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Abstract

The explosion of protein sequences deduced from genetic code has led to both a problem and a
potential resource: Efficient data use requires interpreting the functional impact of sequence change
without experimentally characterizing each protein variant. Several groups have hypothesized that
interpretation could be aided by analyzing the sequences of naturally-occurring homologues. To that
end, myriad sequence/function analyses have been developed to predict which conserved, semi-, and
non-conserved positions are functionally important. These positions must be discriminated from the
non-conserved positions that are functionally silent. However, the assumptions that underlie
sequence analyses are based on experimental results that are sparse and usually designed to address
different questions. Here, we use three homologues from a test family common to bioinformatics —
the Lacl/GalR transcription repressors — to test a common assumption: If a position is functionally
important for one family member, it has similar importance in all homologues. We generated
experimental sequence/function information for each non-conserved position in the 18 amino acids
that link the DNA-binding and regulatory domains of three Lacl/GalR homologues. We find that the
functional importance of each position is preserved among the three linkers, albeit to different
degrees. We also find that every linker position contributes to function, which has two-fold
implications. (1) Since the linker positions range from highly to semi- to non-conserved, and
contribute to affinity, selectivity, and allosteric response, we assert that sequence/function analyses
must identify positions in the Lacl/GalR linkers to be qualified as “successful”. Many analyses
overlook this region, since most of the residues do not directly contact ligand. (2) No position in the
Lacl/GalR linker is functionally silent. This finding is inconsistent with another underlying principle
of many analyses: Using sequence sets to discriminate important from non-contributing positions
obligates silent positions, which denotes that most homologues tolerate a variety of amino acid
substitutions at the position without functional change. Instead, additional combinatorial mutants in
the Lacl/GalR linkers show that particular substitutions can be silent in a context dependent
manner. Thus, specific permutations of sequence change (rather than change at silent positions)
would facilitate neutral drift during evolution. Finally, the combinatorial mutants also reveal
functional synergy between semi- and non-conserved positions. Such functional relationships would
be missed by analyses that rely primarily upon co-evolution.
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Introduction

Protein sequence alignments are omnipresent in biological research. A common use is for
identification of conserved positions (e.g. 1+ 2 3+ 4 5: 6); if an uncharacterized protein is
homologous to known proteins, one might infer a similar gross structure or function (reviewed
in 7). Recently, an increasing number of sequence analyses (e.g.% 8 9 10; 1112, 13, 14 15;
16 17) attempt to identify which nonconserved positions are important to protein function;
these sites are locations® where amino acids may be substituted to derive unique variations of
the overall function of the protein family. Successful recognition of these positions has great
potential for guiding protein engineering and will be key to deducing the biological effects of
polymorphisms.

Identifying the locations of important nonconserved sites requires more than a sequence
alignment: The relevant positions must be discriminated from functionally-silent nonconserved
positions, where substitution allows neutral drift during evolution18. To separate the two
classes of honconserved positions, analyses like those referenced above employ various
statistical methods, in combination with various structural or functional information. In
following the development and proliferation of these analyses, we have noted several features
in their design and application that impede their usefulness. We recently discussed the
importance of carefully defining subfamilies of protein sequences before carrying out these
analyses'®. Here, we address two additional concerns: First, many analyses assume that each
sequence position is either functional or silent for all proteins within a family. We are not aware
that this has been demonstrated systematically using multiple homologues. Thus, we are
experimentally determining whether functional importance is preserved for given positions in
the Lacl/GalR transcription regulators, a family commonly used to benchmark prediction
algorithms. Second, the performance of sequence-based algorithms is often evaluated by
comparing the locations of predicted sites to known binding sites. This criterion neglects the
fact that other regions — such as sequences that link domains — are vital to full protein function.

Here, we report the results of experiments that directly address the first concern — whether the
functional importance of nonconserved positions is preserved in the Lacl/GalR family. To
highlight our second concern, we focus experiments on ~18 amino acids which link the DNA-
binding and regulatory domains of the Lacl/GalR proteins (Figure 1A, B). We previously found
that amino acid substitutions at nonconserved linker positions can alter DNA binding affinity,
selectivity, and allosteric response to a signaling molecule?0.

In designing the previous and current experiments, we wished to compare the functional
outcomes of analogous mutations in several homologues. Such studies could be carried out
using a set of natural Lacl/GalR proteins, but interpretation would be complicated by the fact
that each protein binds a different DNA sequence. To standardize comparisons, we have
engineered a series of transcription repressors that comprise identical DNA binding domains
but different regulatory domains (Figure 1C). The intervening linker that joins the 2 domains
can be derived from various homologues. Using these chimeras, we can directly compare the
effect of linker mutations on the function of the common DNA-binding domain.

aSometimes called “specificity determinants”.

J Mol Biol. Author manuscript; available in PMC 2011 January 29.
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Previously, we reported experimental results for two chimeras comprising the Lacl DNA-
binding domain, the Lacl linker, and either the PurR or the GalR regulatory domain
(respectively named LLhP and LLhG 19 21, Figure 1C). Using a “host-guest” strategy, we
substituted up to thirteen amino acids into several nonconserved linker positions, which
resulted in a range of functional changes. Although their regulatory domains differ, LLhP and
LLhG have the same linker sequence — that of Lacl. We have now created LPhP (with the PurR
linker and regulatory domain) and LGhG (with the GalR linker and regulatory domain), which
provide two additional contexts for examining the functional roles of nonconserved positions
(Figure 1C). In the current work, we use the strategy of exchanging single and combinatorial
substitutions between the PurR or GalR and Lacl linker sequences of the LPhP/LLhP and
LGhG/LLhG pairs. This approach allows us to assess both (1) the functional importance of
various positions in different linker sequences, and (2) whether a particular amino acid
substitution results in the same type of functional change when other positions in the linker are
varied.

The common function of the Lacl/GalR transcription regulators is to bind operator DNA and
thereby modulate transcription of downstream genes. Many family members — including the
lactose repressor protein (Lacl), the purine repressor protein (PurR) and the galactose repressor
protein (GalR) — repress transcription (reviewed in 22). DNA binding, and thus repression, is
modulated when the repressor protein binds a small metabolite. For both Lacl and GalR,
repression is relieved by binding inducer molecules, which are respectively allolactose (or the
gratuitous inducer isopropyl-p-D-thiogalactoside [IPTG]) 23: 24 and galactose (or fucose)
25. For PurR, repression is enhanced by binding guanine or hypoxanthine 26.

When we previously created the chimeric repressors from the Lacl DNA-binding domain and
homologous regulatory domains, we determined that the regulatory domain dictates the
direction of response to binding effector. For example, LLhP (a chimera with the Lacl DNA-
binding domain and linker and the PurR regulatory domain), is co-repressed; whereas the LLhG
chimera with the GalR regulatory domain is induced, each by their respective ligands 1% 21.
In this study, we expected and observed similar effector responses for LPhP and LGhG
chimeras.

LPhP and LGhG were constructed in order to compare the functional contributions of PurR
and GalR linker positions to those in the Lacl linkers in LLhP and LLhG9: 21, In Materials
and Methods, we present our criteria for designing the chimeric repressors and for interpreting
in vivo repression resultsP. We found that the chimera LPhP was a Very poor repressor, about
100-fold weaker than was previously shown for LLhP2L, with reporter activities that were about
the same as “empty” plasmid pHG165 (Figure 2A). In contrast, we found that LGhG was a
stronger repressor than LLhG®. This result can be better seen in the picture of a plate assay
(lighter blue colonies) than in the liquid culture assay, because LGhG has high error in the
latter (Figure 2B and C). Differences between the plate and liquid culture assays (as well as
high error) for LGhG are reminiscent of, although not as severe as, the toxicity previously seen
for several LLhG variants?®,

Functional differences between pairs of chimeras that differ only in their linker sequences
(LLhP/LPhP or LLhG/LGhG) must arise from sequence differences in linker positions.
Previously, we found that at least 4 nonconserved positions contribute to function in LLhP

bPrevious LLhP and LLhG studies utilized different normalization standards for values of in vivo reporter activity (described in Materials
and Methods). To facilitate comparisons with earlier works, we have kept the separate normalization standards for LPhP and LGhG.
Data for Lacl repression, as well as reporter activity in the absence of repressor, are shown on both normalization scales in Figure 2.

J Mol Biol. Author manuscript; available in PMC 2011 January 29.
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21 and at least 9 contribute to LLhG function 19. We now asked whether the same and/or
additional nonconserved positions lead to functional differences between the LPhP/LLhP and
LGhG/LLhG pairs. Our initial strategy was to determine which residues of the LPhP or LGhG
linkers must be exchanged with the Lacl sequence in order to recapitulate LLhP or LLhG
function. Our expectation was that exchanging important nonconserved residues would impact
in vivo repression. In contrast, exchanging amino acid residues at a “silent” position would
have no effect on repression.

Results for the interconversion of LLhP/LPhP and LLhG/LGhG are presented below. During
the course of this work, we created various combinatorial substitutions of linker residues, which
allowed us to monitor whether the outcome of a particular substitution is the same
(independent) or different (synergistic) in multiple sequence contexts. If independent, one
would expect both of the following to hold: (1) the substitution would have very similar
outcomes in different combinations of linker sequences; and (2) mirrored exchanges between
chimera pairs would have opposite effects - for example LLhG V52N would have the opposite
effect of LGhG N52V. If a substitution is synergistic with other linker positions, one or both
of the above patterns will be absent. Data in Figure 3 and Figure 4 are plotted to facilitate
comparing the effects of a particular substitution in multiple linker contexts.

Interconversion of LPhP and LLhP

In addition to the conserved YxPxxxAxxL motif (described Materials and Methods), the Lacl
and PurR linker sequences contain identical residues at sites 45 and 52; position 62 is the same
in LLhP and LPhP. Thus, 11 positions might contribute to the functional differences between
LLhP and LPhP.

Exchanging LPhP positions 57-61 allows measurable lacO?! repression—To
determine the functional contributions from nonconserved LPhP linker positions, we would
ideally detect either enhanced or diminished repression as a consequence of amino acid
substitution. However, if unmodified LPhP contained a “lethal” substitution that always
precluded repression, we would never be able to detect the contributions from other positions.
Indeed, the amino acid difference at position 57 (Table 1) might be lethal: This nonconserved
residue directly contacts DNA and the nature of this side chain is important for DNA-binding
in both Lacl and PurR 27: 28, Thus, PurR-derived K57 in LPhP is probably not appropriate for
binding lacOl. However, the K57A mutation did not restore any lacO? repression to LPhP
(Supplementary Figure 1), suggesting that this position alone is insufficient to account for
differences with LLhP.

We devised several additional strategies to identify an LPhP construct that was at least partially-
functional. Three were unsuccessful (Supplementary Figure 1 and Supplementary Table 1):
(1) exchanging combinations of the three semi- and non-conserved positions that directly
contact DNA (50, 54, and 57); (2) exchanging combinations of the 4 nonconserved positions
previously known to diminish repression in LLhP (48, 55, 58, and 61) 21; and (3) testing
whether substitutions at the end of the C-linker (position 62) would enhance LPhP/K57A
repression, as it did in LLhG 19. Finally, noting the extreme impact of C-linker substitutions
on LLhP 20: 21, we exchanged the entirety of positions 58-61 plus K57A (hereafter referred
to as “LPhP/57-61"). Intermediate repression was gained, 10-fold more than LPhP but 10-fold
less than LLhP (Figure 3A). Like “wild-type” LLhP, the LPhP/57-61 allosteric response in
the presence of adenine was about 2-fold. Repression from lacO?® appears to require that
position 57 be exchanged to the Lacl sequence; exchanging the C-linker alone (LPhP/58-61)
does not result in measurable repression (Figure 3A).

J Mol Biol. Author manuscript; available in PMC 2011 January 29.
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Substitutions of N-linker and helix positions—We next used LPhP/57-61 as a
background for exploring the functional contributions of nonconserved linker positions in the
N-linker (46, 48) and helix (50, 51, 54, and 55). Our strategy was to exchange multiple
combinations of residues between the Lacl and PurR sequences and to look for consistent
effects (or lack thereof) on repression, as well as to compare results to the “mirror” substitution
in LLhP.

Since the 148S and Q55S substitutions had a big impact on LLhP function?!, we started with
opposite substitutions of S481 and S55Q in LPhP/57-61, alone and in combination with other
nonconserved helix positions. In Figure 3B—C, results are reported as “fold-change” relative
to the construct without the substitution (i.e. the ratio in repression for LPhP/48/57-61 to LPhP/
57-61; values used to calculate fold-change are in Supplementary Table 2). The S48l
substitution enhanced repression relative to LPhP/57-61 and three additional variants (Figure
3B), albeit to different extents (1.5 to 15-fold). These results mirrored the effects previously
seen for LLhP 148S, which showed ~5-fold diminished repression (Figure 3B21). For S55Q
substitutions, most LPhP constructs showed little change in repression (within two-fold of the
parent construct; Figure 3C, dashed lines). The exception was LPhP/57-61 (+) co-repressor,
where adding S55Q enhanced repression by 5-fold. The change in the “mirror” LLhP
substitution Q55S was more pronounced, with repression diminished ~10-fold (21, Figure 3C).

The LPhP/48/55/57-61 variant has repression characteristics that are very similar to LLhP
(Figure 3A), and the two proteins differ by only 4 amino acids. This raised the question as to
whether any of the four remaining nonconserved positions (46, 50, 51, 54) are functionally
silent, and can be substituted without altering function. Position 54 directly contacts DNA.
Adding the R54Q mutations to LPhP/48/55/57—-61 moves the chimera one residue closer to the
sequence of LLhP and should restore a “native” interaction between the linker and lacO?. Thus,
we expected that this substitution would have little functional effect or enhanced repression.
Paradoxically, R54Q diminished repression relative to LPhP/48/55/57-61, as well as in two
other linker backgrounds (Figure 3C). Therefore, at least one of the three remaining
nonconserved positions (46, 50, and 51) must also be exchanged to facilitate the good
repression of LLhP. We exchanged each of the three remaining positions, again expecting
enhanced repression as the chimera became more like the LLhP sequence. On the contrary,
individually substituting positions 46, 50¢, and 51 weakened repression relative to LPhP
48/54/55/57-61, by about 3-, 30- and 3-fold, respectively (Figure 3 B, C).

These results lead us to conclude that the functional contributions of helix positions 51 and 54
are synergistic with each other. First, their respective substitutions diminished repression in
LPhP 48/54/55/57-61, even though each makes the chimera more similar to the sequence of
the strong repressor LLhP. Second, the mirror substitutions in LLhP for sites 51 and 54 also
diminished repression (Figure 3 B and C). We cannot ascertain whether position 50 also
participates in the synergy, since LPhP 48/50/54/55/57-61 does not show protein in a DNA-
pulldown assay (see footnote c). Positions 51 and 54 flank two residues that are conserved as
V and A in Lacl and PurR. Either the PurR sequence (As1V50A53R54) or the Lacl sequence
(R51V52A53Qs54) allows strong repression, but intermediate sequences diminish repression.

The H46N substitution had slightly diminished repression (perhaps slightly more than the 2-
fold limit of detection for the assay) in two LPhP variants, and the mirror N46H substitution

CThe S50N substitution inserts a Lacl side chain that directly contacts lacOl DNA; all three direct contacts (50, 54, and 57) are Lacl
sequence in LPhP 48/50/54/55/57-61; and the sequence only differs from LLhP by two positions. However, we cannot detect protein
for this variant in the DNA pulldown assay. Thus, we cannot discriminate between greatly diminished DNA binding and the absence of

protein in vivo.

J Mol Biol. Author manuscript; available in PMC 2011 January 29.
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in LLhP slightly enhanced repression (Figure 3C). Therefore, this N-linker position might alter
function independently of the linker helix sequence.

Substitutions of C-linker positions—We assessed the contributions of the nonconserved
C-linker positions 59 and 60 using both LPhP57-61 and the tightly repressing LPhP 48/55/57—
61 contexts. Positions 59 and 60 have high sequence entropy (Table 1),dicating that other
homologues utilize a variety of amino acids at these positions. However, the presence of PurR
residues at positions 59 and 60 in LPhP 57/58/61 precludes measurable repression
(Supplementary Figure 1). Further, when either position was changed from the Lacl to the
PurR residue in LPhP48/55/57-61, repression was diminished 30- to 100-foldd
(Supplementary Table 2). Thus, we conclude that in vivo repression of the Lacl:PurR chimeras
is abolished if any C-linker position contains a PurR residue. It will be interesting to determine
(1) whether the C-linker variants bind DNA weakly and nonspecifically, like LLhP G58L and
G58T 20 or (2) whether the variants behave like LLhP S61C and S61M, which in vitro bind
DNA with reasonably high affinity in the presence of co-repressor, but cannot repress in
vivo because they require more corepressor than is apparently available 2.

In summary, all 11 positions that differ between LPhP and LLhP alter function when the amino
acid is exchanged between PurR and Lacl sequences. No functionally silent linker positions
were identified in the Lacl:PurR chimeras.

Interconversion of LGhG and LLhG

Beyond the conserved YxPxxxAxxL motif, the Lacl and GalR linker sequences contain three
identical residues at sites 45, 50, and 57; LLhG and LGhG have identical residues at position
62. Thus, LLhG and LGhG differ at 10 positions; of these, only position 54 directly contacts
DNA.

We first planned to parallel the LPhP/LLhP experiments, exchanging LGhG positions so that
it became more like LLhG sequence. However, most LGhG variants exhibited mismatched
results between plate assays and liquid culture values and/or very slow growth rates in liquid
cultures. For example, a variant that resulted in a white colony in the plate assay showed very
high values in the liquid culture assay. As discussed in Methods, we consider the plate results
to be more reliable in this case. In order to obtain variants with reliable liquid culture values,
we adopted the opposite strategy and exchanged the N-linker, C-linker, and hinge helix from
LGhG into LLhG (Figure 4, Supplementary Table 3).

Functional effects from exchanging the helix were striking (Figure 4A). Relative to LLhG, the
helix swap of GalR residues 50-57 enhanced repression 5-fold in the absence of inducer and
by more than 10-fold in presence of inducer. Together, these resulted in a two to three-fold
decrease in response to inducer. Exchanging the hinge helix also increased repression in the
LLhG/E62K context (a strongly repressing C-linker variant19), by 2-fold in the absence and
>30-fold in the presence of inducer (Figure 4 A).

Conversely, exchanging either the N- or C-linker of LLhG diminished repression alone (LLhG/
45-49 or 58-61; ~6-fold each) or in combination (LLhG/45-49/58-61; ~18-fold) (Figure 4A).
However, when the N- or C-linker was exchanged simultaneously with helix residues 50-57,
repression in the absence of inducer was diminished by at most 2-fold relative to LLhG/50-

57. A greater functional change occurred in the presence of inducer, with a 5- to 6-fold loss of
repression compared to 50-57 alone. Thus, the N- and C-linker sequences in LLhG/LGhG may

done of these two variants — LPhP/48/55/57/58/59/61 — did not show protein in DNA pull-down assays. This variant may have a structural

disruption (althou
to bind both lacO

?h the C-linker does not have regular secondary structure), enhanced proteolysis, or might have completely lost ability
and lacOSY™M DNA.

J Mol Biol. Author manuscript; available in PMC 2011 January 29.
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modify functional contributions from the helix, but they do not dominate the functional
outcome in the way that the C-linker dominates LLhP/LPhP function.

Substitutions of helix positions—In the linker helix, 4 positions are conserved between
Lacl and GalR, whereas 4 are not (51, 52, 54, and 55). Using LLhG and LLhG/50-57, we
exchanged the 4 nonconserved residues singly and in various combinations. In Figure 4B, we
present the fold-change in repression for each variant, which is calculated as a ratio relative to
the repression of the parent construct. For example, the repression of LLhG/51/52 is used to
calculate two values of “fold-change” (Figure 4B) — once relative to LLhG/R51A, which
quantitates the effect of exchanging position 52; and once relative to LLhG V52N, which
quantitates the effect of exchanging position 51. Values used to calculate fold-change are in
Supplementary Table 4.

No subset of substitutions in the LLhG helix recapitulated LLhG/50-57 function
(Supplementary Table 4), and no position showed a consistent outcome for all contexts (Figure
4B). (1) Some exchanges at position 51 showed very little effect (2-fold is at the limit of reliably
detected change), whereas other showed 25-fold enhanced repression. (2) Exchanging position
52 in the 51/54/55 background to create the fully exchanged 50-57 variant showed dramatic
differences in the presence and absence of inducer, with ~4-fold loss in the absence and 3-fold
enhancement in the presence of inducer. In all other contexts tested, V52N enhanced repression
3 to 5-fold. The mirror substitution of LGhG N52V also showed enhanced repression in plate
assays relative to LGhG (Figure 2C). (3) Addition of Q54R to LLhG/51/52/55 diminished
repression 5-fold in the absence of inducer, whereas the same substitution in LLhG and two
other combinations had little effect. (4) The Q55A substitution diminished repression in LLhG
nearly 4-fold (19, Figure 4B). However, this substitution is essentially neutral in the context
of V52N and Q54R; and repression is enhanced 2—3 fold when Q55A is used to form the triple
substitution 51/52/55. Thus, several LLhG/LGhG helix positions show significant context
dependence (synergy) with the other helix positions.

N-linker positions that contribute to differences between LLhG and LGhG—
Subregion exchange studies showed that exchanging the N-linker (45-49) worsened repression
of LLhG (Figure 4A). Because three N-linker positions are conserved between Lacl and GalR,
LLhG/45-49 only differs from LLhG by 2 amino acids, at positions 46 and 48. The 148H
substitution was previously shown to diminish repression of LLhG (Figure 4C)19. We
constructed and characterized the LLhG N46S substitution, and found it had no effect on
repression (Figure 4C). Thus, all effects in LLhG/45-49 appear to derive from position 48;
indeed, the measured liquid culture values of the two constructs are statistically equivalent.
Further, the reverse LGhG substitutions appear to mirror these effects: S46N has very little
effect (Figure 4C) and H48I appears to enhance LGhG repression in the plate assay (Figure
2C).

Although N46S and S46N had little or no effect on repression of LLhG and LGhG, respectively,
we have become acutely aware of the distinction between a silent substitution and a silent
position. For the latter to occur, all amino acids must be tolerated at the position without causing
a change in function (with the exception of residues that might disrupt the structure, such as
proline or glycine). Therefore, we further tested the functional importance of site 46 using
codon-randomizing mutagenesis in the LLhG, LLhG/E62K, and LGhG backgrounds. Data are
shown in Table 2 for repression in either the plate or liquid culture assay (depending upon
whether the latter could be reliably quantitated). Combined with exchange data (Figure 4), a
total of 12 amino acid substitutions were obtained at position 46. Of these, the variants with
H,R, D, I, N, and S showed little change in repression relative to the parent protein; those with
P or E had diminished repression; those with C or F had enhanced repression; we did not detect
protein or repression for W variants; and a variant with V had measurable repression in spite

J Mol Biol. Author manuscript; available in PMC 2011 January 29.
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of having undetectable protein levels by SDS-PAGE. Thus, amino acid changes at position 46
can impact repression, and, although the Lacl-to-GalR exchange substitutions were silent,
position 46 is not functionally silent.

C-linker positions that contribute to differences between LLhG and LGhG—
Subregion exchange studies showed that exchanging the C-linker of LLhG with that of GalR
worsened repression (Figure 4A). None of the four C-linker positions are conserved between
Lacl and GalR. In LLhG, two of the single exchange substitutions — G58Q and K59Q —
diminished repression, whereas Q60T and S61T have essentially no impact on function (19
and this work, Figure 4C). The little change for sites 60 and 61 could indicate silent substitutions
or silent positions. Earlier “host-guest” random mutagenesis experiments in LLhG show
convincing functional contributions from varied amino acids at sites 58, 59, and 60, but little
impact from substitution at site 61. At the time of the latter publication, we presumed this
position was functionally important because of its contribution in LLhP. Here, we wished to
determine the functional importance in alternative linkers. Thus, we repeated the random
mutagenesis of sites 58, 59, 60, and 61 in three chimeras that contain large sections of the GalR
linker (LLhG/50-57, LLhG/50-57/58-61, and LGhG). Results of functional assays are
presented in Table 2.

At position 58 of LGhG, repression was effectively abolished by changing the GalR glutamine
to the Lacl glycine. Three other variants (V, C, and S) show possibly enhanced repression in
plate assays (and enhanced repression appears to correlate with unreliable liquid culture
values). For position 59, repression was diminished in 7 variants ranging from 4-fold, 15-fold,
to 100-fold. For position 60, 12 substitutions were isolated in various contexts. S, T, A, V, M
and | had little effect; D, E, and P diminished repression more than 2-fold and up to 70-fold,;
K and R enhanced repression. Of the nine substitutions isolated at position 61, M and S showed
little functional change; Q, I, K, and R diminished repression; L and T enhanced repression.
Notably, the proline 61 substitution had very little effect on the strong repression of LLhG/50—
57, despite its potential to alter backbone structure. All but a few C-linker repressors showed
strong protein bands in pull-down assays; exceptions are noted in Table 2.

In summary, all 10 positions that are not conserved between the Lacl and GalR linker regions
can be substituted to alter function in the GalR-like linker sequence.

Rugged sequence/function landscapes

In the process of exchanging residues between the pairs LLhP:LPhP/57-61 and LLhG:LLhG/
50-57, we created a number of “evolutionary” trajectories between the two endpoints. In Figure
5 we present a landscape for each of the chimera pairs in the tightest repression conditions
(Lacl:PurR chimeras +co-repressor, Lacl:GalR chimeras without inducer). Both landscapes
are rugged and resemble landscapes that have been reconstructed for naturally-evolved proteins
29_ Further, in both chimera landscapes, one can trace a smooth trajectory between endpoints
that avoids frequent, violent changes in function. However, our two chimera landscapes differ
significantly in the relationship of the smooth path to the rest of the landscape.

Conversion of LPhP/57-61 to the tighter repressor LLhP shows at least two trajectories that
are constrained to a trough (Figure 5A, dashed curved lines). Along this pathway, repression
is mostly enhanced and avoids variants with greatly diminished repression. Constrained
evolution has been invoked to describe the acquisition of five amino acid substitutions that
lead to a penicillin-resistant p-lactamase; only a few permutations of the possible 120 allow
constant positive selection of penicillin-resistance 3.

Conversion of LLhG into the tighter repressor LLhG/50-57 shows two nearly neutral
trajectories in the absence of inducer (Figure 5B, dotted curved lines): Only one mutation in
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each series has a dramatic effect on function, whereas repression at other steps is within 2-fold
of the preceding value. These trajectories avoid both extremely weak and extremely strong
repression, allowing many “neutral” changes. Notably, the same substitutions are not neutral
in other linker contexts. In a natural process, the existence of neutral pathways would allow
complex new sequences to evolve with minimal impact on the organism. A similar process has
been proposed for the evolution of influenza A hemagluttinin, to explain how constant genetic
drift of multiple positions in the viral epitope results in punctuated antigenic change 31.

DISCUSSION

Functional contributions of positions in the YxPxxxAxxL Lacl/GalR linkers

Substitution of 11 analogous, nonconserved positions alters repressor function in the Lacl,
PurR, and GalR linkers. Thus, the functional importance of these positions is likely to be
preserved in the YxPxxxAxxL subfamily of the Lacl/GalR transcription regulators.
Furthermore, the assumption behind many sequence analyses appears to be valid, if the proper
subfamily of sequences is utilized. We do not yet know if the same linker positions contribute
to functions of Lacl/GalR proteins that contain alternative linker sequences, such as CytR (see
19 for discussion).

Another similarity among the linkers studied is the functional synergy of positions at the start
of the helix. In the Lacl: PurR chimeras, positions 51/54 are clearly synergistic; position 52 is
conserved; and results for position 50 are inconclusive. The effects of substitutions at position
55 might also be context-dependent, as indicated by differences in the magnitude of functional
change. In the Lacl:GalR chimeras, the clearly synergistic positions are 52, 54, and 55; 51
substitution exhibits different magnitudes in various contexts; and position 50 is conserved.
Synergy within the helix is not surprising, given the known hydrogen bonding and side chain
interactions of helices. Nonetheless, the linker helix does not appear to function like “normal”
helices, since our previous “host/guest” studies show no correlation with position-specific
helical propensities 19 21; 32; 33,

Implications for current sequence/function analyses

The Lacl/GalR homologues are among the most commonly used to develop algorithms that
predict functionally important sequences (e.g. & 11 12; 14, 34, 35 36: 37: 38). Predictions about
the functional importance of linker positions vary widely; some studies identify several linker
positions as functionally important, others do not identify any. Experimentally, we find that,
when combined with the conserved positions, every YxPxxxAxxL linker position contributes
to repressor function. Thus, this region is clearly a functional “hotspot”. Any successful
identification algorithm should highlight the functional importance of the Lacl/GalR linkers.

Although a successful program should highlight the linker, a particular analysis need not detect
all positions in the linker: As we noted before 19, different algorithms appear to identify
different categories of positions. Nonetheless, the Lacl/GalR linker positions represent all
possibilities (conserved, semi-conserved, and nonconserved), with a range of functional
contributions (substitutions alter affinity, selectivity, and allostery 20). Therefore, we reiterate
our statement that a successful analysis should identify at least a few positions of this region.
Analyses that do not implicate the linker might be misdirected by their reliance upon ligand
binding positions to assess algorithm success. This requirement could place inappropriate
selective pressure on algorithm development, driving the analysis away from the behavior of
natural proteins.

Finally, the rugged evolutionary landscapes (Figure 5) illustrate why experiments with single
proteins or single substitutions should not be used to benchmark functional importance of the
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position for all homologues in the family. For example, in the context of LL G, the Q54R
substitution had no effect and would not be identified as functionally important. however,
substitution of this position clearly impacts other chimeric variants; therefore, substitution of
this position might impact other homologues.

Evolution of the linker sequence and functional correlations

Conclusion

Several attempts have been made to extract functional interactions from sequence by finding
which positions co-evolve (e.g. 12 14 167 39+ 40+ 41). Co-evolving positions should have
similar sequence entropies. However, we note that functionally important, nonconserved
positions are not constrained to interact only with other nonconserved, co-evolving positions.
In the interconversion of the Lacl:GalR chimeras, synergy is seen between positions with high
(51, 55) and moderate/low (50, 54) sequence entropies. A nonconserved position might also
functionally interact with a conserved residue. Such might be the case for position 48. In
representative Lacl/GalR structures (e.g.42: 43), the side chain of position 48 interacts with a
region of the regulatory domain that is fairly well conserved between Lacl, PurR, and GalR.
Position 48 was not detected as functionally important by methods that incorporate co-
evolution, although our current and previous 19 21 experiments clearly show its functional
contributions. Thus, we believe that co-evolution analyses of functionally important positions
will be incomplete, at best.

Indeed, our data compel us to re-visit an even older assumption about protein evolution: that
some nonconserved positions are silent — not important for either structure or function. The
Lacl/GalR YxPxxxAxxL linkers have no silent positions. We now discriminate between a
neutral substitution, which we do detect in some chimeric variants, and a neutral position,
which should remain insensitive to substitution in all homologue contexts. Sequence/function
analyses that attempt to discriminate functionally important from silent nonconserved positions
obligate the assumption of silent positions. Although the lack of silent positions in the linker
might be due to the unique importance of this region, we now wonder whether neutral positions
ever exist in other regions of the homologues. Alternatively, evolution might rely upon neutral
pathways like the ones observed in the landscapes shown in Figure 5.

At least three avenues for progress in sequence/function analyses are suggested by the current
Lacl/GalR studies: (1) Although the functional importances are preserved for the Y XPxxxAxxL
linkers of the Lacl/GalR proteins, we noted previously that other Lacl/GalR linkers lack this
motif and thus proposed that family/subfamily delineation might greatly impact predictions by
various algorithms?®. This is a subject of our ongoing research with the Lacl/GalR proteins
and should be the first consideration in undertaking studies of other protein families. If the
proper subfamilies are identified, the current work supports the common assumption —
functional importance is preserved for a given position in multiple homologues. (2) We observe
that while single substitutions in the Lacl/GalR linkers are sometimes “silent”, no linker
position was truly functionally neutral. Since neutrality of some nonconserved positions is an
underlying premise of many sequence/function analyses, we must determine whether the Lacl/
GalR linker result is the exception or the rule for the protein universe. If protein families do
not commonly have silent positions, we must identify alternative relationships to serve as the
bases of useful sequence/function analyses. (3) We observe that linker residues with different
sequence entropies show functional synergy. Similar interactions between conserved, semi-
conserved, and nonconserved positions will likely occur in other proteins; algorithms based
primarily upon co-evolution (and thus similar sequence entropy) will miss the functional
importance of these positions and relationships.
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The current work clearly illustrates that nuanced and complex relationships exist between
residue positions to convey function to each protein. Current sequence/function analyses show
promise, especially if multiple algorithms are applied to each protein family13: 19: 44,
However, future progress will be greatly enhanced by the design and implementation of
experiments that explicitly identify underlying principles, and the use of these principles to
improve (not necessarily simplify) bioinformatics algorithms.

MATERIALS AND METHODS

Features of the linker structure important to the design of chimeric variants

As stated above, the central problem to be addressed is “Which nonconserved positions can be
varied to modify the common function and confer unique attributes to each homologue?” In
designing experimental studies, this question cannot be divorced from the question of “how”
functional change happens: We make the assumption that functional modification occurs by
changing side chain interactions or dynamics; effects on backbone structure should be subtle,
leaving the conserved fold intact. Therefore, we must consider whether a particular substitution
dramatically disrupts structure. Since we cannot directly determine structure for the hundreds
of variants in this and related studies, we consider the following structural aspects:

The Lacl/GalR linker region contains two unstructured regions that flank a helix (Figure 1;
427 43). Many lines of evidence, including recent analysis of small angle X-ray scattering data,
indicate that the Lacl helix undergoes a critical coil-helix transition upon binding DNA (42
43 451 46+ 47 and references therein). Since the helix-coil transition might occur in other
homologues, we must consider whether helix formation is precluded by substitution of a
nonconserved position. However, results from Lacl, LLhP, and LLhG “host-guest”
substitutions (with multiple amino acids at each site) showed no correlation between function
of the variant repressors and position-specific helical propensity 19 21: 32: 33. Thus, the ability
to form a helix does not appear to be abolished by most substitutions.

The flanking regions, which we denote as N- and C-linkers, have no regular secondary structure
and thus are not likely to be disrupted by most substitutions. These regions encompass positions
45-49 and 58/59-61/62, respectively. The ends of the C-linker are difficult to delineate: The
start of the C-linker can be varied by extending the helix, which is one position longer in PurR
than in Lacl 48. The end of the C-linker was originally defined at position 61 2, since position
62 is not sensitive to mutagenesis in Lacl 27. However, changes at position 62 have a large
impact on LLhG function 2, which led us to re-consider the boundary. In LPhP and LGhG,
this issue is not relevant, since the linker is continuous with the PurR or GalR regulatory
domain. Position 63 is considered to be in the regulatory domain, as it participates in the central
-sheet of that region. Supplementary Table 1 and 3 show precisely which positions are
exchanged in the chimeric variants of the current study.

Calculation of sequence entropy for linker positions

The linkers of natural homologues intersperse conserved and nonconserved positions (Table
1). Many family members have a conserved linker motif — YxPxxxAxxL — which corresponds
to Lacl positions 47, 49, 53, and 56. Homologues lacking this motif have been proposed to
comprise a separate subfamily 19 38 We collected more than 1000 natural sequences of the
Lacl/GalR family using a BLAST search of Swiss-Prot (data not shown; 49+ 50). Using the
subfamily of 1082 nonredundant sequences that conserve this motif, we calculated sequence
entropy values 51 for all linker positions, with the modification from the referenced work that
we placed each of the 20 amino acids in its own “class”. The rationale for this modification

€In addition to the linker motif, the two subfamilies have different types of DNA-binding sites.

J Mol Biol. Author manuscript; available in PMC 2011 January 29.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tungtur et al.

Page 12

was based on the observation that conserved position 56 only tolerates L or M in Lacl and PurR
27> 92, and thus grouping side chains by chemical “similarities” is an oversimplification.
Sequence entropy values are presented in Table 1; a value 0.0 represents perfect conservation,
whereas a value of 1.3 represents a perfectly random distribution of amino acids.

Construction of LPhP, LGhG, and variants

Chimeric protein LPhP comprises Lacl positions 1-45 and PurR 44-341. LGhG comprises
Lacl 1-45 and GalR 44-343. Note that the numbering of wild-type PurR and GalR linkers each
differ from Lacl sequence by 2, because of differences in the length of the DNA-binding
domains. The amino acid sequences of the linkers are shown in Table 1.

All primers for mutagenesis and sequencing were purchased from Integrated DNA Technology
(Coralville, 1A) or the Biotechnology Support Center at KUMC. Primer sequences are listed
in Supplementary Table 5. DNA sequencing was carried out by the KUMC Biotechnology
Support Center or Northwoods, DNA Inc. (Solway, MN).

The lacl gene and promoter regions were derived from the pLS1 plasmid 53, which has an
engineered Sacl site at Lacl codon 45. pLS1 also contains a Bsu361 site downstream of the
gene encoding Lacl. PurR codons for amino acids 44-340 were amplified from E. coli DH5a
(Invitrogen, Carlsbad, CA) using colony PCR (PCR Mastermix, Promega, Madison, WI) using
primers that added (1) a Sacl site at position 45, (2) an additional stop codon after the original
stop codon and (3) a Bsu36l site following the second stop codon. PCR products were ligated
into pGemT vector (Promega, Madison, WI). White colonies were grown overnight in 3ml
cultures of 2xYT and plasmid DNA purified with QIAprep Spin Miniprep Kit (Qiagen,
Valencia, CA) or Quantum Prep Plasmid Miniprep Kit (Bio-rad, Chicago, IL). Plasmids were
screened with restriction digestion for the appropriate insert and sequenced using primers to
the SP6 and T7 sites on the pGemT vector. Any mutations that arose during amplification of
the PurR gene from E. coli, which used a low-fidelity polymerase, were corrected using
Quikchange site-directed mutagenesis (Stratagene, La Jolla, CA) so that the final sequence
matched the published Swiss-PROT sequence 0.

For ligation of the final LPhP construct, pLSI and the pGemT plasmids containing the
appropriate inserts were cut with Sacl and Bsu361. Fragments were separated by gel
electrophoresis and gel purified using a Montage Ultra Free column (Millipore, Billerica, MA).
The vector was dephosphorylated using Calf Alkaline Phosphatase. Fragments were ligated at
16 °C overnight, and transformed to DH50 Max or High Efficiency cells (Invitrogen, Carlsbad,
CA). To increase repeatability in repression assays, the gene for LPhP was subcloned onto
plasmid pHG165' 21; in typically nonlinear experimental chronology, subcloning was carried
out first with the LPhP/K57A variant and site directed mutagenesis was then used to revert to
the original LPhP sequence.

LGhG was created by mutating the linker of LLhG on the plasmid pHGlGSaf. Like LLhG?9,
LGhG was toxic unless inducer fucose was added to the media or unless the “E230K”
substitution was added to the GalR regulatory domain. As beforel9, all LLhG and LGhG
variants reported in this manuscript contain E230K; for simplicity in the tables and figures,
this mutation is not explicitly noted.

fNote that LPhP is on plasmid pHG165 whereas LGhG is on pHG165a. The difference in the two plasmids is that pHG165 contains a
lacol binding site that was extensively mutated in pHG165a to preclude potential competition with the genomic lacO! site of the 3.300
cells that is utilized in the liquid culture assay. However, direct comparison of LLhG in the two different plasmids showed no functional
difference, probably because of the vast excess of expressed protein 19 Likewise, LLhP function is statistically indistinguishable when
expressed from either plasmid (data not shown).
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Variants of LPhP, LGhG, and LLhG were created with either site-directed or codon-
randomizing mutagenesis using Quikchange, as reported previously 1% 21 and using the primers
listed in Supplementary Table 5. The coding regions of all variants were fully sequenced to
ascertain that no additional mutations were introduced.

Verification of protein expression and activity

Expression of active chimeric variants in E. coli. 3.300 cells was verified in crude cell extracts
as described before 19, These assays detect DNA-binding events with affinities as low as
10~ M and differentiate binding to operator from binding to nonspecific DNA sequences.
Briefly, short synthetic stretches of DNA containing either the natural operator > lacO?, a
tight-binding variant 5° lacOSY™, or a nonspecific sequence %6 O"" were 5’-biotinylated
(Integrated DNA Technologies, Coralville, IA) and coupled to streptavidin magnetic beads
(New England Biolabs, Ipswich, MA). Cells expressing the chimeric variants were grown
overnight in LB media, pelleted, and lysed by freeze-thaw in the presence of lysozyme; the
resulting supernatant was incubated with the DNA-beads. After magnetic separation and
washing, the proteins associated with the beads were assayed by SDS-PAGE. Detection was
first with Coomassie followed by silver stain. For all but a few variants (noted in Tables,
Figures, and Supplementary Tables and Figures), the bands corresponding to the chimeric
variants were clearly evident when compared to “empty” control cells that did not express a
repressor. Bands for LPhP and LGhG ran at positions equivalent to LLhP and LLhG, which
have been purified and verified by mass spectrometry and other techniques (20 and unpublished
data). The detection limits of the gel stains were used to estimate that chimera concentrations
were at least three to four orders of magnitude higher than the single genomic lacO? binding
site employed in the phenotypic repression assays described below 1°. Even for most variants
with low affinity/repression for lacO?, we detected significant protein using lacOY™, which
indicates that lost repression of lacO® does not necessarily equate with total loss of DNA
binding.

Measurement of in vivo B-galactosidase activity

Repression assays were carried out as described previously for LLhP and LLhG 19 21, Briefly,
we utilized E. coli 3.300 cells (E. coli Genetic Stock Center, Yale University) 37, which have
an interrupted lacl gene but an intact genomic lacZYA operon controlled by the operator
sequence lacO®. Expression of the lac operon was assessed on both plates and in liquid culture
by monitoring B-galactosidase activity. Plate assays 53: 58+ %9 utilized standard LB media with
the blue-white indicator 5-bromo-4-chloro-3-indolyl -D-galactopyranoside (Xgal)®® and 100
ug/ml ampicillin. White colonies express repressor variants that are capable of repressing the
reporter B-galactosidase gene. Blue colonies express repressor variants that are incapable of
repression, and light blue colonies arise from chimeric variants with partial function.

Liquid culture assays 29 60: 61 tilized minimal media with 2% glycerol as a carbon source.
Low values of reporter activity correlate with strong repression of lacO? in the natural E. coli
lac operon; high values indicate diminished repression. All LPhP and many LGhG variants
were assayed using the procedure outlined in 21, LGhG random variants and others presented
in Table 2 were assayed using the high-throughput, 96-well assay method described in 1°. The
latter method was adapted for tight repressors by concentrating the cells after the final growth
in a smaller volume of either media or enzyme assay buffer prior to initiating the assay. In
switching assays to the high-throughput format, we repeated numerous controls and re-assayed
previous LLhG variants, to demonstrate that the two techniques resulted in equivalent values
(data not shown).

To facilitate comparison of liquid culture repression values with previous works, we continued
the separate normalization protocols developed for LLhP and LLhG 19 21, To normalize
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measurements of LPhP variants, we assayed wild-type Lacl —/+ inducer IPTG in parallel with
each day’s assay. The number of B-galactosidase units measured for Lacl in the presence of
IPTG was set to 100 (Figure 2a, thick dashed line) and used to normalize the LPhP samples
(values for LLhP with no mutations were too low to serve as a calibration point). For LGhG
studies, a sample of LLhG was always assayed in parallel +/— inducer fucose; the value in the
presence of fucose was set to 100 (Figure 2b, thick dashed line) and used to normalize results
from other LLhG and LGhG constructs. Experiments were performed three to six separate
times for each variant, always from a fresh transformation (LPhP variants) or from a plate that
was less than a week old (LGhG/LLhG variants). Reported values are averages, with error bars
representing one standard deviation.

In vivo repression assays were performed in the absence and presence of the relevant effectors:
Both PurR and LLhP show enhanced DNA-binding and repression in the presence of guanine
or hypoxanthine, which bind to the regulatory domain 2% 21; 62; 63 |n the in vivo assays, the
effector is adenine (25 pg/ml )26, which is metabolized to hypoxanthine. We expected and
observed similar behavior for LPhP variants that are capable of repression. GalR and LLhG
are induced by galactose or fucose 19 25; LGhG variants show analogous behaviors. For in
vivo assays of chimeras with a GalR regulatory domain, inducer was 20 mM fucose.

We also verified that liquid culture values were consistent with plate results. Although the plate
assays do not have a concrete cut-off point between “blue”, “light blue”, and other shades, a
survey of over 100 LLhG variants 19 indicated the plate colors correlate with the ranges of
liquid culture values indicated in Supplementary Table 3. Several LGhG variants showed
discrepancies between the two assays, always appearing to be worse repressors in liquid culture
than on the plates. We repeated the plate assays using minimal MOPS media to better match
the conditions of the two assays; results were consistent for the two plate media and still showed
tighter repression than in liquid culture. Since we cannot imagine artifactual means for
acquiring repression in plate assays, and we can imagine many scenarios for losing repression
in the liquid culture assays (which have longer growth times and might be more sensitive to
slightly toxic chimeric variants), we report the plate assay results in cases where the two
techniques do not match.

Interpretation of in vivo repression assays

In vivo repression levels are impacted by the repressor’s DNA binding affinity, allosteric
response, and nonspecific binding to other genomic DNA. In the current results, we anticipate
that changes in repression will most often correlate with changes in DNA binding affinity, as
was seen for several variants of LLhP 20, Although repressor protein concentration could also
contribute to in vivo results, we have ruled that out for most of the chimeric variants (see above).
In addition, in vivo assays also have potential to be affected by unexpected events, such as
interactions with other E. coli proteins. Therefore, repression assays are uniquely suited to
capture myriad functional changes that might occur upon amino acid substitution.

Effector concentrations can also impact in vivo repression results. This appears to be a factor
for the LLhP S61C/M variants, which did not repress in vivo even though the purified proteins
did bind lacO! DNA in the presence of co-repressor 20. However, these LLhP variants required
higher co-repressor concentrations to bind lacO?, and we hypothesized that the LLhP in vivo
co-repressor concentrations were not high enough to allow repression. Nonetheless, the “no
repression” phenotype reflects a significant functional change in these repressor variants, in
this case due to altered co-repressor allosteric response.

In addition to repression levels, an in vivo allosteric response can be calculated from the ratio
of repression in the absence and presence of co-repressor or inducer. LLhP has a small but
reproducible allosteric ratio in vivo: co-repressor increases repression ~2-fold for “wild-type”
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and up to 10-fold for some variants at positions 48 and 55 21, Similar values are obtained for
LPhP variants (Figure 2A and Figure 3). In vitro, the allosteric ratio for “wild-type” LLhP is
100 to 200-fold, and substitutions at positions 48 and 55 did not significantly alter this value
20_ One confounding feature may again be that the metabolites which serve as co-repressors
are restricted to a narrow range in vivo — even when exogenous co-repressor is added — so that
the in vivo allosteric response is too small to accurately detect differences arising from amino
acid substitutions.

The in vivo allosteric change of LLhG is 20-fold (Figure 2B), which is consistent with a
preliminary value determined for purified LLhG of ~30-fold (unpublished data). The in vivo
allosteric response of LLhG/E62K is >300-fold (Figure 4A). Inducer fucose is not metabolized
by E. coli 3.300 cells and thus its concentration is regulated only by uptake levels. Most LLhG
variants have induced levels of LacZ activity that are comparable to the negative control
plasmid, pHG165a (Figure 2). A few variants retain significant repression in the presence of
inducer fucose (19 and this work). Possible sources for changes in the in vivo allosteric response
are: (1) a loss of allosteric response at the protein level, so that repressors remain bound to
operator in the presence of inducer or (2) a dramatic loss of non-specific binding affinity for
other areas of the genome, so that more repressor is available to bind the operator in vivo. Either
of these scenarios represents a significant functional change.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Repressor structures

(A, B) The panels show two views of the Lacl dimer. Figures were made with Chimera 64
using the pdb file 1lefa 42 The close-up view in (B) is rotated ~90 degrees relative to that in
(A). DNA is at the top of each structure (blue sticks) and is bound to the DNA-binding domain
of each protein. Magenta highlights the N-linker (Lacl 45-49); green, the hinge helix (Lacl
50-58); and yellow, the C-linker (Lacl 59-62). The side chains of all linker residues are shown
in wire frame; note the contacts formed between two linker helices of a dimer and between the
linker and the large regulatory domains. The Lacl anti-inducer ligand is depicted in black space-
filling representation in the ligand-binding pockets between the two subdomains of the
regulatory domains. (C) Cartoons showing the domain structures of Lacl, LLhP, LPhP, LLhG,
and LGhG. Ovals represent the DNA-binding domains, rectangles portray the linkers, and the
large shapes depict the regulatory domains. Cyan indicates the sequence is from Lacl; dotted
pink indicates the sequence is from PurR, and striped green indicates that the sequence is from
GalR. Chimera nomenclature used the following scheme: The first letter in the name indicates
the source of the DNA binding domain (here always Lacl), the second letter (followed by “h™)
indicates the source of the linker, and the last capital letter indicates the source of the regulatory
domain.
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Figure 2. Repression by LLhP, LPhP, LLhG, and LGhG

(A, B) In liquid culture assays, low values of B-galactosidase activity correlate with increased
repression. Light gray hatched bars represent values determined in the absence of effector;
checkered bars represent values determined from cells grown in the presence of corepresssor;
and solid gray bars represent values determined from cells grown in the present of inducer. In
order to facilitate comparison to previous works, the PurR and GalR chimeras were normalized
to different standards. The two normalization scales differ ~50-fold. Average values shown
are from 3-6 independent assays (each with duplicate samples from 1x and 2x cell culture);
error bars represent one standard deviation. (A) LLhP and LPhP were normalized to Lacl +
IPTG, the value of which was set to 100 (heavy dashed line). pHG165 is the plasmid without
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a repressor gene. To aid visual inspection, dotted lines indicate the levels of “no repression”
by pHG165 and strong repression by LLhP+co-repressor. (B) LLhG and LGhG variants were
normalized to LLhG+inducer fucose, which was set to 100 (heavy dashed line). pHG165a is
the plasmid with a knocked-out lacO? site without a repressor gene (See Methods and footnote
f.) To aid visual inspection, dotted lines indicate the level repression by LLhG. (C) In plate
assays, lighter colonies correspond to stronger repression; darker blue colonies correspond to
weaker repression. The images were created by scanning the plates to create a tif file. The
picture was processed by varying the contrast and brightness of the whole file so that it matched
visual inspection. Adobe Photoshop was used to hide hand-written labels around the
circumference and to add typed labels.
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Figure 3. Repression by LPhP variants

The numbers in the X-axis names indicate which positions have been exchanged from the PurR
to the Lacl residue (Table 1). The complete linker amino acid sequence for each LPhP variant
is given in Supplemental Table 1. (A) Results from liquid culture assays of LPhP variants. The
normalization scale is that of Figure 2A. Dotted lines are to aid visual inspection by indicating
the levels of LLhP repression +/— corepressor. (B, C) Fold-change in repression for given
substitutions (indicated on the plots), calculated by comparing repression for the variant
without the substitution. For example, the fold-change of “57-61+/— 48" is calculated from
the ratio of LPhP/48/57-61 and LPhP/57-61 repression. Positive values indicate enhanced
repression; negative values indicate diminished repression; data used to calculate these values
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are in Supplemental Table 2. Dashed lines indicate 2-fold change, below which differences

cannot be reliably discriminated. All repressor variants are based on LPhP/57-61, except the
indicated LLhP “mirror” substitutions.
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Figure 4. Repression by LLhG/LGhG variants

The numbers in the X-axis names indicate which positions have been exchanged between the
GalR and Lacl sequences (Table 1). The complete linker amino acid sequence for each LLhG/
LGhG variant is given in Supplemental Table 3. (A) Results from liquid culture assays of LLhG
variants with LGhG linker segments. The normalization scale is that of Figure 2B. Dotted lines
are to aid visual inspection and indicate the levels of LLhG/50-57 repression +/— inducer. (B)
Fold-change in repression for LLhG helix combinatorial substitutions, calculated by comparing
repression for the variant without the substitution. For example, the fold-change of “52+/-51"
is calculated for site 51 from the ratio of LLhG/51/52 vs LLhG/52 repression; in the second

group, the same variant is designated as “51+/-52" and the fold-change is calculated for site

J Mol Biol. Author manuscript; available in PMC 2011 January 29.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tungtur et al.

Page 25

52 from LLhG/51/52 vs LLhG51. Positive values indicate enhanced repression; negative values
indicate diminished repression; data used to calculate these values are in Supplemental Table
4. Dashed lines indicate 2-fold change, below which differences cannot be reliably
discriminated. (C) Results from liquid culture assays of LLhG N- and C-linker variants;
repression by LGhG and LGhG S46N, which is one of the few LGhG variants that could be
reliably quantitated in the liquid culture assay. Dashed lines indicate the repression levels of
“wild-type” LLhG, +/— inducer.
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Figure 5. “Evolutionary” landscapes between chimera pairs

Repression assay values for combinatorial variants are plotted as columns. (A) Conversion of
LPhP/57-61 to LLhP. (B) Conversion of LLhG to LLhG/50-57. In both panels, the legends
of the X axes indicate how many substitutions have been made in the variants of that row.
Connecting lines are drawn in the baseplane to show “evolutionary” paths of consecutive
substitutions. In (A), the dashed lines show two constrained pathways which avoid variants
with poor repression. In (B), the dashed and dotted lines indicate two nearly neutral pathways,
during which improved repression occurs primarily at a single step.
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