second, NMR data demonstrated that the structure of the

active state of CAT is essentially the same, whether it is isolated
or in the presence of a regulatory domain. The dimeric interface
of CAT is remodeled in the inactive structure, whereas the pro-
tomer maintains its initial topology. The NMR spectrum of the
15N-Phe-labeled D99N CAT-PRD1 protein indicated that the
PRD1 dimer interface is also significantly altered. This confor-
mational rearrangement is sufficient to promote dimer desta-
bilization, as seen by size exclusion chromatography and ultra-
centrifugation. The nature of this destabilization is still to
investigate at the PRD1 level. The equivalent mutation
(D100N) in the homologous BglG antiterminator also led to a
constitutive active phenotype. Modeling studies based on the
(closed) activated structure of LicT-PRDs (PDB code 1H99)
suggested that the activating D100N mutation improved the
geometric and electrostatic complementary score of the
dimeric interface in the BglG PRD1 domain, and this result was
confirmed experimentally (42). As for CAT, RDC measure-
ments and simulations strongly suggested that CAT becomes
monomeric in native CAT-PRD1, which would explain the
affinity decrease toward its RAT target.
How the regulatory domain of LicT monitors the formation

or disruption of an RNA-binding efficient CAT dimer is the
central question addressed by this study. NMR titration exper-
iments performed with isolated domains demonstrate that
CAT does not physically interact with PRD1. The absence of
extensive contacts between the functional modules is also sug-
gested by the observation that very few conserved residues are
located at the protein surface outside the dimeric interfaces or
the RNA-contacting region (17, 21). NMR relaxation data
excluded however a high independence of wobbling modes of
both domains. The experimental correlation times of 29 and 32
ns for CAT and PRD1 are in the range calculated for the close
(29 ns), semi-open (32 ns), and open (34.5 ns) structures repre-
sented in Fig. 9. The relaxation data then preferentially support
a model of limited flexibility of each domain. We also provide
conclusive evidence that in its native environment the linker
region is indeed folded as an �-helix (Fig. 4). NMR data of the
selectively 15N-Phe-labeled D99N CAT-PRD1 established this
helix undergoes a structural rearrangement between both pro-
teins. The circular dichroism and limited proteolysis data sug-
gested that it unfolds at least partially upon activation (Fig. 8).
This unfolding is in keepingwith the observation that the native
and mutant proteins exhibit very different alignment proper-
ties. In a neutral medium such as PEG/hexanol, the alignment
directly reflects the tumbling anisotropy of the protein. The
very weak RDCs measured for D99N CAT-PRD1 suggest that,
at variance with the native protein, CAT and PRD1 modules
wobble quasi-isotropically in the mutant protein. This isotropy
is consistent with amodel containing an unfolded linker, where
the domains do not interact with each other. The differential
folding of the linker according to the activation state was
already observed in the crystal structures of active and inactive
LicT regulatory domains (17, 18), but becauseCATwasmissing
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and no structural data on CAT in the inactive state were then
available, the functional relevance of these observations
remained elusive.
What are the conformational changes within the LicT regu-

latory domain that promote the remodeling of the CAT-PRD1
linker and of the CAT dimer upon activation? In particular,
what is the structural effect of the D99N amino acid substitu-
tion? Fig. 6b shows that the side chain of Asp99 is engaged in a
dense interaction network at the PRD1-PRD1 interface of the
His 3 Asp mutant form of LicT-PRDs (17). On one side, it
makes hydrogen bond interactions with two residues, Asn90
and Ser92, of the second PRD1 monomer, thereby contributing
to dimer closure and stabilization. On the other side, it contacts
two residues of the extended linker, namely Leu62 and Tyr64.
All these interactions are lost in the inactive form of LicT-
PRDs. The activating effect of the D99Nmutation may thus be
due to an improved interaction network at the PRD1-PRD1
interface around the Asn side chain. In its closed form, PRD1
interacts with the linker, preventing its folding into helix.
Based on these observations, we propose that the helix-to-

coil transition of the CAT-PRD1 linker is the structural relay
triggered by the LicT regulatory domain for transmitting the
activation signal to the RNA-binding domain. In wild type,
inactive LicT, the presence of a semi-rigid helix in the linker
would force theCATdimer to open, preventing the recognition
of the RAT hairpin. In the active state, the unfolded linker
would be flexible enough to enable CAT to adopt its active
state. Because a number of the linker residues are conserved
within the BglG/SacY family (in particular Phe59, Leu62, and
Leu63), it is likely that the linker can also fold as a helix in other
LicT-type antiterminators and secondary predictions indeed
suggest the presence of a helix in the linker for all sequences
(data not shown).
With this study, we have made significant progress toward

the elucidation at the atomic level of the regulation process
mediated by transcriptional antiterminators of the BglG/SacY
family. To our knowledge, these regulatory proteins present no
structural or mechanistic homology with other transcription
factors that bind RNA. The regulatory mechanism we describe
here is by contrast highly similar to that proposed for many
prokaryotic transcriptional repressors or activators such as
those from the TetR,MerR, or CRP families (for review see Ref.
1). Detailed investigations will be required for establishing to
which extent other family members conform to this mecha-
nism. Indeed, studies on transcription regulator families have
often challenged established paradigms and revealed that even
structurally homologous proteins, sharing homologous func-
tions, can utilize different mechanisms of action (43–47).
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