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Inducible expression of the aliphatic amidase operon
in Pseudomonas aeruginosis controlled by an anti-
termination mechanism which allows production
of the full-length transcript only in the presence of
small-molecule inducers, such as acetamide. Ligand-
regulated antitermination is provided by AmiC, the
ligand-sensitive negative regulator, and AmiR, the
RNA-binding positive regulator. Under non-inducing
or repressing growth conditions, AmiC and AmiR form
a complex in which the activity of AmiR is silenced.
The crystal structure of the AmiC—AmiR complex
identifies AmIiR as a new and highly unusual member
of the response-regulator family of bacterial signal
transduction proteins, regulated by sequestration
rather than phosphorylation. Comparison with the
structure of free AmiC reveals the subtle mechanism
of ligand-induced release of AmiR.
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Introduction

Inducible expression of the aliphatic amidase in
Pseudomonas aerugino®ACL1 is controlled by theamiR
andamiC genes (Couseret al., 1987; Wilson and Drew,

by interaction with AmiC (Wilsoret al., 1993). AmiC is
structurally homologous to the small-molecule binding
proteins such as bacterial periplasmic receptors (Quiocho,
1991), and the ligand-binding domains of some transcrip-
tional repressors such as Lacl (Leweisal., 1996). AmiC
binds amides at the interface of its N- and C-terminal
domains (Pearkt al, 1994), and is responsible for the
amide sensitivity and specificity of the system.

The biochemical mechanism by which the AmiC—AmiR
system is induced by the presence of amides has been
unclear. Recently, however, we have succeeded in purify-
ing a stable AmiC—-AmiR complex from cells grown in
the presence of the co-repressor butyramide (R.A.Norman,
B.P.O'Hara, L.H.Pearl and R.E.Drew, manuscript in
preparation). Addition of an inducing amide disrupts this
purified complexin vitro and enables sequence-specific
binding of AmiR to RNAs containing the sequences up-
stream of and including the inverted repeat (R.A.Norman,
B.P.O'Hara, L.H.Pearl and R.E.Drew, manuscript in
preparation). These data suggest that the AmiC-AmiR
complex is the silenced state of AmiR, which is then
released by conformational changes in AmiC on amide
binding. We have now determined the crystal structure of
the AmIiC—AmiR complex in the presence of butyramide,
revealing the structural basis for the silencing of AmiR
activity by AmiC and revealing the molecular mechanism
for inducer-mediated disruption of the AmiC-AmiR
complex. The structure of AmiR identifies it as a member
of the large family of two-domain response regulators that
mediate signal transduction in bacteria. However, unlike
these systems, AmiR is an intimate dimer with a coiled-
coil interface; it functions by binding RNA (Wilsoet al.,
1996), and is controlled by ligand-regulated sequestration
rather than phosphorylation. Structural homologues of
AmiR, at least one of which shares a common function
in positive regulation of operon expression, suggest that
AmiR is the first structurally defined representative of a
new family of RNA-binding response regulators. The
mechanism for control of AmiR antitermination activity
by sequestration in a ligand-disruptable silencing complex
would appear so far to be unique.

1991), whose products constitute an amide-regulated tran-pasults and discussion

scription antitermination system (Drew and Lowe, 1989;

Wilson et al, 1993, 1996). In the absence of inducing AmiR structure

amides, constitutive transcription of the amidase operon AmiR is present in the crystals as an intimate dimer of
is prematurely terminated just downstream of the promoter the 197 residue AmiR monomer (Figure 1) complexed
(Wilson and Drew, 1995), at an inverted repeat sequencewith AmiC (see below). AmiIR itself consists of an
which forms a stable stem—loop structure in the nascent N-terminal doubly wounda--a sandwich domain (2—
MRNA. In the presence of inducing amides, premature 128) constructed around five paralf@istrands withb-a-
termination is prevented by AmiR, which interacts with the c-d-e topology. The C-terminus of this domain is
nascent MRNA upstream of the terminator and probably extended into a substantiaihelix 55 residues long, which
prevents formation of the stem—loop. In the absence of participates in a parallel coiled-coil interaction over 30
inducers, the antitermination activity of AmiR is inhibited residues (129-160) with the equivalent helix of the other
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Fig. 1. AmiR secondary structure and domain&) Secondary

structure of AmiR mapped on to the amino acid sequence (Swissprot
Entry AMIR_PSEAE, but with residue 64 corrected to arginine).

(B) Domain structure of AmiR monomer. N-terminal globular domain
(blue), central coiled-coil region (green) and C-terminal helical domain
(red).

monomers are not symmetrically equivalent, the major
difference resulting from a small kink in the coiled-coil
segment at Gly145. The coiled-coil interface is formed
by the mutual hydrophobic packing of the side chains of
residues lle125, Met129, Leul32, Leul39 and lle143, and
a buried hydrogen bonding interaction between the side-
chain hydroxyls of Thr136 from each chain.

AmiR is a response regulator

Comparison of AmiR with known structures revealed a
significant but quite unexpected similarity between the
N-terminala-3-a sandwich domain (2-128) of AmiR and
the response-regulator ‘receiver’ domain of bacterial two-
component signal transduction systems (Parkinson, 1993)
(Figure 3A). These domains occur in a wide variety of
bacterial signalling systems, either as the isolated domain
in the chemotaxis regulator CheY (Stoekt al, 1989;
Volz and Matsumura, 1991) and the sporulation regulator
SpoOF (Madhusudaet al, 1996), or more commonly as
an N-terminal domain prepended to one or more C-terminal
‘output’ domains (Hakenbeck and Stock, 1996). Unlike
the receiver domains, the C-terminal domains have no
common structure and provide output functions as diverse
as DNA binding (Baikalowt al,, 1996; Martinez-Hackert
and Stock, 1997) and methylester hydrolysis (Djordjevic
et al, 1998). The presence in AmiR of an N-terminal
‘receiver’ domain, coupled to a C-terminal domain,
strongly suggests that AmiR is, at least structurally, a new
member of the extensive family of bacterial response
regulators. However, there are several features of AmiR
that are quite distinctive, both structurally and mechan-
istically.

In the well-characterized and ubiquitous signal trans-
duction systems regulating bacterial chemotaxis,
osmoregulation and nitrogen assimilation (reviewed in
Parkinson, 1993; Hakenbeck and Stock, 1996), the receiver
domain in the response-regulator component is phos-
phorylated (and often dephosphorylated) by histidine
kinases (Heset al, 1988) which act as the ‘sensor’ for
the relevant stimulus. The functional state of the response
regulator depends on the state of phosphorylation of the
receiver domain. Thus, the single domain chemotaxis
response regulator CheY only binds to the flagellar motor,
whose direction of rotation is thereby inverted, in the
phosphorylated state (Barak and Eisenbach, 1992; Roman
et al, 1992). In multidomain response regulators such as
the DNA-binding nitrate/nitrite utilization regulator NarL

monomer. The C-terminus of this helix (residues 145— (Baikalov et al, 1996) or the chemotaxis methylesterase

159) participates in a three-helix bundle involving the

CheB (Djordjevic et al, 1998), phosphorylation is

remainder of the peptide chain (residues 160-195). No believed to elicit a change in the relative conformation

electron density is observable for the N-terminal methio-

of the receiver and output domains. This unmasks the

nine, which has presumably been removed, nor for a few functional surface of the output domain which is occluded
residues at the C-terminus, which extend out from the by the receiver domain in the dephosphorylated state.

C-terminal helical bundle.

The dimer interface between the AmiR monomers is
primarily hydrophobic, and is dominated by the coiled-
coil interactions along the full length of the long helices
involving residues 129-160 from each chain (Figure 2).
Additional interactions involve the helix from 91 to 101,
which packs against the beginning of the N-terminal helix
(2-10) and the initial segment of the large helix (113-
123) on the other monomer. Formation of the dimer
buries ~1350 A of molecular surface per monomer. The
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Phosphorylation in all of these systems is achieved by a
Mg?"-dependent phosphoryl transfer from a phospho-
histidine in the histidine kinase sensor component, to an
aspartic acid at the exposed C-terminus of the cefftral
strandc in the receiver domain of the response regulator
(Sanderst al,, 1989, 1992). In addition to the phosphoryl
acceptor, two aspartyl (or sometimes glutamyl) residues
at the C-terminus of3-stranda are implicated in M§g"
binding and catalysis of the phosphoryl-transfer reaction
(Stocket al, 1993). A threonine or serine, and a lysine
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Fig. 2. AmiR dimer. (A) Stereo-pair showing the overall structure of the AmiR dimer, coloured blue (N-terminus) to red (C-term@)ugpw
perpendicular to (A).€) Molecular surfaces of protomers in the AmiR dimer, viewed perpendicular (left and central) and parallel to (right) the ~2-
fold axis of the dimer.

at the C-termini ofp-strandsd and e, respectively, are  teria (Stocket al, 1990; Volz, 1993) and some eukaryotes
implicated in post-phosphorylation signalling (Luleatal., (Imamuraet al,, 1998; Thomasoet al, 1998). In AmiR,
1991; Ganguliet al, 1995). Although regulation by  however, despite the high structural homology of its
phosphorylation has been demonstrated directly only for N-terminus to receiver domains, none of these residues
a few systems, the residues involved are very highly are conserved. In a structural alignment of AmiR and
conserved in several hundred response regulators in bacCheY (Figure 3B), the residue corresponding to the
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Fig. 3. Structural homology of AmiR to response regulatos) Comparison of AmiR with structures of bacterial response regulators CheY [Protein
databank (PDB) code: 2CHF], CheB (PDB code: 1A20) and NarL (PDB code: 1RNL). The ‘receiver’ domain common to these proteins is coloured
blue to red (N-terminus to C-terminus) and the structurally disparate effector domains of AmiR, CheB and NarL are shown®) Besid(es

involved in phosphoryl transfer in CheY (left) and conserved in virtually all known response-regulator ‘receiver’ domains, but not in AmiR (right).

conserved phosphoryl acceptor Asp57 in CheY is Ser59 1991) into the major groove. Superficially, the coiled-coil
in AmiR; the aspartates at 12 and 13 in CheY are replacedand three-helix bundle that form the C-terminal part of
by Asn19 and Pro20; Thr87 in CheY becomes Val86 in AmiR appear radically different to the compact NarL
AmiR and Lys109 in CheY becomes GIn108 in AmiR. DNA-binding domain. However, the last three helices in
The lack of the requisite residues for phosphoryl transfer AmiR are very similar in their lengths and hydropathy
would suggest that AmiR is the first characterized member profiles to those of NarL and its homologues, and are
of the extensive response-regulator family, in whose func- arranged in a very similar topology, suggesting an evolu-
tion phosphorylation plays no role. tionary relationship. The long helix connecting these
In the classic two-domain response regulators, the terminal three helices to the receiver domain in AmiR
N-terminal receiver domain provides phosphorylation- could correspond to the third helix of the NarL DNA-
sensitive regulation, while the C-terminal domain(s) binding domain, extended by concatenation with the first
encapsulates the regulated output function(s), the naturetwo helices of that domain, and with the hydrophobic
of which is specific to the individual system. Transcription residues thus exposed being reburied in the coiled-coil
factor response regulators such as NarL (Baikabwal, interface of the AmiR dimer.
1996), which control gene expression by direct interaction  Regardless of any evolutionary relationship to the DNA-
with DNA, do so via a five-helix C-terminal output domain binding NarL family of response regulators, previous
which presents a helix-turn—helix reading-head (Harrison, studies (Wilsonet al., 1993, 1996) have shown clearly
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Table I. Antitermination activity of AmiR mutants

Amide? XL IntP XL Int pBSK® XL Int pBSKCR XL Int pBSKCR XL Int pBSKCR XL Int pBSKCR
(wt)d (A162-195) (0179-195) (Y88A)

None 0.37 0.31 1.09 0.29 0.43 1.05

Acetamide 0.47 0.45 8.26 0.31 0.36 6.74

Butyramide 0.47 0.44 1.18 0.26 0.34 2.92

@Activities (in Miller units) were measured for bacterial cells grown under identical conditions with no amide, 34 mM acetamide or 23 mM
butyramide present in the medium. Mutation of Tyr88(R), which lies at the AmiC—AmIR interface, converts butyramide into a weak inducer, but
does not impair the antitermination activity of AmiR. Truncation of the C-terminal helices of AIR9-195 and\162-195) completely abolishes

transcription antitermination activity.

PXL Int: E.coli (XL1-Blue) with integratedamiE-leaderdacZ reporter gene (-ve control).
CXL Int pBSK: as XL Int but harbouring empty cloning vector pBSK (—ve control).
dXL Int pPBSKCR: as XL Int but harbouring pBSK with cloneamiCRgenes, with either wild-type (WTamiR (+ve control), or with truncation

(A162-195 0rA179-195) or missense (Y88A) mutationsamiR.

that AmiR is an RNA-binding transcription antitermination

protein, and by analogy with the classic response regu-

lators, this ‘output’ activity should reside in the C-terminal
regions. Consistent with this, truncation mutants of AmiR
lacking either the last helixA179-195) or the last two
helices [162-195) lack transcription antitermination
activity (Table 1), but are nonetheless stable soluble
proteins (data not shown). Although the C-terminal helices
of AmiR appear to be essential for its transcription
antitermination activity, helix—turn—helix reading-heads
like those in NarL (Baikalovet al, 1996) or OmpR
(Martinez-Hackert and Stock, 1997) are adapted to
sequence-specific binding in the major groove of double-
stranded B-form DNA. It is not at all obvious how such
a structure might function in a protein whose role is to
prevent the formation of a termination stem—loop structure,
by binding single-stranded RNA.

for this part of the complex, while the asymmetry of those
interactions that do exist appears to promote the bending
of the coiled coil.

The two AmIC molecules in the complex bind to the
‘top’ surface formed by the two N-terminal AmiR domains,
interacting simultaneously with both molecules in the
AmiR dimer, and with each AmiC-AmiR interaction
burying ~1520 A& of molecular surface, on complex
formation. The two AmiC molecules themselves make
only a single side chain to side chain interaction, and
effectively bind to the AmiR dimer as independent molec-
ules. Despite the deviation from perfect 2-fold symmetry
towards the C-terminus of the AmiR molecules, the two
AmiC molecules in the complex make essentially identical
interactions with the AmiR dimer. The major interaction
between AmiC and AmiR involves a contiguous segment
of polypeptide chain residues 88-93 of AmiR, which

Database searches with the AmiR sequence identify comprises the loop connecting the C-terminugttrand
three homologues with sequence identities in the 20—30%d to the N-terminus ofi-helix 4 (Figure 4C). This AmiR

range: an ORF irMycobacterium tuberculosian ORF
downstream of thegInA gene inClostridium acetobutyl-
icum and the nasT gene of Azotobacter vinelandii
Although theM.tuberculosisand C.acetobutylicunORFs
are of unknown function, NasT, like AmiR, is a positive
regulator of gene expression (Gutierreizal, 1995). All

loop binds across the fissure dividing the N- and C-domains
of AmiC, making a series of complementary and inter-

linked interactions with surface residues from both AmiC

domains. At the N-terminus of the-helix 4 of AmIR,

the exposed peptide nitrogens of Ala92(R) and Val93(R),
and the side-chain hydroxyl of Ser90(R), are simultan-

three proteins share the pattern of hydrophobic residueseously hydrogen bonded to the side chain of Glu155(C)

that forms the coiled-coil interface in AmiR, suggesting
that they are also likely to be dimers.

Structure of the AmiC-AmiR complex

from the C-domain of AmiC. They and & side-chain
methylenes of Pro91(R) are then packed in van der Waals
contact against the face of the side-chain ring of Phe111(C)
from the N-domain of AmiC, while the side chain of

The AmIC—AmiR complex crystallizes with an AmiR  His158(C) from the C-domain of AmiC stacks against the
dimer and two AmiC monomers in the asymmetric unit side chain of Ala92(R), and the plane of the peptide bond
(Figure 4A and B). Size-exclusion chromatography of the connecting it to Pro91(R). Further back along the loop,

complex purified fromP.aeruginosgWilson et al., 1996;
R.A.Norman, B.P.O’Hara, L.H.Pearl and R.E.Drew, manu-

the side chain of Glu 89(R) hydrogen bonds to the phenolic
hydroxy! of Tyr366(C) from the C-domain of AmiC, and

script in preparation) indicates a relative molecular mass the side chain of Tyr88(R) packs between the side chains

of 130 kDa, consistent with a composition ofx2 AmiC
(relative molecular mass 42.8 kD#&)2 X AmiR (relative

of 11e151(C) from the C-domain of AmiC, and the hydro-
phobic segment of the side chain of Lys89(C) from the

molecular mass 21.8 kDa), suggesting that the asymmetricN-domain.

unit represents the complex as it exists in solution.
The crystal lattice is primarily stabilized by interactions
between AmiC molecules in different AmiC—AmiR com-
plexes, with only a few lattice interactions involving side
chains on one helix of the AmiR dimer coiled coil.
The lack of significant lattice interactions involving the
C-terminal regions of AmiR is consistent with the higher

The same AmiC molecule makes a more diffuse set of
interactions with the other AmiR molecule in the dimer,
but again involving interactions from both AmiC domains
(Figure 4B). The side-chain amide of GIn31(R) makes a
hydrogen bond with the side chain of Tyr366(C) from the
C-domain of AmiC, which is also involved in contacts
with the other AmiR in the dimer. Asp364(C), also from

temperature factors and weaker electron density observedhe C-domain of AmiC, receives bidentate hydrogen bonds
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Fig. 4. Structure of the AmiC—AmiR complexA(andB) Arrangement of AmiC (yellow/gold) and AmiR (blue/green) molecules in the AmiC—

AmiR complex. Each AmiC molecule participates in an extensive interface with the N-terminal ‘receiver’ domains from both AmiR molecules, but
the two AmiC molecules make no direct contact with each otl@r.Oetail of part of the AmIC—AmIR interface showing the interactions involving

the AmiR sequence from Y88-V93. Hydrogen bonds are shown as broken white rods and solvent molecules as red spheres.

from the guanidinium head-group of Arg11(R). His113(R) a substantial number of well-ordered solvent molecules
makes a hydrogen bond to the side chain of Glu96(C) are trapped at the AmiC-AmIR interfaces.

from the N-domain of AmiC, while the guanidinium head-

group of Arg34(R) is simultaneously hydrogen bonded to The molecular mechanism for amide induction of

the peptide carbonyl of GIn332(C), and stacked ira the amidase operon

interaction with the phenol side chain of Tyr113(C), both The regulatory apparatus of the amidase operon can
from the N-domain. In addition to the direct interactions exist in three states, dependent on growth conditions
between the AmiR dimer and the two AmiC monomers, (R.A.Norman, B.P.O’Hara, L.H.Pearl and R.E.Drew,
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manuscript in preparation). In the non-induced state, a layer of water molecules between the opposing faces of
ligand-free AmiC—-AmiR complex exists, in which the the domains, and significantly increases the size of the
transcription antitermination activity of AmiR is silenced amide-binding pocket. In particular, the side chain of
by AmIiC. The presence of an amide inducer such as Thr233, which caps the binding site for the amide aliphatic
acetamide switches the system to the induced state inchain, moves over 2 A from its position in the ‘closed’
which AmiR facilitates full-length transcription of the conformation, allowing the binding of butyramide
operon. A third state, in which the system is repressed (Figure 5C). The presence of butyramide throughout
and resistant to induction, results from the presence of expression and purification stabilizes the AmiC—AmiR
butyramide, which acts as a co-repressor, stabilizing the complex against gratuitous disruption by acetamide, which
AmiC-AmiR complex. Sensitivity to amides requires is present in the growth medium (Peat al, 1994).
AmiC, so that in the absence of tlaniC gene, AmiR is Although butyramide competes with acetamide for binding
constitutively active and unaffected by the presence or to free AmiC (Wilsonet al, 1993), it has a much lower
absence of inducing or co-repressing amides. As amide-binding affinity. The co-repression activity of butyramide
triggered induction of heterologous genes can be fully can now be understood in terms of competition for the
reconstituted irEscherichia coliby theamiCRgenes and  larger amide-binding pocket present in AmiC in the non-
the 5-untranslated region of the amidase operon, the induced AmiC—AmiR complex, rather than for the smaller
switch from uninduced (or repressed) to induced must pocket of free AmiC. Although butyramide stabilizes the
therefore involve a change of state of the AmiC protein AmiC—AmiR complex in the presence of acetamide, it is
in the presence of an inducer. not required for formation of the complex, and can be
By analogy with the periplasmic binding proteins removed by dialysis after purification, without disruption
(Quiocho, 1991) to which AmiC is homologous (Wilson of the complex (R.A.Norman, B.P.O’Hara, L.H.Pearl and
et al, 1993; Pearlet al, 1994), we had previously R.E.Drew, manuscript in preparation).
suggested that AmiC possesses two conformational In the AmiC—AmiR complex, AmiC surface residues
states: a ‘closed’ conformation stabilized by binding of from either side of the interdomain fissure make a set of
an inducing ligand such as acetamide at the interface highly complementary interactions with the ‘top’ face of
of the N- and C-domains, and an ‘open’ state in either the AmiR dimer. The formation of these interactions is
the absence of inducer or the presence of butyramide, inabsolutely dependent on the open conformation, so that
which AmiC inhibits the transcription antitermination superimposition of either domain of closed AmiC on to
function of AmiR by direct protein—protein interaction the corresponding domain in the AmiC—AmiR complex
(Wilson et al, 1993). The previously determined structure results in substantial steric clashes between the other
of the complex between AmiC and acetamide (Pegall., domain and AmiR. The closed conformation of AmiC is
1994) corresponds to the ‘closed’ state, and the AmiC— thus incompatible with maintenance of the complementary
AmiR complex described here corresponds to the ‘open” AmiC—AmiR interface, and closure of AmiC on acetamide
state. Thus, we are now able to understand the molecularbinding would inevitably disrupt the AmiC—AmiR com-
basis of the acetamide-triggered conformational switch plex. As the AmiC—AmiR complex is stable in the absence
that regulates the activity of AmiR, and thereby the of acetamide, the switch to the induced state in the
expression of the amidase operon. presence of acetamide therefore depends on a decrease in
The major difference between the closed structure of free energy on formation of the AmiC—acetamide complex
AmiC with bound acetamide (the induced state) and the exceeding any increase in free energy resulting from
open structure of AmiC in the AmiC—AmiR—butyramide disruption of the AmiC-AmiR complex.
complex (uninduced/repressed state), is in the relative In binding acetamide, AmiC makes all possible hydro-
orientation of the N- and C-domains (Figure 5A). In the gen bonding interactions with the amide head-group, and
closed conformation observed in the acetamide complex,van der Waals interactions with the aliphatic chain (Pearl
the opposing walls of the N- and C-terminal domain are et al, 1994). Nonetheless, acetamide is a small molecule,
in direct contact. The aliphatic carbon chain of acetamide and at first sight the interactions gained by AmiC binding
in the AmiC—acetamide complex structure binds in a acetamide do not obviously outweigh the number of
hydrophobic pocket delimited by the side chains of Pro107 interactions lost between the AmiC and AmiR proteins
and Tyr83 from the N-domain, and Tyrl52, Val206 and on disruption of their complex. However, a large number
Thr233 from the C-domain (Figure 5B). The size of this of solvent molecules are immobilized in the AmiC—AmiR
pocket formed at the interface of the domains in the complex, both at the interface between AmiC and AmiR
‘closed’ conformation of AmiC determines the inducer molecules (~24 in the {R, dimer), and between the N-
specificity of the system. Thus, the pocket comfortably and C-domains of the AmiC molecules in their open
accommodates the aliphatic carbon chains of the inducersAmiR-bound conformation (approximately five per
acetamide (1-carbon chain), propionamide or lactamide AmiC). Release of these ordered molecules back to bulk
(2-carbon chain). Butyramide, whose longer 3-carbon solvent on disruption of the AmiC—AmiR complex will
chain cannot be readily accommodated, binds to AmiC be very entropically favourable, and may well be a
with at least 100-fold lower affinity than acetamide (Wilson significant factor in the free energy balance that favours the
et al, 1993), and is a co-repressor of the wild-type operon disruption of AmiC—AmiR in the presence of acetamide.
(Brammaret al, 1967). The switch is clearly very subtle, and the energy
In the uninduced AmiC-AmiR complex, AmiC has a difference between the induced and non-induced states is
more open conformation in which the N- and C-domains likely to be quite small. In the wild-type system, acetamide
become separated by a small relative hinge motion. (1-carbon chain) is an effective inducer, whereas form-
Opening of the domain interface allows the ingress of a amide (0-carbon chain) is not, suggesting that the binding
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Fig. 5. Mechanism of acetamide inductio\ Y Stereo-pair showing overlay of ‘free’ AmiC with bound acetamide (red) on an AmiC molecule in the
AmiC—-AmiR complex (yellow), with bound butyramide (CPK model). The AmiC molecules were overlaid by superpositigpagiGons from the

N-terminal domain (left) only. Y88, which inserts into the mouth of the AmiC interdomain cleft in the AmiC—AmiR complex, is indicated.

(B andC) Details of the AmiC interdomain cleft in the ‘free’ AmiC structure (B) and the AmiC—AmiR complex (C). Residue pairs K89(C) and 1151(C),
and T233(C) and W235(C), which make direct contact in the ‘free’ AmiC structure, are separated by Y88(R) and solvent molecules in the AmiC—AmiR
complex. The larger amide-binding pocket, resulting from the relative movement of T233(C) in the AmiC—AmiR complex, accommodates butyramide,
which can thus compete with binding of acetamide and act as an ‘anti-inducer’ or co-refmaggarHydrogen bonding interactions made by the bound
butyramide (Bmd) and acetamide (Amd) are shown as broken mjisl¢tation of Pro91(R) to serine in the mutant strain PAC153 will disrupt the
hydrophobic interaction with F111(C), destabilizing the AmiC—AmiR interface so that PAC153 becomes inducible by formamide.
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energy contributed by the 1-carbon aliphatic chain of all of these systems. Thus, unlike timeis—nutsystem,
acetamide is sufficient to favour the induced state over AmiR is polymerase independent, being able to antitermin-
the uninduced state. The regulatory genes from PAC153,ate transcription bye.coli, P.aeruginosaor even T7 RNA

a formamide-inducible mutant strain (Brammaet al,, polymerases (Wilsoret al, 1996). Unlike SacY/BgIG
1967), have been cloned and sequenced. Despite thesystems, the ability of AmiR to interact with mRNA is
change in response to formamide, no mutations were not regulated by phosphorylation, nor does it have any
found in the amide-binding site of PAC153—-AmiC, consist- structural similarity to the RNA-binding domains of these
ent with this mutant strain remaining acetamide inducible. proteins (Manivakt al,, 1997; van Tilbeurglet al., 1997),
However, sequencing of thamiR gene from PAC153  and unlike TRAP proteins to which it is also structurally
revealed a single mutation Pro9Ber. In the wild-type unrelated (Antsoret al, 1995), the ligand sensitivity of
AmIR, Pro91(R) is an N-terminal helix-cap residue whose AmiR is conferred by its interaction with a distinct ligand
Cy and @ side-chain atoms are packed against the face sensor, and is not an inherent feature.

of the side-chain ring of Phel11(C) in AmIC, as part of At the RNA level, the amidase leader sequence is also
a the major cluster of interactions between the two proteins quite different from those of the TRAP system, in lacking
in the AmiC—AmiR complex (Figure 5D). Replacement any discernible triplet (or other) repeats. Nor does it
by serine will not disrupt the structure of AmIR, but possess features resembling the RAT sequences in SacY/
results in the loss of the favourable hydrophobic interaction BglG systems that could form an alternative stem-loop.
between the Pro and Phe side chains at the AmiC—AmiR Studies of the amidase operon leader MRNA have indicated

interface, decreasing the stability of the PAC153 AmiC—
AmiR complex relative to wild type. The smaller inter-

action energy afforded by the binding of formamide rather
than acetamide to AmIC is then able to outweigh the

two regions, CCGAAC and CACAGAGCA, starting 36
and 54 bases, respectively, downstream of the start of
transcription, in which point mutations abolish transcrip-
tion antitermination by AmiR (Wilsoret al, 1996). The

decreased stability of this complex, and cause induction 12 bases between these sites are insensitive to missense

of the operon.

The mechanism of transcription antitermination by
AmiR

Transcription antitermination provides a powerful mechan-
ism for regulation of the level and/or length of RNA

transcripts in bacteria (Rutberg, 1997) and some bacterio-

phages (DeVito and Das, 1994; Mogridge al., 1995).
However, mechanisms of transcription antitermination
vary widely. In thenus-nutsystem of bacteriophagk
(Friedman and Court, 1995), a multiprotein complex

mutations, but insertions or deletions into this intervening
segment lower transcription antitermination efficiency,
suggesting that the three-dimensional presentation of these
two regions is important in efficient interaction with AmiR.
By analogy with classical two-domain response regu-
lators, the RNA-binding ‘effector’ function of AmiR
should reside in the C-terminal region of the protein, and
this is confirmed by truncation mutan&s1(79-195A162—
195) where loss of C-terminal residues abolishes antiter-
mination activity (Table I). However, if these regions are
sufficient for specific RNA binding and antitermination,

of host proteins and a phage protein binds to specific itis not clear why AmiC molecules bound to the N-terminal

termination sites in nascent RNAs, and modifies RNA

polymerase so that it fails to recognize termination signals.

domains should block that activity, as the C-termini are
fully accessible in the AmiC—AmiR complex (Figure 4).

A similar mechanism regulates capsule polysaccharide The N-terminal domains, whose accessibility changes

synthesis genes iik.coli (Stevenset al., 1997). More
commonly, transcription antitermination is achieved by
the binding of a sequence-specific RNA-binding protein to

dramatically on release of AmiC, appear to play no direct
role in RNA binding or antitermination. Thus, mutations on
the AmiC-binding surface of AmiR (Pro91Ser, Tyr88Ala)

prevent the formation of terminating stem—loop secondary change the sensitivity of induction, but have no effect on
structures in the nascent mMRNA. The best characterizedthe ability of the mutant AmiR to antiterminate (Table I).

examples of this mechanism are the SacY/BgIG family
of transcription antiterminators (Rutberg, 1997). These
proteins function by stabilizing an alternative stem-loop
structure, the ribonucleotide antiterminator or RAT
(Aymerich and Steinmetz, 1992), which sequesters the 5
end of the terminator and prevents its formation. Although

The assumption that the structural state of AmiR observed
in the AmiC—AmiR complex is that which binds to RNA
may be naive. AmiR might undergo some significant
change in conformation or oligomerization state on release
from AmiC, which converts it to an ‘active’ form. How-
ever, the nature of such a change is not at all obvious.

structurally unrelated to the receiver-domain response Dissociation to monomers is very unlikely, as there is an

regulators, the SacY/BgIG transcription antiterminators
are regulated by phosphorylation (Tortosaal, 1997).

A different method for preventing the formation of a
transcription terminator, by forming a competing antiter-
minator in the mRNA, occurs in the regulation of trypto-
phan biosynthesis genes Bacillus subitilis (Gollnick,
1994). In this system, the more stable antiterminator
structure is prevented from forming by the 11-subunit
TRAP protein, which binds to (G/U)AG repeats, but only
in the presence of tryptophan, thereby allowing formation
of the terminator. In the absence of tryptophan, TRAP
cannot bind and the antiterminator forms preferentially.
The AmiC-AmiR system has significant differences from

extensive hydrophobic interface throughout the AmiR
dimer, whose disruption would be very unfavourable.
Reorganization of the C-terminal segments into a globular
conformation similar to the C-terminal domains of DNA-
binding response regulators, such as NarL, is also very
unlikely as this would disrupt the favourable coiled-caoil
interface between the two monomers, and in any event,
would not be prevented by the presence of the AmiC
molecules in the complex.

The solution to this paradox lies in the behaviour of
the AmiR protein on release from the AmiC-AmiR
complex upon addition of acetamida vitro. In size-
exclusion chromatography, AmiC—AmiR migrates as a
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Fig. 6. Oligomerization of AmiR on release from AmiC-R. Silver-
stained SDS—PAGE gel showing elution of free AmiR and free AmiC
from a size-exclusion column, calibrated using molecular weight
standards. Intact AmiC—R complex (~16 mg/ml in 20 mM Tris pH 9.0,
150 mM NaCl, 1 mM EDTA, 1 mM DTT, 3.4 mM butyramide) was
injected on to a Superose 12 10/30 column (Pharmacia), pre-
equilibrated and developed with buffer containing 20 mM Tris pH 9.0,
600 mM NaCl, 1 mM EDTA, 1 mM DTT, 50 mM acetamide. The
>10-fold excess of acetamide causes complete dissociation of the
AmiC-R complex under these conditions. AmiR elutes after the void
volume of the column, but at retention volumes corresponding to
molecular weights in the range 100-200 kDa. AmiC elutes later than
the majority of AmiR, in a molecular weight range consistent with
dimers and monomers, as previously observed (Chambexiah,

1997). AmiR shows anomalously strong staining by silver relative to
AmiC, as can be seen from the right-hand lane, in which intact AmiC—
AmiR complex (1:1 molar stoichiometry) is loaded.

single species with an estimated molecular weight of
~130 kDa, consistent with a composition of>2 AmiC

+ 2 X AmiR (Wilson et al, 1996). When AmiC-AmiR

is injected into a gel filtration column equilibrated with
an excess of acetamide, free AmiC is observed eluting
later than would the AmiC—AmiR complex, consistent
with a dimer of ~85 kDa and a monomer of ~43 kDa.
Surprisingly, no late-running AmiR corresponding to the
~45 kDa free dimer or ~23 kDa monomer is observed.
Instead, only fast-running AmiR species are observed,
eluting well after the void but ahead of the AmiC, with
estimated molecular weight in the range 100-200 kDa
(Figure 6). This molecular weight range would be consist-
ent with oligomers containing between four and eight
AmiR molecules. Thus, on release from the AmiC—AmiR
complex, AmiR does indeed undergo a change of state,
associating into a high-molecular-weight form which is
competent in sequence-specific RNA binding. The role of
AmiC is therefore not simply that of an inhibitor of AmiR,
but rather that of a ligand-regulated molecular chaperone,
holding AmiR in a state where it cannot associate into a
multimeric antitermination complex until the appropriate
time. The stoichiometry and structure of this higher-
molecular-weight form of AmiR, and the structural basis
for its sequence-specific interaction with RNA, remain to
be determined.

Materials and methods

Cloning and mutagenesis

Plasmids pRAN1 and pRAN153 carry the PCR-amplifizahiC and
amiR genes from wild-type strain PAC1 (Kelly and Clarke, 1962)
and the formamide-inducible strain PAC153 (Bramnearal, 1967),
respectively, in the vector pMMB66EH. The construction and charac-
terization of pPRAN1 and pRAN153 are described fully in R.A.Norman,
B.P.O’Hara, L.H.Pearl and R.E.Drew (manuscript in preparation). For
mutagenesis, thamiC and amiR genes, including the 20 bp upstream
of the amiC translational start site, were cloned by PCR from plasmid
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Table Il. Crystallographic statistics

Data collection All data (outer shell)

Rmerge 6.9 (20.2)
10} 6.8 (3.0)
Completeness (%) 83.8 (69.3)
Multiplicity 2.7 (1.50)

No. of unique reflections
Structure refinement

60 571 (7252)

No. of atoms (protein) 8802
No. of atoms (all) 9662
Resolution range (A) 20.0-2.25
Roryst 0.186
Riree 0.256

pAS20 (Wilson and Drew, 1991), and the resulting 1.8 kb fragment
cloned intoKpnl/Xba cleaved pBluescript II KS (Stratagene, La Jolla,
CA) and designated pBSKCR. Mutagenesis was accomplished using the
Quickchange™ Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA)
using pBSKCR as the parental template. Mutants were confirmed by
ABI sequencing.

Transcription antitermination activity of amiC-R constructs
Transcription antitermination activity and amide sensitivityaohiC—R
were determinedh vivo in E.coli, using pBSKCR expressing wild-type
amiC and wild-type or mutanamiR.Activity was measured by amidase
assay with the cognate amidase geamaif) present on a second plasmid
as previously described (Wilsat al., 1993), and also b@-galactosidase
assay (Miller, 1972). In the latter case, the leader sequence of the
amidase operon was cloned upstream of Eheoli B-galactosidase
structural genel@cZ) into the chromosomal insertion vector Mini-TnKn
(de Lorenzoet al, 1990). A single chromosomal insertion of taeiE
leader sequence (nucleotides 1-2629Z fusion in the E.coli strain
XL-1 Blue (Stratagene, La Jolla, CA) was isolated and designated
XL Int. All B-galactosidase assays were conducted with this strain
(R.A.Norman, B.P.O’'Hara, L.H.Pearl and R.E.Drew, manuscript in
preparation).

Expression, purification and crystallization of the AmiC-
AmiR-butyramide complex

The AmiC—AmiR-butyramide complex was purified frdPraeruginosa
PAC452, pRANL as described (R.A.Norman, B.P.O’Hara, L.H.Pearl and
R.E.Drew, manuscript in preparation). The complex, essentially free of
contaminants, was concentrated to 16 mg/ml in 20 mM Tris pH 9.0,
150 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol (DTT), 34 mM
butyramide. Large single crystals suitable for diffraction studies were
grown using a combination of micro-batch crystallization under mineral
oil (Chayenet al, 1992) and streak seeding (Stura and Wilson, 1991).
Optimal crystallization conditions were found to be: polyethylene glycol
4000 (8-8.5% w/v) and propan-2-ol (20% v/v), buffered with sodium
citrate (50 mM, pH 5.6), and AmiC—AmiR complex present at 5 mg/ml
(final concentration). The crystallization buffer with 20% (v/v) glycerol
in place of propan-2-ol was used both as a recovery and cryoprotec-
tion solution.

Data collection, structure determination and refinement

Diffraction data to 2.25 A were obtained from a single plate crystal of
approximate dimensions 0.8 0.2 X 0.05 mm. Data were collected at
100 K on beam line 7.2\(= 1.448 A) at the Synchrotron Radiation
Source, CLRC Daresbury Laboratory, on a MAR 345 Image Plate
Detector. The AmiC—AmiR complex crystallizes in space group C2 with
unit cell dimensions = 308.44 Ab = 67.15 A,c = 76.41 A andp =
103.33°. Diffraction images were integrated using MOSFLM (Leslie,
1995), and merged and reduced using SCALA and other programs of
the CCP4 program suite (CCP4, 1994). Statistics for the data collection
are given in Table II.

Initial phases were determined by molecular replacement with the
refined structure of AmiC (PDB Code: 1PEA) using AMoRe (Navaza,
1994). Two independent solutions were obtained, which were approxi-
mately related by a non-crystallographic diad evident in self-rotation
functions. Phases were improved by positional refinement against a
maximume-likelihood residual using REFMAC (Murshudewal., 1997)
and ARP (Lamzin and Wilson, 1997) to give a map in which the AmiR
dimer could be identified. Alternating cycles of manual intervention



using ‘O’ (Jonet al,, 1991) and automated refinement using REFMAC
gave the final model. Statistics for the refinement are given in Table 2.

All molecular graphics images were generated using Robert Esnouf’s

adaptation of MOLSCRIPT (Kraulis, 1991) and RASTER3D (Merrit
and Murphy, 1994), except for Figures 2C and 4A,B, which were created
with GRASP (Nichollset al., 1993).
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