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Supplementary Table I. Sequence alignment of Lacl/GalR proteins used to create chimeras. Note that,
because of differing start positions, alignment numbering does not match Lacl numbering used in the
manuscript. Experimental details about chimera construction are below the sequence alignment.

In the alignment, the Lacl DNA binding domain is highlighted green. The Lacl linker is highlighted yellow (Lacl
positions 45-61). Conserved “YPAL” linker residues are highlighted in red and correspond to Lacl positions 47,
49, 53, and 56. Note that E. coli CytR lacks the “AL” of this motif (see Discussion), whereas the TreR “FPAM”

motif appears to function similarly to YPAL.

The start of each regulatory domain used to create a chimera (Lacl position 62) is highlighted with cyan. The
positions of the “E230K” mutation in LLhG and LLhS are highlighted in magenta. (Without this mutation, the
chimeras are toxic to E. coli). The amino acids deleted in Lacl”-11” are highlighted in gray.

The yellow highlights in the Lacl and PurR regulatory domains indicate the positions that interact with the linker
to form an interface.
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Chimera construction.
The coding regions for the seven regulatory domains and full-length Lacl were ligated

into the multi-cloning site of the pGemT vector (Promega), which interrupts a gene for f3-
galactosidase. Colonies were screened for white color, grown overnight in 2xYT media, and the
plasmid DNA was purified. Samples were then sequenced to confirm proper cloning (KUMC
Biotechnology Support Facility or Northwoods DNA, Inc., Solway MN) and any errors in the
coding region were corrected with site-directed mutagenesis (Quikchange, Stratagene/Agilent
Technologies).

Final construction of the chimeras was accomplished in one of three ways. Chimeras
LLhF, LLhT, and LLhC were made similarly to LLhP and LLhG (1,2), by first substituting the
homologous regulatory domains for that of Lacl on the plasmid pLS1. Briefly, pLS1 and pGemT
plasmids encoding the regulatory domains were digested with Bsu361 and the other appropriate
restriction enzyme (Supplementary Table 2). The appropriate fragments were separated by
agarose gel electrophoresis, extracted from the gel, ligated, and transformed into E. coli. The
entire coding regions for the chimeric repressors were sequenced and subsequently subcloned
from pLS1 onto the low copy plasmid pHG165.

LLhE was cloned by Bio-Means, Inc. (Sugarland, TX), using the pGemT plasmid
containing the CelR regulatory domain and a pHG165 plasmid containing full length Lacl. LLhS,
LLhR, and LLhA were constructed using an in vivo recombination method outlined by Jones (3).
For this procedure, LLhG/pHG165a was used as vector. The strategy was to replace the GalR
regulatory domain with that of GalS, RbsR, or AscG. To that end, the coding sequence of
pHG165a and the sequence for LLhG amino acids 1-61 (equivalent to Lacl 1-61 on pLS1) were
amplified with appropriate primers (Supplementary Table 2); the large vector fragment excluded
only the LLhG regulatory domain. Fragments for the three homologous regulatory domains
were amplified from the pGemT plasmids; the primers used (Supplementary Table 2) also
added an extra 20-25 base pair overlap with homology to the LLhG/pHG165a vector fragment.
Residual LLhG/pHG165a and pGemT plasmids were linearized by digestion with either Dpnl or
Agel so that they did not contaminate subsequent transformations. Fragments for vector and
insert were then mixed, using 1-2.5ul of each, and transformed into 50ul of either DH5a Max
Efficiency cells (Invitrogen) or XL1-blue cells (Agilent). Recombined pHG165 plasmids were
purified from the cells, and the coding regions for all chimeras were fully sequenced to confirm

construction (Northwoods).



Supplementary Table II.
Primers used in chimera
construction and
mutagenesis.

A. PCR primers used in chimera construction

regulatory
domain restriction

chimera positions  primer sequence primer name site

LLhF 62-334 GCTTCGTGCCGGCCGCACACGTTCTATTGG CRA_Nael Forward Primer Nael
GCTACCTCAGGTTATTAGCTACGGCTGAGCACG CRA Reverse2 Primer

LLhT 63-315 CGTGGGCAAAGCAGCGCTGTGGTCGCCATC TreR_Afel Afel
GCCAGGTACCTCAGGTCATCAGGACAGGGTGGCGG TreR Reverse

LLhC 68-341 CGTAATGAAAGCGCTACCATTCTGGTGATTG CytR_Afe Forward Afel
GCTACCTCAGGTTATTAAGGTAACGCGCGTGTTGATCCC CytR Reverse 2 Primer

LLhE 65-340 GTCACCCGACGTAGCGCTACCGTAGCCCTG CelRAfel For
GCTACCTCAGGTTATCACCCGGATTCCCGCACCATCAAATG CelRBsu361Rev

LLhS 60-346 GCAACTCAGGTTAGCGCTACCATTGGCG GalS-Afel Forward Primer

GalS-Bsu361 Reverse

CTGCGCCCTGAGGTTATTACATCGCCTGAT Primer
AACAACTGGCGGGCAAACAGAGCGACACCATTGGCGTGGTG GalS-Afel-RecombFOR
GAGGGGACGACGACAGTATCGGCCTGAGGTTATTACATCGC GalS-RecombREV

LLhR 60-330 GCCTCAAACTCAATCAAAGCGCTACCATTGGC RbsR-Afelforward primer

RbsR-BSU361 Reverse

CTGCGCCCTGAGGTTACTAAGCCGAACCGC primer
AACAACTGGCGGGCAAACAGAGCCATACCATTGGCATGTTG RbsR-Afel-RecombFOR
GAGGGGACGACGACAGTATCGGCCTGAGGTTACTAAGCCGA RbsR-RecombREV

LLhA 61-337 GAGGGGACGACGACAGTATCGGCCTCAGGTTATTATCGCGAAGGAGCAATGAG AscG-Recomb REV
AACAACTGGCGGGCAAACAGAGCCAGACGCTGGGGCTGGTAGT AscG-Reg Recomb FOR (2)

General CCGATACTGTCGTCGTCCCCTC Chimer-RecombFOR
GCTCTGTTTGCCCGCCAGTTGTTGTG LLh-RecombRev

Lacl GCGGGCAGTGAGCCTAAGGCAATTAATG Lac-Bsu
CATTAATTGCCTTAGGCTCACTGCCCGC rev Lac-Bsu

GCATCGGAATTCCACCATCGAATGGTGCAAAACCTTTCG

Lacl Forward

GCTAGGAATTCTCATCACTGCCCGCTTTCCAGTCGG

Lacl Reverse

GCTAGGAATTCTCATCACAGCTGCATTAATGAATCGGC

Lacl -11 Reverse



CRA_Mut Forward

B. Mutagenesis primers used to modify pHG165 and in chimera
construction (to revert cloning sites, correct PCR mistakes, add
"E230K", etc.)

GTTTCCCGCCGAGACGGTGCTTTATCTTGGTGCG

CRA_Mut Reverse

CGCACCAAGATAAAGCACCGTCTCGGCGGGAAAC

LhC_Mutl GCAAACAGAGCCGCACCATTCTGGTGATTGTCC

rev LhC_Mutl GGACAATCACCAGAATGGTGCGGCTCTGTTTGC
LhC_Mut 2 CGGAGCTGGAGCTGCCTACAGTTCATATCGACAATCTGAC
rev LhC_Mut2 GTCAGATTGTCGATATGAACTGTAGGCAGCTCCAGCTCCG
pHG-Olout CGTATGTTGTGTGGCGTGGTACTCATAACAATTTC

rev pHG-Olout GAAATTGTTATGAGTACCACGCCACACAACATACG
RbsR-FSFor GCCAGTACCAATCCTTTCTATTCA

RbsR-FSRev TGAATAGAAAGGATTGGTACTGGC

RbsRmutl1For GGGCAAACAGAGCCATACCATTGGC

RbsRmut1Rev GCCAATGGTATGGCTCTGTTTGCC

RbsRBsumutF CCGCTGCGTCCACAGGCCGTC

RbsRBsumutR GACGGCCTGTGGACGCAGCGG

Lac 109 CGTCGAAGCCTGTAAAACGGCGGTGCACAATC

rev Lac 109 GATTGTGCACCGCCGTTTTACAGGCTTCGACG
GalS-E230K GGCGGCGATGGTTAAACTGCTGGGGCGC

rev GalS-E230K

GCGCCCCAGCAGTTTAACCATCGCCGCC

L-deletion/stop

GGT GAATGT GAA ACC ATA ACG TTATAC GAT GTC

L-secondstop

GGA AGC GGC GAT GGC GTA GCT CAATTAC

GC - L-deletion/stop

GAC ATC GTA TAA CGT TAT GGT TTCACATTCACC

GC - L-secondstop

GTA ATT GAG CTA CGCCAT CGCCGCTTCC



Supplementary Table Ill. Primers for Random Mutagenesis and Creation of Looping Constructs.
The “nnn” codons are in different colors for emphasis.
Yellow backgrounds indicate primers with synonymous codons.

LacI Linker Primers common to all chimeras
45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62
M A E L L I G
ATGGCGGAGCTCAATTACATTCCCAACCGCGTGGCACAACAACTGGCGGGCAAACAGTCGTTGCTGATTG
GGCGGAGCTCNNNTACATTCCCAAC Lh-46RDM
GAGCTCAATTACNNNCCCAACCGCGTGGCA LLhPI48RDMFor
CAATTACATTCCC CGCGTGGCAC Lh-50RDM
CAATTACATTCCCAAC GTGGCACAACAACTG
ATTCCCAACCGCNNNGCACAACAACTG pLLhP52RDM
CCCAACCGCGTGGCANNNCAACTGGCG Lh-54RDM
CAACCGCGTGGCACAANNNCTGGCGGGCAAACAG LhG-55RDM
GGCACAACAACTGGCGNNNAAACAGTCG Lh-58RDM
GCACAACAACTGGCGNNNAAACAGTCG Lh-58RDM(2)
GGCACAACAACTGGCGNNNAAACAGAGC LhG-58RDM

LLhF
45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62

M A E R S I G

ATGGCGGAGCTCAATTACATTCCCAACCGCGTGGCACAACAACTGGCGGGCAAACAGAGCCGTTCTATTGGTCTTGTGAT
CTGGCGGGCNNNCAGTCGCGTTCTATTG LhF-59RDM
CTGGCGGGCAAANNNTCGCGTTCTATTG LhF-60RDM
CTGGCGGGCAAACAGNNNCGTTCTATTG LhF-61RDM

GCAAACAGTCG TCTATTGGTCTTG LhF-62RDM

LLhT
45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62

M A E K v v A I I V T

ATGGCGGAGCTCAATTACATTCCCAACCGCGTGGCACAACAACTGGCGGGCAAACAGAGCAAAGTGGTCGCCATCATTGTTAC
CTGGCGGGCNNNCAGTCGAAAGTGGTC LhT-59RDM
CTGGCGGGCAAANNNTCGAAAGTGGTC LhT-60RDM
CTGGCGGGCAAACAGNNNAAAGTGGTC LhT-61RDM

GCAAACAGTCGNNNGTGGTCGCCATC LhT-62RDM



LLhS
45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62
M A E D T I G
ATGGCGGAGCTCAATTACATTCCCAACCGCGTGGCACAACAACTGGCGGGCAAACAGAGCGACACCATTGGCGTGGTGGT
GGCAAACAGAGCNNNACCATTGGCGTG LhS-62RDM

LLhC
45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62
M A E A T I L V I V
ATGGCGGAGCTCAATTACATTCCCAACCGCGTGGCACAACAACTGGCGGGCAAACAGAGCGCTACCATTCTGGTGATTGT
CTGGCGGGCNNNCAGAGCGCTACCATTC LhC-59RDM
CTGGCGGGCAAANNNAGCGCTACCATTC LhC-60RDM
GCGGGCAAACAG GCTACCATTCTG
GGCAAACAGAGC ACCATTCTGGTG
LLhE
45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62
M A E D T vV A L
ATGGCGGAGCTCAATTACATTCCCAACCGCGTGGCACAACAACTGGCGGGCAAACAGTCGGACACCGTAGCCCTGGTGGT
CTGGCGGGC CAGTCGGACACCGTAG
CTGGCGGGCAAANNNTCGGACACCGTAG LhE-60RDM
GCGGGCAAACAGNNNGACACCGTAGCCC LhE-61RDM
GCGGGCAAACAGTCGNNNACCGTAGCCC LhE-62RDM

LLhA
45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62
M A E
ATGGCGGAGCTCAATTACATTCCCAACCGCGTGGCACAACAACTGGCGGGCAAACAGAGCCAGACGCTGGGGCTGGTAGTG
AAACAGAGCNNNACGCTGGGGCTGGTAG LhA-62RDM



LacI Y282D mutagenesis for looping strains (mutation is underlined)
5’ -GACGATAC,GA,GACAGCTCATGTGACATC;GC,GT,A,C,AC,ATCA;CAG

5’ -CTGT3;GATG,TG,T,A,CG,CG;ATGTCACATGAGCTGTCT,CG,TATCGTC

LacI Y282D PCR confirmation in looping strains
5’ -A,G,CGACTG,AGTGC,ATG

5’ -GA;C,TGTCGTGC,AGCTG



Supplementary Figure 1. DNA pull-down assay shows that chimera variants are expressed as
active proteins in vivo. Details about each panel are described on the next page.
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Supplementary Figure 1, continued.

DNA pull-down assays of crude cell extracts were performed for all chimeras and their
variants, in order to ascertain that protein is expressed in vivo and capable of binding operator
DNA such as lacO?, lacO¥™, or lacO? immobilized to magnetic beads. Most variants showed
very high protein levels bound to all operators. The ability to bind lacO DNA indicates that the
chimera construction or mutation does not structurally disrupt the repressor. As referenced in
the text of the manuscript, we previously estimated that bands detectable by Coomassie stain
correspond to >2500 repressors per cell. (All gels were stained with Coomassie prior to silver
staining).

(A) LLhR is shown as an example of a repressor variant with high protein expression.
The arrow indicates the protein band observed in SDS-PAGE for LLhR; this band is also visible
with Coomassie stain. Note that nonspecific DNA (O™") does not pull down much repressor (a
faint band is observed in lane 3 when compared to the no-repressor control in lane 5).

(B) LLhA showed high levels with lacO®™, which indicates that binding to other
operators must be extremely weak. As a comparison, note that — even in the presence of
inducer IPTG — wild-type Lacl is pulled down at high levels (data not shown).

(C) LLhC showed only nonspecific binding to any operator (compare to the last lane of
the first gel, which has no repressor). (D) LLhE did not show detectable protein with any
operator. The pull-down assay does not discriminate between “no protein expression” and “very
poor binding”, and we cannot rule out either possibility. However, all mutated variants of LLhC
and LLhE showed high levels of protein expression when captured by lacO* and/or lacO™™.
Panel (C) shows the “CL1” variant of LLhC (Q55I) as an example, and panel (D) shows the
LLhE “3mut” variant (148V, Q55A, Q60R). The gels shown in (C) and (D) also show results for
operators 0%, O' and 0% | which were performed for a separate project.

(E) Surprisingly, LLhF showed two strong bands in the pull-down assays, which were
present in nearly equimolar amounts. The smaller band could be a proteolysis product of LLhF

or result from a hetero-protein interaction.
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Supplementary Figure 2. The horizontal dashed line indicates the average
B-galactosidase value determined for the "DEL" control plasmid in the absence
of any effector; the flanking dotted lines indicate one standard deviation of the
mean. The dark gray bars on the left show average values for DEL determined
in the presence of natural effectors (or their upstream metabolites) and the
gratuitous inducer for Lacl, IPTG. The light gray bars on the right show values
for DEL in the presence of other potential gratuitous effectors. All error bars
depict one standard deviation from the mean. All effector concentrations are
listed in Table 2. Effectors that diminished activity might do so by competing
with the ONPG substrate for the p-galactosidase enzyme. Cytidine might
enhance B-galactosidase activity by creating more favorable media/cellular
conditions (energetic or nutritional) for /lacZ mRNA transcription and enzyme
expression.
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Supplementary Figure 3. Mutation of position 62 enhances repressor
function of both LLhG and LLhS. Site-directed, random mutagenesis of
position 62 was used to identify amino acid substitutions that either enhance or
diminish repression of the lac operon by LLhG (top panel; data from Meinhardt
and Swint-Kruse, 2008 has been un-normalized in this plot) and LLhS (bottom
panel). The light bars in the front series depict -galactosidase activities
determined in the absence of inducer. The dark bars in the rear series depict
B-galactosidase activity determined in the presence of inducer (fucose). Error
bars indicate one standard deviation from the mean. Although mutagenesis of
position 62 enhanced repression in both chimeras, comparing the rank order of
substitutions shows that individual amino acids can elicit different functional
effects in the two homologs (note the 62A mutation in particular.) The
fold-effect of a mutational change can also differ: Relative to D at position 62, V
changed 10-fold in LLhG but only 1.5-fold in LLhS; F changed 20-fold in LLhG
and 100-fold in LLhS. All liquid culture values were in agreement with plate
assays, except LLhS/D62W, which showed more repression in plate assays.
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Supplementary Figure 4. Xylose and L-arabinose allosterically reduce
the binding affinity of LLhG/E62K for lacO* DNA. DNA binding assays
were carried out under equilibrium conditions for purified LLhG/E62K using
purification and binding conditions described in (4). Black squares show
binding in the absence of sugar (K4 =4x10™*° M). In the presence of 20mM
xylose (green circles) and 20 mM L-arabinose (pink triangles), the DNA
binding affinity is reduced by at least an order of magnitude, with K4 2
4x10° M. The solid lines indicate the best fit of the data to the binding
equation described in (4).
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Supplementary Figure 5. The first growth phase is from metabolism of caseamino
acids (CAA). When grown on lactose minimal media, bacterial cultures expressing
moderate/strong chimeria variants show two distinct growth phases. The example
shown (solid black triangles) is for LLhG/G58L/E62K. The first growth phase also
occurs for cultures with control plasmids that do not express repressor protein, in
minimal media that lacked added sugar (data not shown). Thus, the minimal MOPS
media must provide another carbon source.

One ingredient was 0.2 % caseamino acids ("CAA"). To determine whether CAA
was the carbon source of the first growth phase, cultures of a LLhG/G58/E62K were
grown under four different conditions: (i) with 1X CAA (0.2%) but no sugar (gray
circles); (ii) with 1X CAA (0.2%) and lactose (black triangles); (iii) with 0.5X CAA (0.1%)
and lactose (open triangles); and (iv) with lactose but no CAA (black diamonds). The
single growth phase for condition i closely tracked the first growth phase in condition ii.
Cutting the CAA concentration in half (condition iii) essentially halved the height of the
first plateau. Eliminating the CAA (condition iv) eliminated the first growth phase.
Clearly, the first growth phase was fueled by the CAA.

Condition iv (lactose, no CAA) also had the effect of greatly increasing the lag
prior to the second growth phase. Glucose cultures also grew much more slowly in the
absence of CAA (data not shown), which probably reflected the general burden of
synthesizing the necessary amino acids for growth.
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Supplementary Figure 6. In lactose minimal media, bacterial cultures expressing

moderate/strong repressors exhibit biphasic growth curves. We tested whether the
second growth phase was similar that resulting from induction of the lac operon by

using the second inducer for GalR and LLhG variants, D-fucose (see Table 1 in the
manuscript for references). This sugar is not metabolized by 3.300 E. coli cells and
does not support culture growth (data not shown).

For cultures with the slow-growing variant LLhG/V52L/E62K, fucose was added
to the lactose minimal media at different time points, which diminished the lag before
the second growth phase in a time dependent manner. Gray "X"s are used to depict a
growth curve on lactose minimal media with no fucose; this curve overlaps that with D-
fucose added at t=1000. Gray circles: Glucose minimal media +/- D-fucose at time
zero. Other addition times are indicated on the figure. Surprisingly, fucose addition also
appeared to slightly reduce the plateau height of the second growth phase in a fucose-
addition-time dependent manner (inset). Given their chemical similarities, D-fucose
might inhibit other proteins involved in metabolizing galactose.
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Supplementary Figure 7. -galactosidase activity at
the end of growth assays. Leftcuvettes: Little to no
activity is seen at the end of glucose growth assays.
Right cuvettes: The substrate MUG is actively
hydrolyzed to fluorescent product at the end of lactose
growth assays, which indicates that transcription of the
lac operonis up-regulated in these cultures. Foreach
pair of cultures, the ODgqq is >1.5.
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