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SUMMARY

MalT, the dedicated transcriptional activator of the maltose regulon in Escherichia
coli, is subject to multiple controls. Maltotriose, the inducer, promotes MalT self-association,
a critical step in promoter binding, whereas three proteins acting as negative allosteric
effectors (MalK, the ABC-component of the maltodextrin transporter, MalY, and Aes)
antagonize maltotriose binding. All of these regulatory signals are integrated by a novel signal
transduction module that comprises three out of the four MalT structural domains: DT1, the
ATP-binding domain which contains determinants recognized by the negative effectors, DT2,
and DT3, the maltotriose binding domain. For a better insight into the role of DT3 in signal
integration, we PCR mutagenized the DT3-encoding region and screened for gain of function
mutations in a malK' strain in the absence of repression by MalY or Aes. Most of the
mutations isolated alter one of seven residues that are located in DT3 helices 10 and 11 or in
the turn between them and delineate a surface-exposed motif. In vivo and in vitro analyses
revealed that the substitutions altering the so-called H10/H11 motif do not affect the ability of
MalT to activate transcription or its sensitivity to MalY and Aes, but dramatically decrease its
sensitivity to MalK. We propose that MalT/MalK interaction might involve two distinct
contact sites on each partner. These sites would be located in DT1 and DT3 of MalT, and in
the nucleotide binding domain and the regulatory domain of MalK. Such a two-point
interaction model would explain how the regulatory activity of MalK might be coupled to

transport.



INTRODUCTION

MalT, the dedicated transcriptional activator of the maltose regulon in Escherichia coli, is the
prototype of a family of ~100 kDa transcriptional activators that belong to the STAND
(Signal Transduction ATPases with Numerous Domains) class of P-loop ATPases '
Transcription activation by MalT involves MalT self-association %, cooperative binding to
copies of the MalT recognition motif that are present in target promoters > *°, and stimulation
of open complex formation by RNA polymerase °. One distinctive feature of MalT is the
multiplicity of regulatory signals that modulate MalT self-association: MalT multimerization
is stimulated by maltotriose, the inducer, 7 and inhibited by three proteins, Aes, MalK and
8910 Control of MalT activity by MalK is
thought to couple induction of the maltose regulon to the entry of maltodextrins into the

MalY, which act as negative allosteric effectors

cell ''. The physiological roles of the controls exerted by Aes, an acyl esterase ' and MalY, a
B C-S lyase ", are presently unknown. According to the current model, MalT exists in an
equilibrium between an inactive monomeric form and an active monomeric form that is prone
to multimerization. The inactive form is stabilized by MalK, MalY or Aes, whereas the active
form is stabilized by maltotriose which thus competes with the negative effectors for binding
to MalT > * * '°. MalT also binds and hydrolyses ATP into ADP, with ATP and ADP
differentially affecting the interplay between maltotriose and the negative effectors. Efficient
MalT multimerization requires ATP or ADP in addition to maltotriose, with ATP being more
effective than ADP in driving MalT self-association in the presence of maltotriose, indicating
that the maltotriose/ATP-bound form is the transcriptionally active species 2. Negative
effectors also bind MalT in the presence of ATP or ADP. However, maltotriose does not
relieve MalT inhibition by Aes or MalY in vitro in the presence of ADP, whereas it can do so
in the presence of ATP ®°. These data suggest that the ATPase activity of MalT might play a
role in the competition between the positive and negative effectors.

Biochemical and structural studies have provided insight into the structure of MalT. The
protein comprises four domains: DT1 (residues 1-241), DT2 (residues 250-436), DT3
(residues 437-806) and DT4 (residues 807-901) ' '°. Integration of the regulatory signals is
ensured by the three N-terminal domains, DT1, DT2 and DT3, which constitute a novel signal
transduction module that is the signature of the MalT subfamily of STAND ATPases " .
DT binds and hydrolyses ATP "°. It also contains surface determinants involved in the
binding of Aes, MalK and MalY %1016 "DT3 binds maltotriose . According to the X-ray
structure of DT3 7, the main DT3 subdomain corresponds to a new fold that comprises eight
copies of a two-helix bundle motif arranged in a right-handed superhelix and delimiting a
tunnel large enough to form a potential maltotriose binding site. The super-helix is followed
by a three-helix subdomain. DT4, a member of the LuxR-type DNA-binding domain family,
contains the DNA binding site and presumably recruits RNA polymerase °. The



DT1/DT2/DT3 module is thought to respond to incoming regulatory signals via a change of
its quaternary structure that alters the ability of DT4, the output domain, to bind cooperatively
to the array of MalT sites present in the target promoters . Cryo-E.M. analyses showed that,
in the active form, i.e. in the presence of both ATP and maltotriose, MalT monomers consist
of a globular domain connected by a peduncle to an inner domain, that mediates
self-association into polydisperse homopolymers '®.

For a better insight into the role played by DT3 in signal integration or response, we
searched for gain of function mutations affecting DT3. We anticipated that such an appproach
might allow the identification of amino acids playing a key role in conformational changes, in
effector binding, in intra-molecular interactions, or in inter-molecular interactions. The
search, which was performed under conditions in which MalT activity was repressed by
MalkK, led to the identification of a surface region on DT3 that is specifically involved in the
control of MalT activity by MalK.



RESULTS

Search for gain of function mutations affecting DT3

The DNA region of malT encoding DT3 and the first twenty residues of DT4
(DT3-DT4') was mutagenized by error prone PCR ' and cloned in a full length malT in a
single copy plasmid (pOM180). Up mutations in DT3 were searched for in a AmalT malK"
reporter strain (pop7191), the chromosome of which contains the /ac operon under the control
of malEpA92, a MalT-dependent promoter. When MalT is provided in trans by pOM180,
malEpA92 activity is low in the absence of external maltodextrins as a result of MalT
repression by MalK®. Hence, pop7191 (pOM180) produces pink colonies on MacConkey
lactose agar. Because the activity of malEpA92 is limited by the concentration of active MalT
forms under these conditions, one can identify gain of function mutations in malT by looking
for red colonies on MacConkey lactose plates. Indeed, red clones (Lac’) appeared when
pop7191 was transformed with the PCR mutagenized pOM180 plasmid bank and plated on
MacConkey lactose plates. Subcloning of the DT3-DT4' region from the mutant candidate
plasmids in pOM181, a variant of pOM180, showed that the up phenotype was associated
with the mutagenized region of the plasmid in ~90 % of the cases. Sequencing of the
mutagenized regions of 27 pOM181 up mutants led to the identification of 19 different
mutants, including six double mutants (Table 1). Remarkably, most of the mutants contained
an amino acid substitution altering one of seven clustered residues (R634, E636, N637, L638,
L639, and R656) that are located in DT3 helices 10 and 11 (i.e. the second helix of the fifth
bundle and the first helix of the sixth bundle), or in the turn between them (G640) (Figure 1).
These residues are surface exposed or are located close to the surface of DT3, which suggests
that these substitutions alter a unique surface determinant, hereafter called the H10/H11 motif.
Except for one case (G640R), the double mutants all contained a substitution found
independently in a single mutant, strongly suggesting that the second substitution is silent
with regards the observed phenotype. Therefore, further analysis was restricted to the single
mutants altered in the DT3 H10/H11 area. G640R was not further characterized because of
the existence of a single mutant that exhibited a different substitution at the same position
(G640E). The three up mutants (M517K/H808R, Q565R, and F810L) with substitutions
unrelated to H10 and H11 will be the subject of an independent study.

All of the amino acid substitutions altering the DT3 H10/HT11 area specifically affect
MalT repression by MalK

To quantify the effect of the DT3 up mutations on the activity of MalT, we measured
the amount of B-galactosidase synthesized by two isogenic reporter strains when transformed

* Although strain pop7191 carries the malY and aes genes, they are phenotypically MalY™ and
Aes because these genes are not expressed under these conditions '> .



with pOM181 or variants thereof and grown in minimal medium supplemented with glycerol:
the AmalT malK" strain used above (pop7191), in which MalT was repressed by MalK, and
an isogenic AmalT AmalK strain (pop7190), in which the activity of MalT was unrepressed.
As illustrated in Figure 2A, the DT3 up mutations had little effect on MalT activity in the
unrepressed context; in the AmalT AmalK reporter strain , the activity levels obtained with the
mutants were within 25 % of the activity level observed with pOM181. In contrast, these
mutations caused a 5 to 14 times increase in the activity of malEpA92 in the presence of
MalK, which resulted in a dramatic decrease in the repression by MalK from 12.5 for w.t.
MalT to 1.0-1.9 for the mutants. Altogether, these data suggested that the up mutations
altering the DT3 H10/H11 region interfere, partially or fully, with MalT inhibition by MalK.
We then asked whether the up mutations also relieve MalT inhibition by MalY and by

Aes, two other negative effectors of MalT. The effect of the DT3 up mutations on MalT
repression by MalY was assessed by measuring the levels of B-galactosidase made by an
isogenic AmalT AmalK mall::Tn10 strain (pop7192) carrying pOM181 or derivatives thereof.
The inactivation of mall, which encodes the repressor of the malX malY operon, causes
constitutive expression of the malX malY operon * and a mall::Tnl0 strain is therefore
phenotypically MalY . The level of activity observed with w.t. MalT in the presence of MalY
was 17 % of the unrepressed level under these conditions (Figure 2A). Interestingly, the up
mutations had little effect on the activity of malEpA92 in the presence of MalY (Figure 2A).
The [3-galactosidase levels ranged from 0.7 to 1.4 times that obtained with wild-type MalT,
which contrasts with the 5 to 14 times stimulatory effect observed in the presence of MalK.

The effect of the up mutations on MalT repression by Aes was monitored by
measuring the levels of B-galactosidase made by the AmalT AmalK strain (pop7190) carrying
both pOM181 (or derivatives thereof) and a second plasmid, pACS2 which encodes Aes, or
the empty vector plasmid (pACYC184). Four representative up mutations were tested: R634S,
E636G, N637T, and L639P. The level of 3-galactosidase observed with wild-type MalT when
repressed by Aes corresponded to 4 % of the unrepressed level (Figure 2B). Again, in contrast
to what observed with MalK, the up mutations tested had little effect on malEpA92 activity in
the presence of Aes (Figure 2B).

In conclusion, all of the substitutions altering residues R634, E636, N637, L638, 1639,
G640 and R656 enhance MalT activity under conditions of repression by MalK but have no
significant effect on MalT activity in the absence of repressor or in the presence of MalY or,
in the cases of residues 634, 636, 637 and 639, in the presence of Aes. These observations
confirm that these mutations modify a single determinant, and strongly suggest that this
determinant plays a key role in MalT inhibition by MalK.



The malT-N63 7T mutation interferes with MalT inhibition by MalK in vitro

To confirm this interpretation, we determined whether N637T, one of the surface
exposed substitutions altering the H10/H11 surface determinant (see Discussion), also relieves
MalT repression by MalK in vitro. MalT inhibition by MalK was assessed by monitoring its
ability to activate open complex formation in the presence of MalK at mal/Pp, a promoter
whose activity strictly depends on MalT. The amount of open complexes formed was
quantified by using an abortive initiation assay. The assays were performed in the presence of
a limiting concentration of MalT to ensure that inhibition by MalK, if any, would be detected
(see '%). As shown in Figure 3, activation of open complex formation by MalT-N637T is not
depressed by MalK at a concentration that reduced activation by wild-type MalT by 70 %
(Figure 3). In addition, similar in vitro repression assays performed with Aes and MalY
confirmed that the MalT-N637T substitution does not alter MalT response to the other two
negative effectors (Figure 4).

Since MalK is known to bind DT1, another domain of MalT '°, it was possible that the
H10-H11 motifis important for MalK function (i.e. repression of MalT activity) but not for its
binding to MalT. Thus, we examined the ability of the MalT-N637T variant to interact with
MalK by performing affinity chromatography experiments. Purified MalT protein was
chromatographed on a Ni-NTA column preloaded with His-tagged MalK, and after extensive
washing, MalK was eluted with imidazole. As shown in Figure 5, a fraction of the wild-type
MalT protein was retained on the column and co-eluted with MalK. The retention observed is
significant because it completely disappears when affinity chromatography is performed with
a MalK variant (G346S) defective in MalT repression '°. Interestingly, the N637T variant was
not retained on the column, thereby demonstrating that the N637T substitution, directly or
indirectly, impedes the interaction with MalK.



DISCUSSION

The search for gain of function mutations in DT3 under conditions of MalT inhibition by
MalK revealed a surface-exposed determinant that is specifically involved in MalT control by
MalK. The up mutations alter either of seven clustered residues in helices 10 and 11 or in the
turn between them '”. These two helices belong to adjacent two-helix bundles that are part of
the wall of the DT3 superhelix. In vivo and in vitro characterization of the mutated MalT
proteins provides compelling evidence that the substitutions do not significantly impair the
intrinsic ability of MalT to activate transcription initiation, but specifically render MalT
resistant to the inhibition by MalK. Indeed, in vivo, the substitutions scarcely affect MalT
activity in a no-repression context as well as MalT response to MalY or, in the four cases
tested, to Aes. In contrast, all of the substitutions partially or entirely alleviate MalT inhibition
by MalK. Furthermore, the N637T substitution, which alters a surface-exposed residue, does
not affect MalT activity in vitro, or its sensitivity to the inhibition by MalY or Aes, but fully
prevents MalT inhibition by MalK.

The substituted amino-acids are either part of a surface determinant - the H10/H11
motif - playing a crucial role in MalT repression by MalK or contribute to the correct
exposition of this determinant 17, Indeed, two residues in helix 10, R634 and N637, are
decidly surface-exposed. Residues 1638 and 1.639 at the end of helix 10 are not surface-
exposed but most likely contribute to the proper secondary structure and orientation of helix
10. Their replacement by a proline is likely to cause a change in the local structure. Similarly,
the substitution of G640 by a glutamate or an arginine might alter the structure of the turn or
inactivate the H10/H11 motif by the introduction of a charge and/or a bulkier residue. The
glutamate at position 636 and the arginine at position 656 probably contribute to the packing
of the fifth and sixth two-helix bundles since they form a salt bridge. Residue D636, which is
not completely buried, might also be part of the H10/H11 surface motif. Hence, its
substitution with a glycine might affect MalT repression by MalK because it disrupts the salt
bridge between helices 10 and 11 and/or because it alters the HIO/H11 motif surface. As
indicated by the absence of an effect on the intrinsic ability of MalT to activate transcription
initiation, the amino acid changes caused by the up mutations do not grossly disturb DT3
structure nor alter a DT3 surface element that would play a key role in the stabilization of the
active form of MalT or any subsequent step.

What is the function of the H10/H11 surface motif in MalT inhibition by MalK? Based
on the observation that the N637T substitution prevents MalK from interacting with MalT in
vitro, we infer that the HI0/H11 surface element is involved in MalK binding. DT1 is known
to contain a determinant that is specifically bound by the MalT-binding site in the C-terminal,

10, 20

regulatory domain of MalK . The interaction observed in vitro between MalK and the

isolated DT1 domain is indeed disrupted by malK-G346S, one of the mutations defining the



MalT-binding site. Thus, the H10/H11 motif defined here might represent an additional
determinant recognized by the ABC component of the maltodextrin transporter. The MalK
binding site might result from the juxtaposition of the DT1 and DT3 determinants that would
occur when MalT is in the inactive form. Alternatively, the DT1 and DT3 determinants
recognized by MalK might not be close to each other in the inactive form of MalT and might
correspond to two distinct patches recognized by MalK. If the latter hypothesis is correct, the
MalK protein must have another patch involved in MalT recognition, in addition to that
already identified in its regulatory domain *°. Such a two-point interaction model is actually
supported by the effect of the P72L substitution in the nucleotide binding domain of MalK,
that specifically confers a regulation-minus phenotype *°. Residue P72 is located in a large
loop that is surface-exposed in isolated MalK *' and that should be at least partially accessible
when MalK is part of the transporter complex, if the overall topology of MalFGK, resembles
that of BtuCD, the only bacterial ABC-importer with a known three dimensional structure **.
This residue might therefore contribute to the structure of a determinant located in the MalK
nucleotide binding domain and recognized by the H10/H11 motif of MalT. Furthermore, the
existence of two distinct patches on MalK, in the regulatory domain and in the nucleotide
binding domain, respectively, would help explain how the ability of MalK to interact with
MalT might be controlled by the activity of the transporter, as proposed by Panagiotidis et
al. *. Indeed, the hypothised coupling is not supported by the X-ray structural data of Chen et
al. *' if one assumes that formation of a MalT/MalK complex is only mediated by the MalT
binding site identified in the MalK regulatory domain. The crystal structures of free and ATP-
bound MalK dimers suggest that ATP hydrolysis is not accompanied by conformational
changes of the C-terminal domain of MalK. In contrast, the existence of two distant half-sites
on MalK whose spatial relationship depends on whether MalK is in the open or the closed
conformation, i. e., on whether the transporter is resting or actively transporting maltodextrins
* explains how the ability of MalK to interact with MalT might be coupled to the absence of
transport.

Affinity chromatography experiments revealed that MalK does not interact with DT3
when isolated (N. J., unpublished), which argues against the hypothesis that the H10/H11
surface motif is recognized by MalK. However, the conformation of the isolated DT3 domain
might differ from that of DT3 in the full length MalT context. This could explain why isolated
DT3 does not interact with MalK. Alternatively, the interaction between MalK and DT3
might be too weak to be detected by affinity chromatography. In this respect, it might be
worth noting that the DT 1/MalK interaction is weak .

Finally, it remains possible that the H10/H11 motif is not recognized by MalK but,
instead, is involved in the stabilization of the MalT inactive form recognized by MalK.
However, such a hypothesis implies that the active form of MalT would be in equilibrium
with at least two different inactive forms of MalT and that only the form recognized by MalK



would be stabilized by an intramolecular domain/domain interaction mediated by the DT3
H10/H11 motif.

The superhelix fold, SUPR, that constitutes most of DT3 is related to the
tetratricopeptide repeat (TPR) fold '", a structure that often mediates protein-protein
interactions *°. This work shows that this property can be extended to the SUPR fold.
Interestingly, whereas most TPR proteins interact with their binding partner through the
interior surface of the superhelix, in this case the interaction patch (either with MalK or with a
domain of MalT) is located on the exterior surface of DT3. This shows the versatility of this
kind of fold in terms of protein-protein interaction. Furthermore, since the interior of the
tunnel is thought to bind maltotriose (O. D., unpublished results), our finding might provide a
simple explanation for the competition between MalK and maltotriose for MalT binding.
Indeed, it is easy to imagine how interaction of MalK or another domain of MalT with the
exterior cleft separating the fifth and sixth helix bundles could change the curvature of the
inner surface of the tunnel and preclude the binding of maltotriose, if it does bind in the
tunnel, and, reciprocally, how maltotriose could prevent the HI0/H11 motif from binding its
target. Binding of two ligands on both sides of a wall made of two alpha-helix bundles is an
elegant and simple way to generate allostery, and one could expect to find other examples of
it.

10



MATERIALS AND METHODS

Strains. All of the strains used (Table 1) are derivatives of the E. coli K-12 MC4100

strain °,

Plasmids. pACS2 is a derivative of pACYC184 that contains the aes gene under the
control of its own promoter '°. pPOM180 was derived from pOM24, which contains the
EcoRI-EcoRI malT fragment from pOM26 *’ cloned in the EcoRI site of pJM241 (a
single-copy R1 run-away plasmid) 2 by the introduction of a silent Kpnl site right after the
20" codon of DT4 (an A -> G change at position 2478 in the malT coding sequence).
pOMI181 is a derivative of pOM180 in which the 21 bp BamHI-BamHI fragment, which
contains two Smal sites and an EcoRI site, was deleted. Plasmid pOM204 was constructed by
inserting the Pstl-EcoRI malT fragment of pOM180 between the Pstl and EcoRI sites of a
pBR322 variant with a silent A -> G change (obtained by inverse PCR mutagenesis) at
position 147 in the tet gene that inactivates the unique Nhel site. Plasmid pOM2 malTp7 is a
pBR322 derivative containing the malT gene under the control a mallp promoter variant
bearing an up mutation *. pOM7 malTp7 malT-N637T was constructed by replacing the Hpal-
EcoRI fragment of pOM2 malTp7 by the Hpal-EcoRI fragment of pOM181 malT-N637T. In
all of the constructs but the pBR322 variant, the sequences of the regions resulting from PCR
amplification were verified. Antibiotic concentrations were 5 pg/ul of tetracyclin, 30 pg/ul of
ampicillin, and 30 pg/ml of chloramphenicol.

PCR mutagenesis. The reaction mixture (50 pl) contained 10 mM Tris-HCI (pH 8.5),
50 mM KCl, 1.5 mM MgCl, 50 uM each dNTP, 0.14 pg Clal-linearized pOM204 DNA,
2 uM primer MT56 (5' — AAATCCGCAGTTGGTGTTA — 3", 2 uM primer MT57 (§' —
GCCCCAGTACCTGCCA - 3", and 2.5u Ampli Tag DNA polymerase (Applied
Biosystems). After a four-cycle amplification, DNA was extracted, digested with Nhel and
Kpnl, and ligated with the purified ~8.8-kb Kpnl-Nhel pOM180 fragment. Cells pop7191
were electroporated with the ligation products, plated on McConkey lactose + ampicillin agar
and incubated at 30°C for 24 h. Red clones were picked, reisolated on the same medium, and
plasmid DNA was extracted from the candidates. The Nhel-Kpnl fragment was then
subcloned between the corresponding sites of pOM181 to verify that the up phenotype was
associated with the DT3 encoding fragment, and was sequenced.

B-galactosidase assays. Strains pop7190, pop7191 or pop7192 harboring derivatives of
pOMI181 were grown in M9 medium *° supplemented with 0.4 % glycerol, 0.01 %
tryptophane, 1 pg/ml thiamine, 0.5 % L broth, and 30 pg/ml ampicillin. Strain pop7190
carrying pOM181 derivatives and pACYCI184 (or pACS2) were cultivated in the same

11



medium as above plus 30 ug/ml chloramphenicol The cultures were inoculated to a low cell
density (400 = 10™*) and grown overnight at 30°C up to Ago = 0.6 - 0.9. B-galactosidase was
assayed at 28°C as described by Miller *°, by using chloroform and 0.0037 % SDS to disrupt
the cells. The specific activity is given in Miller units (U). All values represent the average of
assays performed in duplicate on at least two independent cultures, and are corrected for the
background levels (6 to 8 U). The variations observed between independent experiments did
not exceed 20 %.

Proteins. Wild-type MalT was purified in the presence of ATP from pop3657 (pOM2
malTp7), as described *. MalT-N637T was purified from pop7164 (pOM2 malTp7
malT-N637T) according to the same procedure with some modifications for the
chromatography on propyl-agarose; the adsorption, washing, and elution steps were
performed in the presence of 1, 0.85, and 0.35 M (NH4)>SOy4, respectively. ATP-free MalT
was prepared by precipitating the purified protein with ammonium sulfate and filtering the
resuspended material through a G-75 Sephadex column as described 2. ATP-free MalT was
used through out this work. MalT-N637T was about 80 % as active as wild-type MalT, when
activation of open complex formation at mal/Pp was assayed (see hereafter). The MalY
protein was obtained from C. Steegborn; its buffer was changed as described ®. The Aes
protein, which was His-tagged at its N terminus and prepared as described °, was obtained
from A. Schlegel (University of Konstanz, Germany). The MalK protein, with a His-tag at its
N-terminus, was purified as described '°. RNA polymerase holoenzyme (EG'") was from
Epicentre (Madison, USA).

Abortive initiation assay. MalT was preincubated at 30 °C for 15 min in 18 pl of
reaction mixture containing 40 mM HEPES-KOH (pH 8.0), 9 mM Tris-HCI (pH 7.7), 27 mM
tri-potassium citrate, 17 mM NaCl, 11 mM magnesium acetate, 0.11 mM EDTA, 1.1 mM
dithiothreitol, 22 mM imidazole, 230 pg'ml™” acetylated bovine serum albumin (Sigma), 5 nM
malPp DNA fragment, 0.5 mM AMP-PNP and, when indicated, Aes, MalK, or MalY. Two
microliters of RNA polymerase (0.13 uM in 40 mM HEPES-KOH (pH 8.0), 33 mM
tri-potassium citrate, 1 mM dithiothreitol, and 0.1 mg:ml” acetylated bovine serum albumin)
was added, and the mixture was incubated for 15 min at 30 °C. The synthesis of abortive
products (ApApC) was initiated by adding 2 pl of a solution containing 5 mM ApA, 0.5 mM
[a->*P]CTP (0.2 Ci‘mmol™) and 500 pg-ml” heparin (H-0880; Sigma) and allowed to proceed
for 15 min at 30 °C (heparin blocks open complex formation by trapping free RNA
polymerase). The reaction products were separated from free [a->>P]CTP by chromatography
on Whatman 3MM paper as described *'. The chromatograms were dried and scanned on a
Phosphorlmager, and the amount of ApApC synthesized was quantified. The mal/Pp DNA

12



template is a 320 bp fragment containing the malPp promoter (from 154 to +130), prepared as
described ®.

Affinity Chromatography with immobilized MalK. A soluble extract was prepared
from a 10-ml suspension of bacteria (4s0 =100) overproducing His-tagged MalK as
described '°. Affinity chromatography was performed at 4 °C in Micro Biospin® Bio-Rad
columns packed with 50 ul of Ni-NTA-agarose (Qiagen). Solutions were passed through the
columns by spinning at 5g for 30sec in a benchtop centrifuge. The columns were
equilibrated with buffer A (20 mM Tris-HCI (pH 7.7), 150 mM NaCl and 5 mM MgCl,) and
loaded with 2 ml of soluble extract. The columns were washed with buffer A (5 x 100 ul), and
buffer A + 40 mM imidazole (5 x 100 pl). The MalK-loaded column was then equilibrated
with buffer A +2 mM ATP (2 x 100 pl), and purified MalT (200 ul at 0.5 mg.mI™" in buffer A
+ 2 mM ATP) was allowed to flow through the column. Unbound proteins were washed out
with 5 x 100 ul of buffer A + 40 mM imidazole + 2 mM ATP. His-tagged MalK was eluted
with 4 x 100 pl of buffer A + 500 mM imidazole. 100-pul fractions were collected, starting
from the MalT washing step and analyzed by 12 % SDS-PAGE (acrylamide:bisacrylamide,
37.5:1).
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LEGENDS TO THE FIGURES

Figure 1. Location of the H10/HI1 motif on the three-dimensional structure of DT3. The
three-dimensional structure of DT3 is represented as a white molecular surface. Amino acid
residues of the H10-H1 I motif are indicated by different colors. Inset: ribbon representation of
helices H9 to H12, i.e. the fifth and sixth helix bundles. The same color code is used to
highlight the side-chains of the residues of the H10/H11 motif.

Figure 2. In vivo activity of the up mutants in the absence of repressor or in the presence of
MalK, MalY, or Aes. A, The amount of B-galactosidase made by isogenic AmalT AmalK (no
repressor), AmalT malK " (+ MalK), or AmalT AmalK mall::Tnl0 (+ MalY) strains (pop7190,
pop7191 and pop7192, respectively), harboring derivatives of pOM181 was determined as
described. The results are expressed relative to the unrepressed level obtained with wild-type
MalT in pop7190 (3333 U). B, The amount of B-galactosidase made by strain pop7190
harboring pOM181 derivatives, and pACYC184 (no Aes) or pACS2 (+ Aes) was determined
as described. The results are expressed relative to the level obtained with wild type MalT in
the absence of Aes (2 515 U).

Figure 3. Effect of the MalT-N637T substitution on the inhibition of MalT activity by MalK,
in vitro. Abortive initiation assays were performed as described in the presence of wild-type
MalT (300 nM) (open squares) or MalT-N637T (300 nM) (closed squares), AMP-PNP
(0.5 mM) and the indicated concentration of MalK. All of the assays were performed in
duplicate. Note that AMP-PNP can replace ATP as a positive effector of MalT * and that the
AMP-PNP bound form is partially active in the absence of maltotriose (N.J., unpublished
results), hence the omission of the inducer. The background signal observed in the absence of
MalT (£ 0.5 ApApC/promoter/min) was substracted.

Figure 4. Effect of the MalT-N637T substitution on the inhibition of MalT activity by MalY
and Aes, in vitro. Abortive initiation assays were performed as described in the presence of
wild-type MalT (300 nM) (open squares) or MalT-N637T (300 nM) (closed squares) and the
indicated concentration of MalY (A) or Aes (B).

Figure. 5. Effect of the MalT-N637T substitution on the MalT/MalK interaction in vitro.
Purified MalT was chromatographed in the presence of ATP on Ni-NTA-agarose
microcolumns preloaded with His-tagged MalK as described. The fractions recovered were
analysed by SDS-PAGE and the proteins stained with Coomassie blue. F7, W, and E are
flow-through (200 pl), wash fractions (100 pl each), and imidazole-eluted fractions (100 pl
each), respectively. A, wild-type MalT. B, MalT-N637T.

18



Fig. 1
Click here to download high resolution image



http://www.editorialmanager.com/jmb/fileDownload.asp?dlfpdf=yes&msid=%7B5FAB8801-DC96-455B-A6A6-518003F445BC%7D&docid=1382&rev=0&file=fig1c.tif&pass=2

Fig. 2

140
~ 120
s
> 100
=
2
T 80 M no repressor
© O+ MalK
o 0 &+ MalY
90. 40
w
g 20

0
Fig. 2A
120

-
o
o

@
o

malEp292 activity (%)
& 3

N
o
L

o
L

w.t.

R634S E636G N637T L639P

B no repressor
O+ Aes

Fig. 2B




Fig. 3
Click here to download high resolution image

30 | I ] ] ¥ L
£ 256 -
£
3 20 [ -
o T -
E 15 & TT~ol _
2 g MalT-N637T
S 10 —— A -
2
2 ° I wi. MalT =

0 1 1 1 1 [ [

0 2 4 6 8 10 12

[MalK] (M)

14


http://www.editorialmanager.com/jmb/fileDownload.asp?dlfpdf=yes&msid=%7B5FAB8801-DC96-455B-A6A6-518003F445BC%7D&docid=1382&rev=0&file=Fig-3&pass=2

Fig. 4
Click here to download high resolution image

ApApCipromoter/min

ApAnC/promotar/min

[Aes] (M) [cimer af MalY] ()


http://www.editorialmanager.com/jmb/fileDownload.asp?dlfpdf=yes&msid=%7B5FAB8801-DC96-455B-A6A6-518003F445BC%7D&docid=1382&rev=0&file=Fig-4&pass=2

Fig. 5

Click here to download high resolution image

A

w.k MalT

FT W1 W2 WaWw4'wWs E1 E2 E3 Ea

- 87 kDa
- 66 kDa

B maT-nsarT

MalT

FT Wi W2 W3 W4 W5 Ei1 E2 E3 E4

= 87 kDa
- B kDa

« 45 kDa


http://www.editorialmanager.com/jmb/fileDownload.asp?dlfpdf=yes&msid=%7B5FAB8801-DC96-455B-A6A6-518003F445BC%7D&docid=1382&rev=0&file=Fig-5&pass=2

Table 1 and 2

TABLE 1. Up mutants isolated

Substitutions® N° Codon changes®
M517K/H808R 1 ATG -> AAG/ CAT -> CGT
Q565R 1 CAG > CGG

R634C 1 CGT > TGT

R634H 1 CGT > CAT

R6348S 1 CGT > AGT

E636G 2 GAA > GGA

N637D 3 AAC > GAC
N637D/Q608R 1 AAC -> GAC/ CAG -> CGG
N637S 3 AAC -> AGC

N637T 1 AAC > ACC

L638P 2 CTG > CCG

L639P 3 CTG -> CCG

L639P/E636E 1 CTG -> CCG / GAA > GAG
L639P/E705V 1 CTG -> CCG / GAA -> GTA
G640E 2 GGG -> GAG
G640R/Q792R 1 GGG -> AGG / CAG > CGG
R656W 1 CGG > TGG
R656W/H808R 1 CGG ->TGG / CAT -> CGT
F810L 1 TTC > CTC

* The residue number refers to its position in the MalT polypeptide.

® N, number of independent isolates

¢ The percentage of transitions and transversions were 85 and 15 %, respectively.



TABLE 2. Strains

Strains Genotype

References

MC4100
pop7164
ED169

pop7165
pop7170
pop7180
pop7185
pop7190
pop7191
pop7192

araD139 A(argF-lac)U169 rpsL150 relAl fIbB5301 deoC1 ptsF25 rbsR
MC4100 AmalT220*
MC4100 AmalB107°

MC4100 malB107 trp::[Kan"-malEpA92-lac),,

MC4100 malB107 trp::[Kan'-malEpA92-lac],, aroB glpD

MC4100 trp::[Kan'-malEpA92-lac),, aroB gipD

MC4100 malB107 mall::Tnl0 trp::[Kan"-malEpA92-lac),, aroB gipD
MC4100 malB107 trp::[Kan'-malEpA92-lac],, AmalT220

MC4100 trp::[Kan'-malEpA92-lac)o, AmalT220

MC4100 malB107 mall::Tnl0 trp::[Kan"-malEpA92-lac],, AmalT220

26

8

from E. Dassa
(Institut Pasteur)
This study®

This study ¢
This study®

This study"

This study®

This study”

This study’

* AmalT220 is a deletion of the entire malT gene ®.

® AmalB107 deletes most, if not all, of the malK gene **.
¢ The locus trp::(Kan'-malEpA92-lac),, was engeneered and introduced into ED169 to give
pop7165, as described '°.
¢ Strain pop7170 was obtained by transduction of a malT::Tnl0 derivative of pop7165 to Aro”
Tet® Mal” Gly by using a P1 lysate of pop2322 (MC4100 aroB glpD) (Laboratory collection).
¢ pop7180 is a malB" derivative of pop7170, constructed by P1 transduction from MC4100.

f pop7185 is a mall::Tnl0 * derivative of pop7170, obtained by P1 transduction from
MC4100 mall::Tnl0 (Laboratory collection).
& Strain pop7190 is a AmalT220 derivative of pop7170, constructed by P1 transduction to

Aro” Mal” Gly" with a P1 lysate from pop7163 (MC4100 AmalT220 (F")) ®.

" Strain pop7191 is a AmalT220 derivative of pop7180, obtained as described for pop7190.
" Strain pop7192 is a AmalT220 derivative of pop7185, obtained as decribed for pop7190.



