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Abstract: Deletion analysis and alanine-scanning based on a homology-based interaction model
were used to identify determinants of oligomerization in the transcriptional regulator CynR, a
member of the LysR-type transcriptional regulator (LTTR) family. Deletion analysis confirmed that
the putative regulatory domain of CynR was essential for driving the oligomerization of .
repressor-CynR fusion proteins. The interaction surface of a different LTTR and OxyR was mapped
onto a multiple sequence alignment of the LTTR family. This mapping identified putative contacts

in the CynR regulatory domain dimer interface, which were targeted for alanine-scanning
mutagenesis. Oligomerization was assayed by the ability of mutant i repressor-CynR fusions to
assembile in E. coli revealing interesting similarities and differences between OxyR and CynR.
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Introduction

The LysR-type transcriptional regulators (LTTRs) com-
prise a large family of proteins in which oligomeriza-
tion is essential for their function. Many bacteria
encode multiple LTTR paralogs in their genomes. For
example, there are 47 and 123 LTTRs in Escherichia
coli and P. aeruginosa, respectively.' Based on the
full-length crystal structure of CbnR from Ralstonia
eutropha NHo, tetrameric LTTRs consist of a helix-
turn-helix DNA binding domain connected via a
coiled-coil linker to an o/f regulatory domain that
resembles periplasmic binding proteins.> The mono-
meric subunits form tetramers via two distinct interac-
tions: If the subunits are labeled A, B, P, and Q the
regulatory domains of subunits B and P form a dimer,
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as do the regulatory domains of subunits A and Q. The
DNA binding domains are brought together via the o-
helical linker of A and B or P and Q. Most well-studied
LTTRs undergo a conformational change in response
to an environmental signal.® Because the oligomeriza-
tion of the LTTRs also shows high specificity (Knapp
and Hu, unpublished), these interfaces must have
diverged within the constraints of a common struc-
tural framework while maintaining stability in both
their activating and repressing forms.

To understand the evolution of specificity in LTTR
interactions, we are analyzing the basis of regulatory
domain dimerization in different members of the fam-
ily. Previously, we have used the program QContacts*
and site-directed mutagenesis to identify seven poten-
tial hot spot residues in the regulatory domain inter-
face of OxyR,” a regulator of the oxidative stress
response in E. coli.

Here, we describe studies on the oligomerization
determinants of CynR, another E. coli LTTR. CynR is
the transcriptional regulator of the cyn operon, which
encodes genes that allow cyanate to be used as a sole
source of nitrogen. The operon consists of cynT, cynS,
cynX, which encode a carbonic anhydrase, a cyanase,
and a protein of unknown function, respectively.®
CynR binds to DNA in vitro in the presence or
absence of cyanate. CynR binding induces bending of
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Figure 1. CynR deletion mutations. The amino acid regions
in CbnR are described in the top row, with the equivalent
regions of CynR used to construct deletion fusions
described in the second row. The regions included in the
fusions are shaded, with the name of the construct on the
left (A-J). The immunity of each construct against A\KH54 is
shown in the right hand column. | = Immunity/
Oligomerization; S = Sensitivity/No oligomerization. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

the DNA under both conditions, but the amount of
DNA bending is decreased in the presence of cyanate.”

We have used the domain structure of CbnR and
analysis of the interaction surface of the OxyR regula-
tory domain dimer to guide deletions and site-directed
mutagenesis of CynR. The results reveal interesting
similarities and differences between OxyR and CynR.
Unlike OxyR, a structure for the CynR regulatory do-
main was not available when this study was begun.
During the course of this study, the structure of the
regulatory domain of CynR without the inducer was
deposited in the PDB (2HXR), allowing us to evaluate
the performance of the homology-driven analysis of
subunit interfaces.

Results

Regions sufficient for oligomerization
To genetically dissect the determinants of CynR oligo-
merization, we used an established genetic method,
the A repressor system, to test for oligomerization in
CynR. The icl repressor protein oligomerizes at the C-
terminal domain. Fusing a protein of interest to the
DNA binding domain (residues 1-102) allows for
screening for oligomerization by challenging E. coli
expressing a fusion protein with phage A.5712
Full-length CynR confers immunity to phage A
infection when fused to the DNA binding domain of A
repressor. To determine which portions of the CynR
protein were necessary and sufficient for oligomeriza-
tion, repressor fusions were constructed to a series of
deletion mutations of CynR (Fig. 1), which were
assayed for oligomerization by immunity assays. Four
constructs D, E (full-length), F, and G showed immu-
nity to phage, indicating that these constructs are able
to oligomerize.
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cl-CynR is a higher order oligomer

To determine whether or not the four immune cI-
CynR fusions were forming dimers or higher order
oligomers, the clones were moved into a set of lacZ re-
porter strains that can distinguish between monomers
and higher-order oligomers.® In this assay (Table I),
strong repression of the lacZ reporter in strain JH607
requires cooperative binding to a set of adjacent A
operators. Only the full-length CynR fusion (Table I,
construct E) showed repression levels similar to that
of the tetrameric control (pJH157). The constructs
containing only the full regulatory domain of CynR
(Table I, constructs F and G) showed repression levels
similar to those of the dimeric control (pJH370).
Taken together with the immunity assays, these results
indicate that the full regulatory domain is sufficient
for dimerization, whereas the whole protein is neces-
sary for tetramerization. Although construct D is oligo-
meric in the immunity test, it represses very weakly in
the lacZ reporter assay and was not studied further.

Prediction of the CynR interface
At the beginning of this study, only two structures of
LTTR oligomerization domains were available: OxyR
and CysB;'® however, because of the predicted overall
similarity in the structures of the regulatory domains
of homologous LTTRs, we hypothesized that the oligo-
merization surface from one LTTR might be similar to
that of another. We chose OxyR as a structural tem-
plate because it was the only LTTR for which system-
atic mapping of the energetic hot spots had been
done.® Using the multiple sequence alignment and the
program QConAlign.pl as described in the Methods,
we mapped positions in the subunit interface of OxyR
onto the equivalent positions in CynR to generate pre-
dicted contact profiles of residues contact each other
across the CynR dimer interface (Supporting Informa-
tion Tables S1 and S2).

Of the 42 residues in the OxyR contact profile,
residues at six positions in CynR were occupied in the
alignment by identical amino acids: Y104, L124, E126,

Table 1. Assay for Higher Order Oligomers

Construct JH607 XZ980
pZ150 100% = 0% 100% = 0%
pKH1io01 34 *7 116 * 44
pJH157 (tetramer) 4 *2 78 = 24
pJH370 (dimer) 45 * 21 45 * 16
D 80 * 44 115 * 48
E 7*+5 69 = 4
F 38 = 17 85 £ 5
G 34 * 10 81 + 24

Each construct used was assayed using p-galactosidase assays
(See Methods). pZ150 is the empty vector. pKH101 is the N-
terminal DNA binding domain of AcI repressor. Higher order
oligomerization is needed to see stronger repression of lacZ
in JH607 compared to XZ98o0.

Oligomerization of CynR in E. coli
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Figure 2. Comparison of the contact profiles generated from QContacts. Panel A shows the residues found in both contact
profiles of the regulatory domains of the uninduced and induced crystal forms of CynR. B: The shared contacts between the
uninduced and induced crystal forms of CynR. C: The atomic interactions of 1106 contacting A226, E229, and L230 in the
uninduced and induced crystal forms of CynR. Black lines, uninduced form. Gray lines, induced form.

A221, S223, and S235. Three positions in OxyR 251,
252, and 253 aligned to gaps in the CynR sequence.

Analysis of the real CynR interface

During the course of this study, the structure of the
regulatory domain of CynR without the inducer was
deposited in the PDB (2HXR). The unreleased struc-
ture of the regulatory domain of CynR with sodium az-
ide bound was graciously provided to us by Alexander
Singer and Alexei Savchenko at the Midwest Centre
for Structural Genomics/University of Toronto (PDB:
3HFU), allowing us to generate a real contact profile
for each form of the CynR (Supporting Information
Tables S3 and S4).

At the residue level, all the residues identified at
the interface of the uninduced form contribute to the
interface of the induced form. Only two residues, 119
and 216, were found in the interface of the induced
structure that were not in the uninduced structure
[Fig. 2(A)]. Examination of the contacts made by these
residues showed that the uninduced structure had 59
residue-residue contacts, whereas the induced struc-
ture had 60 residue-residue contacts. Of these, 53 resi-
due-residue contacts were the same between the two
crystal forms. [Fig. 2(B)]. However, examination of the
actual atomic level interactions reveal differences
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between the atoms in the inter residue-residue con-
tacts. The number of nonredundant atomic interac-
tions for the uninduced form of CynR was 245,
whereas for the induced form there are 258. Of these
interactions, only 159 are shared in both forms of
CynR, meaning that only 65 and 62% of the uninduced
and induced forms are shared, respectively. Closer ex-
amination of the 1106 interacting with A226 highlights
this observation. In the uninduced structure, Cp of
A226 interacts with C31 of the isoleucine, whereas in
the induced structure A226 Cp interacts with I106
Cy2. Ca of A226 makes an additional conact with 1106
Cy2 [Fig. 2(C)].

Predicted vs. observed contact profiles

The contact profiles from the CynR crystal structures
allowed us to evaluate the performance of the homol-
ogy-based prediction of the dimer interface. Table II
compares the residues predicted to be in contact based
on the two OxyR structures (reduced and oxidized) to
those observed in the two CynR structures (without
and with inducer bound). Twenty-one of the 47 resi-
dues found in any of the contact profiles were shared
by all four contact profiles. The predicted contacts
included eight false positives (R94, V97, M110, S128,
K131, A170, H172, and L228) and nine false negatives
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Table II. Residues from Predicted and Observed Contact Profiles for CynR

In CynR profiles

Not found in CynR

Predicted from OxyR profiles
From both OxyR profiles

S103, 1106, G107, A111, Y114, L122, Q123, L124, Mzi10, S235
Q125, E126, V218, 1219, A221, N222, S223,
S225, A226, E229, L.230, R232, R233

T102, Y104, T121, V217, E220, Q247, H248 V97, S128

From oxidized OxyR

From reduced OxyR I120, T234 Ro4, A170, H172, 1228
Not predicted from OxyR profiles

In both uninduced and induced CynR P108, A115, P118, K190, S195, E197, L236 n/a

Only in induced CynR S119, Q216 n/a

(P108, A115, P118, S119, K190, S195, E197, Q216, and
L236).

Figure 3 shows the contact profiles mapped onto
the surface of the structure of CynR without inducer
bound. The majority of the central contact surface
consists of shared residues, while the false positives
and false negatives lie on the edges of the dimer inter-
face. Although similar positions are involved in the
interface, the CynR monomers interact with each other
at a different angle than the OxyR monomers. Com-
paring all residue-residue interactions found in the
contact profiles of CynR and OxyR illustrates this
point further. As shown in Figure 2(B), 53 residue-res-
idue contacts are shared between both the uninduced
and induced forms of CynR. Of these 53 shared inter-
actions, only eight are shared amongst all four contact

profiles of CynR and OxyR. Of these eight residue-resi-
due contacts, one contains a hot spot in OxyR: E126
contacting S223, whereas in CynR the contact of S103
contacting E229 is of importance, as E229 is a hot
spot (see below).

Individual residues’ contributions

to oligomerization

To determine the importance of individual residues in
the interface to oligomerization, nonalanine or glycine
residues were mutated to alanine. The mutant cynR-
repressor fusions were moved to pLM1000, pAZ299 and,
in some cases, pGK751. These three vectors express the
repressor fusions at different levels in E. coli and have
different thresholds for detection of oligomerization.
pLM1000 requires strong oligomerization, pGK751

Figure 3. Mapped contacts of CynR comparison of the predicted and real contact profiles of CynR. The predicted and real
contact profiles of CynR were compared and mapped onto the uninduced structure CynR (2HXR). In panels A and B, purple
residues are detected in the predicted and real contact profiles. Yellow residues were detected in the real contact profile of
CynR, whereas green was from the predicted contact profile. A: The face of one monomer of CynR uninduced. B: The dimer of
CynR uninduced. In panel C, residues in contact with hot spots are highlighted. Red are hot spots, while residues in yellow are
class Il residues and residues in blue are class Il residues. Hot spot residues from the other subunit are shown as red sticks.
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Table III. Oligomerization Results of CynR

Regulatory
Full-length domain Sub-class
Li22A I I 1A
L228A I I 1A
E220A 1 1 1A
Li24A 11 /1 2A
Q247A I 1/I1 2A
Yi04A II II 2B
1120A I/ II 2B
T121A I I 2B
L230A I I 2B
R233A I I 2B
S235A I I 2B
Y114A I 111 2C
E126A I 111 2C
Q123A 111 I 3A
Q125A 111 II/111 3A
Hi172A 111 111 3C
S223A 111 111 3C
E220A I ND
Ro4A I ND
L106A I ND
M1i10A I ND
K131A I ND
V218A II ND
R232A II ND
H248A I ND
S103A 111 ND
S128A II1 ND
1219A 11T ND
S225A 111 ND
T234A 111 ND

detects relatively weak oligomers, and pAZ299 is inter-
mediate in sensitivity. In all three vectors, full-length,
wild-type CynR forms oligomers above the assay thresh-
old. Table III shows the immunity results for full-length
CynR fusions with different mutations. The mutants can
be sorted into three classes: (I) those that were not
immune when expressed from any of the vectors, (II)
those that were unable to oligomerize when expressed
from pLM1000, but able to oligomerize in pAZ299 or
pGK751 and (IIT) those that behaved as wild-type, being
immune in all three vectors. There are four residues in
Class I, 16 in Class II, and nine residues belonging to
Class IIL.

Table IV. Strains, Primers and Plasmids

Because residues 89—299 are sufficient to drive
oligomerization, and because the tetramer contacts of
the full-length protein could be masking the destabiliz-
ing effects of the alanine substitutions at the dimer
interface, repressor fusions to the regulatory domain
(residues 89—299) containing the mutations were con-
structed and assayed for the ability to confer immunity
to A (Table III). We again sorted the regulatory do-
main results into different classes: (I) those that were
not immune when expressed from any of the vectors,
(I1) those that were able to confer immunity in
PAZ299 or pGK751, and (III) those that behaved as
wild-type. Combining the results of the full-length
mutational analysis with the regulatory domain analy-
sis allows for an overall classification of the mutant, as
evident by the subclassification (Table III).

Overall, four residues were found to be required
for the oligomerization of full-length CynR as assayed
by Acl repressor fusions. L228 was almost completely
buried in both forms of CynR. Because it is not at the
surface, we conclude that the effect of L228A is likely
to be on monomer stability. As the LTTRs are notori-
ously difficult to work with and in most cases insolu-
able, we cannot independently assess its role in oligo-
merization. The other three residues in the dimeric
interface of CynR that are sensitive to mutation to ala-
nine, L122, E220, and E229, are putative hot spots for
oligomerization.

Discussion
Genomes often encode many members of paralogous
gene families that encode proteins with similar struc-
tures. These proteins, which usually function in multi-
subunit protein complexes, must have evolved to coex-
ist in the same cellular environment. This requires the
evolution of distinct oligomerization specificities to
prevent assembly of inappropriate inactive complexes.
The LysR-type transcription factors provide an inter-
esting example of this situation, as some bacteria may
contain dozens to hundreds of LTTR paralogs.

In this study, we focused on examining the oligo-
merization of the CynR protein from E. coli. We first
confirmed that CynR oligomerization is similar to

araD139 A(ara, lew)7697, AlacX74, galU, galK, hsdR, strA F'128 lacl%lacZ::Tns

F~ AlacX74 hsdR(r; m}") Arec1398 endA1 tonA
5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTATCTGACGCGAGGATCGCTG-3'

pGK304 P,,0,-cI-amber-CynR

pGK343 P.,o,~cI-amber-att-CynR-att
pJH301 Piacuvs-cl vector

pLM1ooo P.,o,-cl-amber-Gateway® cassette
pGK751 PlacUVS—cI—amber—Gateway® cassette
pAZ299 P7107-¢:I-Gateway® cassette
AG1688

JH787 AG1688 ®su8o

JH607 AG1688 A1120.P,

XZ980 AG1688 1XZ970

Machi1-T1R

CynR RD-GW-f

CynR RD GW-r

5-GGGGACCACTTTGTACAAGAAAGCTGGGTCCTACCGTGATTCATTTCCGCCAA-3'

Knapp and Hu
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other LTTRs and then compared the determinants of
CynR oligomerization to those found in another mem-
ber of the LTTR family, OxyR. Deletion analysis and
in vivo cooperativity are consistent with CynR behav-
ing like a typical LTTR. Deletion analysis confirmed
that the CynR regulatory domain is sufficient for dime-
rization, whereas the full-length protein behaved as a
higher order oligomer. This is consistent with the ob-
servation that most LTTRs are tetramers and clarifies
the oligomerization state of CynR in vivo; previous
reports by the Fuchs group have said that CynR is ei-
ther a dimer of dimers or a dimer as determined by
gel-filtration studies.”'4

Construct D in Figure 1 was made to delete the
portion of the regulatory domain where the C-terminal
end of the protein crosses back from the RDII subdo-
main to participate in the structure of the RDI subdo-
main. Surprisingly, this construct showed weak self-
assembly in the presence of the N-terminal domains of
CynR.

Using a homology model based on OxyR to guide
site-directed mutagenesis, we identified three residues
important that contribute to the dimerization of the
regulatory domain of CynR: Li22, E220, and E229.
The hot spots in CynR share several of the typical
characteristics of hot spots.’®® Primarily, the hot
spots make contact with each other and are sur-
rounded by residues that are not especially important
for oligomerization [Fig. 3(C)]. However, while Bogan
and Thorn'® and Hu et al.*® find that the hot spots are
enriched for tryptophan, tyrosine, and arginine, the
CynR hot spots are two glutamic acids and the one
leucine.

Just as homologous proteins reflect conserved
fold topologies, with a few notable exceptions, oligo-
meric proteins in conserved families assemble using
similar symmetry and interfaces.”” * It is tempting to
speculate that this similarity could allow inference of a
code-like rule set for understanding the basis for the
evolution of homomeric interactions, at least within a
family of paralogous proteins. Indeed, substantial pro-
gress has been made toward predicting the specificity
of coiled-coil interactions from additive predictions
based on model leucine zippers.?°~**

However, assembly of globular dimers appears to
be very different. Comparison of the contact profiles
for OxyR and CynR, the two LTTRs we have so far
studied in detail, shows that while much of the same
surface is used in regulatory domain dimerization, the
majority of the residue-residue interactions are differ-
ent reflecting a difference in rotation of the monomers
along the plane of the interaction surface [Fig. 3(A,B)].
Of the seven hot spot residues from the OxyR study,
three were not present in either of the contact profiles
generated for CynR (Table II). Figure 4 shows the
alignment of QContacts contact profiles generated
using available LTTR regulatory domain crystal struc-
tures.>'>23726 While there are some residues that are
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in the contact profile of all the regulatory domain
structures, very few overlap with the hot spots of
CynR and OxyR.

Our results highlight the challenges for under-
standing the evolution of specificity for the assembly
of LTTRs and globular proteins in general. Although
naive homology modeling predicted most of the resi-
dues involved in dimerization of the CynR regulatory
domain, the detailed differences in how the interface
surfaces interact would be hard to predict. Given those
differences, it is perhaps not surprising that different
residues on the interaction surfaces are hotspots in
different LTTRs.

In this study and our previous study with OxyR,
the A repressor system has proved useful in studying
the LTTR family of proteins. While we have focused
on the dimeric interfaces, this system should allow for
future studies on dissecting the tetrameric protein-pro-
tein interactions of the LTTRs, providing a compre-
hensive picture of the oligomerization of the LTTRs.

Methods

Construction of deletion mutations

Strains and plasmids used in this study are listed in
Table IV. To determine the equivalent positions of
CbnR in CynR, a multiple sequence alignment of
COGo583" and CbnR from R. eutrophea® was gener-
ated using CLUSTAL W (1.82). The regions used to
determine the constructs are based on those described
in the crystal structure article of CbnR, deletion muta-
tions based on CysB2°® and are shown in Figure 1. Oli-
gos were designed to attach in-frame Sall and BamHI
sites and ordered from IDT (Iowa). These oligos were
used to amplify the appropriate fragments out of full-
length CynR (pGK304) and digested with Sall and
BamHI. The inserts were cleaned using a Qiagen PCR
Clean-up Kit and ligated into digested pJH391
digested with Sall and BamHI generating Acl
repressor fusions. Ligations were transformed into
AG1688 and transformants were recovered and
sequenced.

Immunity assay

Cross-streak assays®” were used to test the ability of
the Acl fusions to oligomerize. In general, cells were
struck out for single colonies and incubated for 16 h at
37°C. Individual colonies were challenged against lines
of phage AKH54, Avir, and control phage 1i*'c on tryp-
tone agar plates and incubated for 7 h at 37°C. Those
that were able to grow across the AKH54 line were
called immune, and those that were not able to grow
were sensitive. All colonies died at the control A*'c
phage. For the deletion mutation cross-streaks, stains
were simply called immune or sensitive based on their
phenotype to AKH54. For other described cross-
streaks, strains immune to AKH54 were given a score
of 1, whereas sensitive phenotypes received a score of

Oligomerization of CynR in E. coli



BenM MELRHLRYFVAVVE-- - -EQS-FTKAADKLCIAQPPLSROQIQNLEEELGIQLLER-GSRP 54
CatM MELRHLRYFVTVVE----EQS-ISKAAEKLCIAQPPLSRQIQKLEEELGIQLFER-GFRP 54
Cbl MNFQQLKIIREAAR----QDYNLTEVANMLFTSQSGVSRHIRELEDELGIEIFVRRGKRL 56
CysB MEKLQQLRYIVEVVN----HNLNVSSTAEGLYTSQPGISKQVRMLEDELGIQIFSRSGKHL 56
CbnR MEFRQLEYFIAVAE----AGN-MAAAAKRLEVSQPPITRQMQALEADLGVVLLER-SHRG 54
CynR MLSRHINYFLAVAE----HGS-FTRAASALHVSQPALSQQIRQLEESLGVPLFDR-SGRT 54
OxyR MNIRDLEYLVALAE----HRH-FRRAADSCHVSQPTLSGQIRKLEDELGVMLLER-TSRK 54
DntR MDLRDIDLNLLVVFNQLLLDRSVSTAGEKLGLTQPAVSNSLEKERLRTALNDDLFLR-TSK 59
* .2 . . . . 1 *, : : L ., s 2 * H
BenM VKTTPEGHFFYQYAIKLLSNVDQ--MVSMTKRIAS-VEKTIRIGFVGSLLFGLLPRIIHL 111
CatM AKVTEAGMFFYQHAVQILTHTAQ--ASSMAKRIAT-VSQTLRIGYVSSLLYGLLPEIIYL 111
Cbl LGMTEPGKALLVIAERILNEASN--VRRLADLFTNDTSGVLTIATTHTQARYSLPEVIKA 114
CysB TQVTPAGQEIIRIAREVLSKVDA--IKSVAGEHTWPPEGSLYIATTHTQARYALPNVIKG 114
CbnR IELTAAGHAFLEDARRILELAGR--SGDRSRAAARGDVGELSVAYFGTPIYRSLPLLLRA 112
CynR IRLTDAGEVWRQYASRALQELGA--GKRAIEDVADLTRGSLRIAVTPTFTSYFIGPLMAD 112
OxyR VLFTQAGMLLVDQARTVLREVKV - -LKEMASQQGETMSGPLHIGLIPTVEGPYLLPHIIPM 112
DntR MEPTPYALHLAEPVIYALNTLET-ALTTRDSFDPFASTRTFNLAMTDIGEMYFMPPLMEA 118
Ll . . » t 1. ] 1t
BenM YRQAHPNLRIELYEMGTKAQTEALKEGRIDAGFGRLKIS-DPAIKRTLLRNERLMVAVHA 170
CatM FROQONPEIHIELIECGTKDQINALKQGKIDLGFGRLKIT-DPAIRHIVLHKEQLKLAIHK 170
Cbl FRELFPEVRLELIQGTPQEIATLLONGEADIGIASERLSNDPQLVAFPWFRWHHSLLVPH 174
CysB FIERYPRVSLHMHQGSPTQIADAVSKGNADFAIATEALHLYEDLVMLPCYHWNRAIVVTP 174
CbnR FLTSTPTATVSLTHMTEDEQVEGLLAGTIHVGFSRFFPR-HPGIEIVNIAQEDLYLAVHR 171
CynR FYARYPSITHEOL MSQEKIEDMLCRDELDVGIAFAPVH-SPELEAIPLLTESLALVVAQ 171
OxyR LEHQTFPELEMYL AQTHQLLAQLDSGKLDCVILALVKE-SEAFIEVPLFDEPMLLAIYE 171
DntR LAQRAPHIQISTLRPGAGNLKEDMESGAVDLALG-LLPELQTGFFQRRLFRHRYVCMFREK 177
* H . H . . H H .
BenM SHPLNQMKDKGVHLNDLIDEKILLYPSSPKPNFSTHVMNIFSDHGLEPTKINEVREVQLA 230
CatM HHHLNQFAATGVHLSQIIDEPMLLYPVSQKPNFATFIQSLFTELGLVPSKLTEIREIQLA 230
Cbl DPHPLTQISP--LTLESIAKWPLITYRQGITG--RSRIDDAFARKGLLADIVLSAQDSDVI 230
CysB DHPLAGKKA--ITIEELAQYPLVTYTFGFTG--RSELDTAFNRAGLTPRIVFTATDADVI 230
CbnR BS8QSGKFGKT--CKLADLRAVELTLFPRGGRPSFADEVIGLFKHAGIEPRIARVVEDATAA 229
CynR EHPLAVBBQ-—VALSRLHDBILVLLSAI!‘A!‘--RBQIDBYCBKAGLHPQV‘!.AHIISLV 227
OxyR DHPWANREC--VPMADLAGEKLLMLEDGHCL--RDQAMGFCFEAGADEDTEMFRATSLETL 227
DntR DHPSAKSPMSLEKQFSELEHVGVVALNTG- - - - - HGEVDGLLERAGIKRRMRLVVPHFIATI 232
3 3 3 3 *
BenM LGLVAAGEGISLVP-ASTQSIQLFN-LSYVPLLDPDAITPIYIAVRN-MEESTYIYSLYE 287
CatM LGLVAAGEGVCIVP-ASAMDIGVEN-LLYIPILDDDAYSPISLAVRN-MDHSNYIPKILA 287
Cbl KETYVALGLGIGLVAEQSSGEQEEEN-LIRLDTRHLFPANTVWLGLERGQLQRNYVWRFLE 289
CysB KEKTYVRLGLGVGVIASMAVDPVADPD-LVRVDAHDIFSHSTTKIGFRRSTFLRSYMYDFIQ 289
CbnR LALTMAGAASSIVP-ASVAAIRWPD-IAFARIVGTRVEVPISCIFRK-EKQPPILARFVE 286
CynRr i‘.:a:r LSTLLP--AAIATOHEDG-LKAISLAPPLLERTAVLLRRKNSWQTAAAKAFLH 284
OxyR NBMVAAGEGITLLPALAVPPEMRKRDGVVYLPCIKPEPRRTIGLVYRPGSPLRSRYEQLAE 287
DntR GPILHSTDLIATVPQRFAVRCEVPFGLTTSPHPAKLPDIAINLFWHAKYNRDPGNMWLRQ 292
BenM TIRQIYAYEGFTEPPN-WLE-------------=-- 306
CatM CVQEVFATHHIRPLIEBSILE- - === ========== 307
Cbl LCNAGLSVEDIKRQVMESSEEEIDYQI-------- 316
CysB RFAPHLTRDVVDAAVALRSNEE VMFEDIKLPEK 324
CbnR HVRRSAKD - - - - - - = = - - - - o o oo o mmmmmmm oo 294
CYynR MALDKCAVVGGNESR----=---=-=ccc=cm===== 299
OxyR AIRARMDGHEHFDEVLEQAV------ccccececcaa=- 305
DntR LFVELFSEAHHHHHH - - - - = = - = = = o o o o om0 oo o 307

Figure 4. Contact residues and hot spots mapped onto the multiple sequence alignment of the LTTRs. The sequence of
each protein with a crystal structure is shown.2 32326 The residues in the interface, as detected by QContacts, are
highlighted blue. Residues that were detected as hotspots in our screens are colored red.

0. Each strain was tested three times with three indi-
vidual colonies. Immune colonies were given a score
of 1, with sensitive colonies given a score of 0. The av-
erage of all experiments was calculated to give an
immunity score.

Dimerization and tetramerization test

To distinguish between cI repressor fusions of dimer
and tetramers, the clones were moved into JH607 and
XZ980 via M-13 transduction. JH607 and XZ980 are
strains that are used to distinguish cooperative oligo-
merization and have been previously described.®
Briefly, JH607 contains the construct A11204P;, which
contains a synthetic promoter that drives expression of
cat and lacZ. A weak lambda operator overlaps the
promoter, and a strong operator is upstream of the
weaker promoter. Strong repression is only detected in
higher order oligomerization states. XZ980 contains
the same weak promoter. The strong upstream opera-
tor was replaced with a 2434 operator so that repres-
sion reflects only binding to the weak operator. p-ga-
lactosidase assays were done according to Miller.2®

Generation of contact profiles

The program QContacts was utilized to generate a con-
tact profile of the two forms of OxyR utilizing the

Knapp and Hu

available crystal structures of the regulatory domain.*
The combined contact profiles generated from the
OxyR study were used as a template to generate pre-
dicted CynR contact profiles. The multiple sequence
alignment described earlier was used. A PERL script
called QConalign.pl was used to parse the residues at
equivalent positions in OxyR out of CynR using the
multiple sequence alignment generating a predicted
contact profile for CynR.

Alanine-scanning mutagenesis

Using the contact profiles as a guide, the identified
nonalanine and glycine residues were mutated to
alanine. PrimerX  (http://www.bioinformatics.org/
primerx) was used to generate the primer pairs, and
primers were ordered from IDT (Iowa). Pfu Turbo
(Stratagene) or Pfx Platinum (Invitrogen) was used for
the polymerase. pGK343 was the DNA template. Reac-
tions were treated with 2U of Dpnl for 2—-6 h and
transformed into Mach1-T1®, Top1-T1® (Invitrogen), or
XL1-Blue supercompetent (Stratagene) cells. Trans-
formants were streak purified, cultured, and the plas-
mid recovered and sequenced.
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Generation of \cl repressor fusions with
different expression levels

For each mutant, a Gateway Entry Clone®® was gener-
ated. pGK343 is a Acl repressor fusion of full-length
CynR with Gateway attachment sites flanking the full-
length CynR. The mutated cynR gene was moved into
pDONR201 via the back reaction to generate the entry
clone, transformed into Mach1-T1® cells, and selected
on LB plates containing kanamycin. Candidates were
screened for the loss of ampicillin resistance by streak
purification on LB kanamycin and LB ampicillin
plates. The entry clones were used to move the gene
into several destination vectors: pLM1000," pAZ299,
and pGKy51 via the LR reaction. The reactions were
transformed into Mach1-T1® cells. Candidates were
screened for loss of growth on LB kanamycin, LB
chlorenphenicol, and for the ability to grow on LB
ampicillin. All constructs were subjected to restriction
mapping to ensure that the appropriate clone was gen-
erated. Depending on the fusion, the plasmid was
transformed into either JH7873° or AG1688.3"

In pAZ299 and pLM100, cl transcription is under
the control of a weak, constitutive promoter, P,,.."" In
pGK751, cl is transcribed from Py,cuvs. Both pGK751
and pLM1000 contain an amber mutation at codon
103 that is suppressed in JH787. Use of these three
fusions allows for tiered levels of protein expression.

Generation of \cl regulatory domain fusions
Entry clones were generated of the mutated regulatory
domains. Residues 89—299 of the regulatory domain
of the full-length CynR mutants were amplified with
the CynR RD GW-f and CynR RD GW-r or attB2 in-
frame attB sites. Using the PCR product, entry clones
were generated in pDONR201. To generate Acl regula-
tory domain fusions, most of the mutated genes (as
entry clones) were subsequently moved to pLM1000,
pAZ299, and pGK751.
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