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Abstract

The traditional view of protein-ligand binding treats a protein as comprising distinct binding 

epitopes on the surface of a degenerate structural scaffold, largely ignoring the impact of a 

protein’s energy landscape. To determine the robustness of this simplification, we compared two 

small helix-turn-helix transcription factors with different energy landscapes. λ-repressor is stable 

and well folded, while MarA appears to be marginally stable with multiple native conformations 

(molten). While λ-repressor is known to tolerate any hydrophobic mutation in the core, we find 

MarA drastically less tolerant to core mutation. Moreover, core mutations in MarA (distant from 

the DNA-binding interface) change the relative affinities of its binding partners, altering ligand 

specificity. These results can be explained by taking into account the effects of mutations on the 

entire energy landscape and not just the native state. Thus, for proteins with multiple 

conformations that are close in energy, such as many intrinsically disordered proteins, residues 

distant from the active site can alter both binding affinity and specificity.
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 Introduction

The informational content of a particular residue is a way of describing the degree to which 

a particular amino acid or sidechain contributes to a protein’s function. Sites of high 

informational content are more restrictive in terms of tolerable substitutions or mutations. 

Residues responsible for ligand binding are typically thought about in terms of their direct 

interactions with the ligand. Such clusters form local regions of high informational content 

that are superimposed upon the structural scaffold. The majority of binding energy is 

proposed to come from a minority of residues that function as binding hot spots[1]; these are 

often treated as functionally separable from an over-determined protein core with loose 

sequence requirements[2,3].

This assumption of separability between binding and fold has been hugely important for 

studies in protein design, engineering, and related areas. Techniques like protein grafting[4–

6] explicitly treat proteins as collections of distinct modules that can be recombined to create 

new functions. Work investigating the evolution of protein folds or structure has also 

frequently been based on the assumption that a protein’s general fold can be treated as a 

scaffold for the active site, largely independent of the identity of active site residues[7,8]. 

Even the use of alanine-scanning mutagenesis to identify sites for biochemical study or drug 

design[9] works best for proteins that can be effectively modeled by separable functional 

epitopes. Many of these techniques rely on the ability to screen a large number of 

candidates, both in silico and via experimental means. The potential for engineering 
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enzymes with new functions or new inhibitors for medically relevant targets would be 

greatly enhanced if we could better predict which residues are information rich and which 

are not.

One obvious limitation to this assumption of separability is that the native structure does not 

provide the entire picture. Proteins are not static; under native conditions they populate an 

ensemble of conformations, including unfolded conformations, according to their relative 

stabilities. Any experiment that measures binding will also be affected by the equilibrium 

between binding competent and binding incompetent conformations. Thus, it is more 

accurate to talk about an apparent dissociation constant, Kd,app = Kd ( 1 + Kf ), that 

incorporates both folding and binding energetics. This scenario is further complicated for 

proteins with promiscuity in binding targets, as these proteins are likely to have an ensemble 

of native conformations, all close in energy; interactions with each substrate may be 

differentially affected by mutation. Although this feature has been acknowledged, its 

exploitation or circumvention has, with few exceptions[10], remained largely elusive.

Here we characterize how two DNA-binding proteins with different energy landscapes – that 

is, differences in the relative stability and accessibility of all potential conformations[11] – 

vary in their abilities to modulate binding via residues distant from the binding site. 

Additionally, we investigate the degree to which differences in their energy landscapes affect 

ligand binding and specificity.

MarA and λ-repressor’s DNA-binding domain are both small helix-turn-helix transcription 

factors with very different energy landscapes (Fig. 1A). For both, the binding interface 

geometry and binding sites have been well documented. λ-repressor function is to bind to 

three different sites, all with sequences quite similar to one another[12]. It has a well-defined 

native conformation of archetypal stability (4.82 kcal/mol)[13]. MarA, on the other hand, 

regulates expression of over 60 genes[14] in vivo, with different genes regulated by different 

binding-site (marbox) permutations at their promoters. Marboxes are fairly degenerate; 

MarA is quite sensitive to their orientation and location relative to the transcriptional start 

site as well as the few sequence changes and thus binds different promoters with varying 

affinity[15]. Structural information about MarA in complex with DNA is available from both 

X-ray crystallography[16] and NMR[17,18], and its sequence logo has been experimentally 

determined[19]. In order to bind such a diverse array of sequences, MarA must have access 

to many similar but slightly reoriented conformation. In the absence of ligand, however, 

MarA is insoluble, suggesting that it is largely unfolded in isolation. Taken together, these 

data suggest that MarA is marginally stable with multiple native conformations and 

therefore in the absence of ligand its ground state may be best described as molten.

In this work, we show that MarA, in contrast to λ-repressor, is largely intolerant to mutations 

within the hydrophobic core. Furthermore, we show that these mutations effect differential 

changes in binding affinity for different MarA ligands. We use a simple two-state 

thermodynamic model to show that these results can be used to explain the general feature 

that if a protein is on the brink of stability, then mutations throughout the entire protein will 

have dramatic effects on function, e.g. ligand binding; sites distant from the active site play a 

role that goes beyond defining the fold. Moreover, a single site substitution within the 
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hydrophobic core, distant from the binding site, is sufficient to alter binding specificity for 

promiscuous proteins (proteins with many high-affinity binding partners).

 Results

 Library Construction

To probe the functional impact of changes to the energy landscape, we created three libraries 

of MarA variants by changing residues within the hydrophobic core, distant from the ligand-

binding surface. Each library was randomized at three clustered positions within the core, 

defined as comprising residues that are 95% or more solvent inaccessible (Fig. 1B): I13, 

F48, and L56 comprise cluster 1; I68, L94, and F98, cluster 2; and L72, F98, and Y109, 

cluster 3. The core positions chosen are diverse both in their location within the protein and 

in their conservation among homologues (20 – 99%); none contact DNA.

To confirm unbiased library compositions, the individual libraries were evaluated for their 

sequence diversity. Each library was transformed into cells and grown in the absence of 

MarA functional selection; 86 – 94 transformants from each library were then sequenced. 

The results were compared to a simulation of the above protocol; the simulation was 

performed with the assumption that there is no bias for any codon over another and repeated 

1000 times (Fig. 2A). Our experimental data correspond with the results of the simulation, 

consistent with the presence of a diverse and unbiased library.

 Genetic selection to identify functional core variants of MarA

To identify functional variants within each library, we employed a genetic selection system 

wherein growth on tetracycline reports on the presence of functional MarA protein able to 

activate transcription from the consensus promoter (Fig. 2.2B, see Materials and Methods). 

Surprisingly, of the roughly 24,000 MarA library variants evaluated, only 17 retain wild-type 

function sufficient to pass the selection; these 17 feature almost exclusively conservative 

substitutions (Table I). The number of molecules subjected to selection is more than 3.4 

times the size of our library, which corresponds to a greater than 95% chance of having 

evaluated any random mutant at least once. Additionally, most positive hits have been picked 

up repeatedly, suggesting that we have effectively sampled the available sequence space.

The positive hits identified in our selection can be divided into functional classes based on 

growth on solid media (Fig. 3A). Class 1 variants (10 members) are defined as those that 

demonstrate wild type-like growth on plates following a 24-hour incubation when 

transformed into E. coli. The four class 2 variants similarly result in numerous colonies but 

require a 48-hour incubation. Finally, the three class 3 variants exhibit the least robust 

growth, resulting in very few colonies after a 24-hour incubation and showing no inclination 

to be rescued by extended incubation.

These functional differences, however, are not reflected in growth rates obtained from 

growth-curve analyses. Measured in this way, even the most dramatic differences in growth 

rates among variants are less than two fold, and the standard error of all measured growth 

rates is smaller than that of any one variant’s replicates (Fig. 3B). In vitro, class 3 variants 

have a dramatically increased propensity for aggregation compared to class 1 or even class 2 
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(Fig. 3C). The qualitative correlation between the penetrance of tetracycline resistance and 

protein aggregation suggests the latter as a possible explanation of the phenotypic 

differences between functional variants.

 Destabilized λ-repressor recapitulates MarA’s intolerance to core substitution

Our results with MarA seem at odds with previous published studies using the protein λ-

repressor. If hydrophobicity were the sole or nearly sole requirement for core residues, as 

has been reported for proteins like λ-repressor[20], we would expect 1,022 variants to pass 

the selection. MarA, however, is strikingly sensitive to core mutation: our selection 

recovered only 17 variants. We hypothesized that these differences might be due to 

differences in one aspect of the energy landscape: global stability.

To evaluate this hypothesis, we first aimed to confirm that MarA is marginally stable. Since 

in the absence of ligand, MarA is insoluble in standard aqueous buffer, we carried out urea-

induced denaturation studies in 20% glycerol monitoring the circular dichroism (CD) signal 

at 222nm (Fig. 4a). These experiments indicate that in the presence of the stabilizing agent, 

glycerol, MarA has a free energy of unfolding (ΔGu) = 1.3 ± 0.4 kcal/mol. Even under these 

conditions, MarA has a propensity for aggregation; the limitations of the CD, however, 

prohibited higher concentrations of glycerol. Thus, our measurements were not truly at 

equilibrium and can serve only as an estimated value. Never-the-less, this low value is 

consistent with our model of MarA as marginally stable.

To determine whether sensitivity to mutation is a result of lower overall stability, we tested a 

subset of previously identified functional λ-repressor variants in a destabilized background 

using a similar functional screen[20]. To create a destabilized background, we used the λ-

repressor variant R17A/S77A[13]. This variant destabilizes the protein by 2.8 ± 0.3 kcal/mol 

with a resulting ΔGu = 2.5 ± 0.1 kcal/mol (Fig. 4b). The mutations disrupt a salt bridge 

interaction distant from the active site; the resulting protein is folded and active. We 

evaluated the effects of three previously studied core variants V36I, V36I/M40F, and V36I/

M40I/V47I in both the wild-type and destabilized λ-repressor backgrounds. While V36I was 

functional in both backgrounds, V36I/M40F and V36I/M40I/V47I yielded functional 

proteins only in the wild-type background (Table II). Taken together, these data indicate that 

decreasing the global stability of λ-repressor is sufficient to alter its tolerance to core 

mutations.

 Core mutation differentially affects MarA binding to different promoters, altering binding 
specificity

The specificity of an interaction reflects the preference for a protein to bind one particular 

ligand over another; specificity is a measure of a protein’s relative affinity for different 

ligands[21]. Because mutations within MarA’s hydrophobic core can abolish binding by 

destabilizing the native conformation relative to the unfolded conformation, we 

hypothesized that core mutations could actually alter binding specificity by destabilizing 

certain native conformations relative to others. If so, then some of the core variants should 

show altered specificity against the known marbox promoters.
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Although we are able to detect binding of purified MarA protein to fluorescently labeled 

oligonucleotides via electrophoretic mobility shift assay (EMSA) (Fig. 5), we were unable to 

obtain the needed quantitative information via these in vitro assays due to MarA’s 

propensity for aggregation, weak binding (Kd ~ 150 nM[15]), and small size relative to its 

ligand. Instead, we employed, a β-galactosidase expression assay developed and used in 

previous studies to investigate the relative affinity of MarA to different promoters[22]. This 

assay employs E. coli strains engineered with one of three different naturally occurring 

MarA promoters – mar, micF, or zwf14 – regulating β-galactosidase expression. A subset of 

our MarA variants were transformed into each of these strains, and β-galactosidase activity 

was assayed as a measure of the variant’s affinity for the particular promoter[23]. We 

evaluated a random subset of variants isolated during our initial selection (I68V, I13V, L94F, 

Y109F, I68F, L94F, I68V/L94F) as well as designed single-site alanine variants I68A and 

F98A (Fig. 6). The F98A substitution abolishes expression at all three promoters tested; 

I68A maintains some ability to activate expression at all three promoters but is consistently 

worse than wild type. In contrast, all of the variants isolated in our library selection are able 

to activate expression at the mar promoter as well as or better than the wild type variant. 

Strikingly, their ability to bind the micF or zwf promoters is quite varied, supporting our 

hypothesis that core mutations differentially affect the different native conformations 

required for binding different promoters. These data demonstrate that single-site 

substitutions within the core can alter DNA-binding specifity, decreasing affinity for one 

subset of promoters while maintaining wild-type levels of activity or better for a different 

subset.

 2.4 Discussion

We have demonstrated that for MarA, a protein with multiple “ground-state” conformations 

close in energy, substitutions at sites distant from the active site can have dramatic 

ramifications for protein function. Whereas canonical well-folded globular proteins like λ-

repressor[3,20] and barnase[2] have been shown to have hydrophobic cores tolerant of many 

amino acid substitutions (little informational content), MarA possesses a hydrophobic core 

that is intensely intolerant to substitution. Moreover, conservative substitutions within 

MarA’s hydrophobic core can alter its relative ligand specificity.

In specific circumstances, changes in global stability can drive differences in tolerance to 

amino acid substitutions. Mutations in the hydrophobic core will modulate protein 

stability[24]. For a stable globular protein, these small changes in stability do not change the 

concentration of the binding-competent state to a meaningful degree. For a marginally stable 

protein, however, the same small changes can appreciably shift the equilibrium towards 

binding-incompetent states and, in so doing, have profound functional consequences[25,26]. 

Consider, for example, a simple two-state system:

where L is the ligand, U is the unfolded polypeptide, and N is the native protein,
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The apparent dissociation constant of the system, Kd,app, is:

For ordered proteins, Kf is small and the above effect becomes largely invisible 

experimentally: for a hypothetical well-ordered globular protein with Kd = 500 nM and ΔGf 

= 8.2 kcal/mol (and thus KF = 10−7),

If this protein is destabilized by 3 kcal/mol, the resultant variant has a KF = 1.6 × 10−5 and 

still,

Conversely, proteins that are marginally stable will have KF’s that are not insignificant. For a 

protein with Kd = 500nM but ΔGf = 0 kcal/mol (and thus KF = 1),

Destabilizing this protein by 3 kcal/mol leads to a KF = 160 and now,

This simple two-state thermodynamic perspective outlines how the ability to retain function 

changes drastically depending on global stability, one aspect of the energy landscape. 

However, more needs to be considered for proteins that are marginally stable and have the 

potential to populate multiple native conformations, such as those that are known to bind 

multiple targets or are better described as molten. For these proteins, the above analysis can 

be extended to changes in stability between any functionally distinct conformations; for 

conformations that are close in energy, mutations at a distance can alter the population of 

one native conformation relative to others[27,28], expanding the discussion above from 

merely maintaining binding to actually altering specificity. It is important to note that the 
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model outlined above makes no assumptions about the mode of binding, as the distinction 

between conformational selection and induced fit lies in the ordering of the folding and 

binding steps rather than in the overall energetics.

Our results for MarA are consistent with this model. As previously mentioned, MarA binds 

to a number of different targets and is thus likely to have a number of distinct native 

conformations that are likely to be differentially affected by core mutations. The MarA core 

variants identified in our selection exhibit varying degrees of activity relative to wild type at 

the three naturally occurring promoters tested, demonstrating that specificity can be altered 

by mutations located solely within the hydrophobic core. Our results are consistent with a 

previous alanine-scanning study on MarA which found several sites distant from the binding 

surface where mutation to alanine differentially impact binding to different promoters[23]. 

The disparate impact of core or other mutations on different native states is, of-course, not 

limited to marginally stable proteins[29]. The existence of multiple conformations close in 

energy to the “ground state” (multiple minima) means that even subtle changes that would 

be functionally invisible in stable globular proteins can alter specificity in a protein whose 

energy landscape is akin to that of MarA.

A major protein class likely to be enriched in MarA-like energy landscapes is intrinsically 

disordered proteins (IDPs)[30], a significant percentage of the eukaryotic proteome[31]. 

How IDPs respond to substitutions remains unclear. Some studies argue that the lack of a 

well-defined native state renders them more tolerant to mutation than well-folded 

proteins[32,33], while other studies suggest that relatively weak, transient contacts may play 

a disproportionately critical functional role[34]. Consistent with the functional importance of 

residues outside the binding interface in these proteins, IDPs appear to have rates of 

evolution and patterns of conservation distinct from those of globular, single-ligand 

proteins[35]. As such, it has been argued that the evolution of disordered proteins and 

regions is subject to a distinct set of biophysical constrains[35]. Since the energy landscapes 

of IDPs more closely resemble that of MarA than of λ-repressor, our data indicate that those 

proteins whose function requires a disorder-to-order transition may actually be less tolerant 

to mutation. Thus, this work provides a potential functional role for a subset of the high 

percent of the human genome that encodes disorder. Additionally, it offers some tantalizing 

clues as to what factors may have favored the evolution of such proteins, as several studies 

have implicated functional plasticity as a critical factor in the molecular evolution of new 

function[35–38], with selective stabilization of some subset of states from a molten native 

ensemble specifically posited as a driving factor[39]. In this work, we’ve shown that 

marginally stable proteins have a broad distribution of informational content over their 

amino acid sequence, increasing the probability that a random mutation will have an impact 

on binding. The increased ease of effecting appreciable change may explain the favorability 

of marginal stability to the evolution of novel binding targets.

It has been proposed that the maintenance of organismal evolvability may depend on the 

ability to have large-scale functional impact with a small number of mutations[40]. Multi-

gene regulators like MarA present the possibility to accomplish exactly this, as even small 

changes in specificity for promiscuous proteins could affect multiple pathways and result in 

global changes within a cell. Biophysical and biological plasticity thus represent two related 
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but distinct nodes upon which evolution can act to rapidly achieve phenotypic diversity. This 

may be part of the reason why transcription factors, which frequently bind multiple 

targets[41], are enriched for intrinsically disordered regions[42,43].

Our experimental results demonstrate that the shape of the energy landscape and, in 

particular, global stability are indicative of the distribution of informational content over a 

protein’s sequence. In essence, stable proteins are overdetermined and can accommodate 

mutations more easily. This relationship between energy landscape and informational 

content can guide protein design in two ways. Firstly, it can increase protein design 

efficiency by identifying proteins with distinct regions high in informational content that can 

be treated as functionally modular. Secondly, it suggests a path for engineering proteins with 

dispersed informational content that have previously been problematic for protein 

engineering, highlighting the importance of incorporating non-interface residues into design 

strategies.

 2.5 Materials & Methods

 Gene synthesis

Libraries of MarA genes with selected codons randomized were purchased from GeneArt®, 

PCR-amplified, and inserted into the selection plasmid[19]. These were transformed into 

XL10-Gold cells for library propagation, plated on 30 μg/ml ampicillin LB plates. ~200,000 

colonies per library were resuspended in liquid media, and the plasmids were extracted using 

the Qiagen Midi-prep Kit. All genes were subcloned into pET28 plasmid for purification.

We used the λ-repressor N-terminal domain from plasmid pWL104[20]. Specific point 

mutations were introduced using QuikChange mutagenesis.

 Functional selections

MarA libraries were transformed into E. coli strain N8453 (Δmar, Δsox-8::cat, Δrob::kan 

variant of GC4468) made by J.L. Rosner and R.G. Martin and obtained from the M.B. Eisen 

laboratory. MarA expression was induced with 0.1% L-arabinose after one hour of recovery; 

cells were allowed to grow for an additional four hours before plating on 30 μg/ml 

tetracycline plates + 0.1% L-arabinose and incubated at 37°C for 48 hours.

λ-repressor functional assays were performed in X90 cells. Single colonies were streaked 

sequentially across lambda phage strains KH54, KH54h80, and imm21c on 200 μg/ml 

ampicillin plates + 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG).

 Protein purification

Proteins were overexpressed in Rosetta2 DE3 pLysS cells induced with 1 mM IPTG and 

purified using nickel column chromatography. For MarA purification, cells were lysed by 

sonication in 50 mM HEPES, pH 8, 500 mM NaCl, and 1 mM TCEP. MarA was expressed 

in inclusion bodies, which were isolated by centrifugation and resuspended in lysis buffer 

supplemented with 8 M urea and 10 mM imidazole. Imidazole concentration was increased 

to 350 mM to elute, and protein was dialyzed into storage buffer (50% glycerol, 50 mM 

HEPES, pH 8, 500 mM NaCl, 1 mM TCEP). For λ-repressor purification, cells were lysed 
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by sonication in 50 mM sodium phosphate, pH 8, 500 mM NaCl, 20 mM imidazole. λ-

repressor was found entirely in supernatant; to elute, imidazole concentration was increased 

to 250 mM.

 Binding assays

For in vitro binding assays, serial dilutions of MarA variants were incubated for 30 minutes 

at room temperature with 0.5 nM oligo in 50 mM Tris, pH 8.5, 50 mM NaCl, and 10% 

glycerol. Experiments using dot-blot apparatus were performed as described in Chakravarthy 

et al.[44] with 5’ 32P-radiolabeled double-stranded consensus oligo (5’ – ATT CGA TTT 

AGC AAA ACG TGC CAT CGG T – 3’)[19]. EMSA used 3’ FAM-labeled consensus, micF 

(5’ – ATT CGA CAG CAC TGA ATG TCA AAA CCG GT – 3’), or zwf (5’ – ATT CGA 

TCG CAC GGG TGG ATA AGC GCG GT – 3’) MarA-binding sites[23]; after 

equilibration, samples were loaded onto 5% PAGE gel (29:1 acrylamide:bis-acrylamide and 

10% glycerol in TAE) and run at approximately 80V at 4°C.

In vivo binding assays were performed as described in Gillete et al[23]. Briefly, marA 
mutants derived from pRGM9818 were transformed into E. coli strains N8795, N9212, and 

N9214, which contain a single-copy (mar, micF, or zwf, respectively)::lacZ transcriptional 

fusion at the attB site[45]. Overnight cultures were diluted 1:50, grown for 2 hours at 32°C, 

and assayed for β-galactosidase activity[46].

 Circular dichroism

The N-terminal domain of λ-repressor was dialyzed into 50 mM sodium phosphate, pH 7, 50 

mM NaCl, and 0.2 mM TCEP. MarA was dialyzed into the same but with 20% glycerol. 

Circular dichroism studies were carried out at 25 °C on an Aviv 410 spectrapolarimeter with 

Peltier temperature control using a Microlab titrator. For λ-repressor, ~30 μg/ml protein in 

~10 M urea was titrated into 0 M urea sample of identical protein concentration, maintaining 

2.5 ml total volume. After each titration step, sample was equilibrated for 5 minutes and CD 

signal was monitored at 222, averaged over a 60-second time period. For MarA, individual 

samples containing approximately 50 μg/mL protein and 20% glycerol at varying urea 

concentrations were equilibrated overnight. As with λ-repressor, the signal was monitored at 

222 nm and averaged over 60 seconds. The change in Gibbs free energy upon unfolding 

(ΔG) was obtained by plotting the CD signal as a function of urea concentration and fitting 

the data using a two-state linear extrapolation model to obtain ΔG in the absence of urea[47].

 Growth curves

MarA mutants were transformed into N8453 cells as described for the library selections. 5 

ml 30 μg/ml tetracycline LB + 0.1% L-arabinose were inoculated with resulting colonies and 

allowed to grow at 37°C for approximately 20 hours. For each growth curve, 200 ml 30 

μg/ml tetracycline LB + 0.1% L-arabinose was inoculated with 2 ml of overnight cultures 

and incubated at 37°C with agitation. Cell growth was monitored by measuring optical 

density (OD) at 600 nm, with samples taken every half hour during log phase. For OD600 

between 0.12 and 2, the log10 of the OD was plotted against the time and fit to a line; the 

slope of the line corresponds to the growth rate in tennings (number of tenfold increases) per 

hour.
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Highlights

• Ligand binding and specificity is attributed to a small number of residues 

comprising the ligand-binding interface of the native structure. This simple 

model, however, does not take into account features of a protein’s energy 

landscape – the energetics of the native conformation and the energetics of 

alternative conformations.

• We evaluate the importance of buried residues in the hydrophobic core 

using two model DNA-binding proteins: the well-folded stable N-terminal 

domain of lambda repressor and the more molten, marginally stable MarA.

• We show that the tolerance to mutation of different regions of the protein 

depends on its energy landscape. Binding hot spots are localized at the 

binding interface for proteins like lambda repressor, while residues 

throughout the protein can be functionally crucial, even altering specificity, 

in the case of MarA.

• These results suggest that the underlying energy landscape is crucial for 

manipulating ligand binding/specificity and that energy landscape profiles 

can help identify promising candidates for protein engineering. 

Additionally, they have implications for evolutionary studies, as proteins 

like MarA may be poised to maintain both molecular and organismal 

evolvability.
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Figure 1. 
A) Two-dimensional representations of idealized energy landscapes for a well-folded protein 

with a single native ground state (solid line), a marginally stable protein with a defined 

native state (dashed line), and a marginally stable protein with multiple minima (dotted line). 

B) Representation of the crystal structure of MarA binding to DNA. Cluster 1 residues I13 

(76%), F48 (96%), and L56 (59%) are indicated in green; cluster 2 residues I68 (20%) and 

L94 (20%), in cyan; cluster 3 residues L72 (99%) and Y109 (75%), in red. F98 (98%), 

which is included in both clusters 2 and 3, is indicated in purple[16,48]. Numbers in 

parentheses after residue number indicate degree of conservation among homologues.
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Figure 2. 
A) Libraries do not appear biased. Dotted bars indicate results of simulated sequencing of 86 

(Cluster 1), 93 (Cluster 2), or 94 (Cluster 3) individual clones, repeated 1000 times, with 

error bars indicating one standard deviation. Striated bars show results of actual sequencing, 

with the results of three randomized positions averaged for each cluster and error bars 

indicating one standard deviation. B) The MarA selection system contains MarA mutants 

under control of an arabinose-inducible promoter and the MarA consensus binding sequence 

as the promoter for tetracycline resistance.
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Figure 3. 
Characterization of functional MarA variants. A) Class 1 variants exhibit wild type-like 

growth on plates following a 24-hour incubation when transformed into E. coli. Class 2 

variants also result in numerous colonies but require a 48-hour incubation. Class 3 variants 

exhibit the least robust growth, resulting in very few colonies regardless of incubation time. 

B) Mean log-phase growth rates of E. coli transformed with the variant indicated. Standard 

errors for wild type, Y109F, and I68V/L94M replicates were 0.033, 0.051, and 0.011, 

respectively. Standard error among all growth rates was 0.025. C) Increasing concentrations 

of wild type or L72I/Y109F (class 3) MarA were mixed with radioactively labeled target 

DNA, equilibrated for 30 minutes, and passed through Tuffryn size exclusion membrane. 

Percentages indicate amount of total signal present on the Tuffryn membrane.
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Figure 4. 
Global stability of MarA and λ-repressor. A) Urea denaturation of MarA in 20% glycerol. B) 

Urea denaturation of wild type (triangles) and R17A/S77A (diamonds) λ-repressor N-

terminal domain. Denaturation was measured by CD [25°C, 0.2 μM tris(2-

carboxyethyl)phosphine (TCEP), 50 mM sodium chloride, 50 mM sodium phosphate, pH 7. 

For MarA, glycerol was added to 20%.]. Data were fit with a two-state model [47] and 

converted to fraction folded.
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Figure 5. 
Wild type MarA binding to A) consensus, B) micF, or C) zwf promoters. For each gel, the 

concentration of protein in each lane, from left to right: 20 μM, 10 μM, 5 μM, 2 μM, 1 μM, 

500 nM, 200 nM, 100 nM, 50 nM, 20 nM, 10 nM, none.
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Figure 6. 
Units of β-galactosidase activity, where β-galactosidase expression is driven by MarA variant 

activation of A) mar, B) micF, or C) zwf promoters. The same data are shown in D) 

expressed relative to wild-type MarA-driven expression at the same promoter. Empty refers 

to relevant strains untransformed with marA-containing plasmid. Each value is the average 

of 3–5 biological replicates; error bars indicate standard error; dotted line serves as guide for 

activity levels of empty cells.
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Table II

λ repressor variant activity monitored in vivo by immunity to lambda phage infection.

mutation(s):
background:

wild type R17A/S77A

V36I + +

V36I/M40F + −

V36I/M40I/V47I + −

+ indicates resistance to KH54 and KH54h80 lambdaphage strains; - indicates sensitivity to both. All were sensitive to imm21c; none were 
resistant to KH54 and not KH54h80.
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