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SUMMARY

Allosteric transcription factors (aTFs) are used in a myriad of processes throughout biology and biotech-
nology. aTFs have served as the workhorses for developments in synthetic biology, fundamental research,
and protein manufacturing. One of the most utilized TFs is the lactose repressor (LacI). In addition to being
an exceptional tool for gene regulation, LacI has also served as an outstandingmodel system for understand-
ing allosteric communication. In this perspective, we will use the LacI TF as the principal exemplar for
engineering alternate functions related to allostery—i.e., alternate protein DNA interactions, alternate
protein-ligand interactions, and alternate phenotypic mechanisms. In addition, we will summarize the design
rules and heuristics for each design goal and demonstrate how the resulting design rules and heuristics can
be extrapolated to engineer other aTFs with a similar topology—i.e., from the broader LacI/GalR family
of TFs.
INTRODUCTION

Allostery, as introduced by Jacob, Changeux, and Monod,

describes a connection between the distal surfaces of a protein,

which serves to couple the protein function based on environ-

mental signals.1 Allosteric communication between these func-

tional surfaces commonly involves a conformational change of

a protein on interaction with a specific small molecule input. Allo-

stery can be observed in essential biological processes such as

catalysis,2,3 signal transduction,4 and gene regulation.5,6 Tran-

scription factors (TFs) are essential to a myriad of processes

involved in gene regulation. The term TF covers an expansive

category of DNA-binding proteins with diverse mechanisms

and structures. TFs can be broadly binned by mechanisms

namely activators and repressors, where activators influence

gene expression by enhancing the binding affinity of RNA poly-

merase and repressors disrupt RNA polymerase function.

A subset of activators and repressors, called allosteric TFs

(aTFs), utilize allosteric communication to regulate interaction

with specific elements of DNA. Objectively, aTFs are decision-

making modules—i.e., aTFs can convert an environmental input

into a gene expression (or non-coding) output. Their function is

achieved when an allosteric network of residues transmits a

signal from the ligand-sensing surface to the DNA-binding

surface within the protein to modulate DNA affinity. aTF environ-

mental cues include a myriad of inputs—e.g., small molecules,1

protein interactions,7 light,8 and phosphorylation.9 As evidenced

by the broad range of inputs, aTFs have an ever-expanding role

in fundamental research, biological engineering, and industrial

applications.

The Escherichia coli (E. coli) lac repressor (LacI) is a canonical

aTF (Figure 1A), which will be used as the principal exemplar of
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engineered functions throughout this perspective. LacI has

been used in a broad range of technologies—i.e., synthetic

biology systems, biomanufacturing, and medicine—in addition

to serving as a model system for fundamental research of allo-

stery and related functions. Despite the extensive use of LacI

and similar aTFs in biotechnology applications, there remains a

significant barrier to unlocking the full potential of engineered

systems. Despite decades of extensive studies, we still do not

know how to generally engineer aTFs or simple allostery de

novo. In this perspective, we will review the design rules for

aTFs through the lens of the LacI and paint a picture for the future

of engineering allostery within this topology.

A MODEL SYSTEM FOR THE DESIGN OF aTFs

LacI is an excellent model system for developing workflows for

designing, building, and testing bespoke aTFs, with similar

topologies. Namely, the LacI is well studied structurally and

functionally—i.e., the LacI TF has: (1) solved crystals structures

with and without DNA and ligand,10,11 (2) a known panoply of

effector ligands,12 (3) a defined DNA operator in terms of

sequence and length,13 and (4) been the subject of partial muta-

tional scanning identifying phenotypic consequences of single

mutations throughout the protein.14

LacI achieves genetic regulation through allosteric communi-

cation via two functional surfaces—i.e., (1) a DNA-sensing

surface and (2) a ligand-sensing surface. LacI is represented in

Figure 1A as a homodimer, with two major functional domains

connected by a linker. The first approximately 41 N-terminal res-

idues of each monomer contain the DNA-binding site and are

commonly referred to as the DNA-binding domain (DBD), see

Figure 1B. The regulatory core domain (RCD) is composed of
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Figure 1. Structure of the lac repressor and design goals
(A) Crystal structure of the dimeric lac repressor (PDB: 1EFA). This aTF consists of two major domains: (1) the RCD that interacts with a cognate ligand (IPTG) at
one functional surface and (2) a DBD which interacts with the DNA operator at a second distal functional surface. The RCD can be decomposed into C- and
N-subdomains, which flank and comprise the ligand-binding site. The allosteric routes within this topology are hypothesized to exist between the two functional
surfaces. Design goal 3 is focused on engineering alternate allosteric communication via a prescribed workflow that requires a super-repressor mutation—see
Box 3.
(B) Amodel of a single LacI DBD bound to the cognate DNA operator. The DBD can be defined as amino acid positions 1–60 in the primary structure and naturally
binds to the DNA operator given in the inset. Design goal 1 is to engineer alternate DNA binding by varying the DBD and cognate DNA operator at fixed positions
concurrently—see Box 1. To confer alternate DNA recognition, amino acids at positions Y17, Q18, and R22 are modified to bind to synthetic DNA operators. The
given residues bind to operator base pairs 4, 5, and 6, respectively.
(C) Model of the LacI ligand-binding site bound to cognate ligand (IPTG). Positions I79, F161, N246, and L296 are purported to confer ligand specificity. Design
goal 2 is focused on engineering alternate ligand specificity by varying residues that contact IPTG in addition to residues in proximity to the binding pocket—see
Box 2.
(D) Cartoon representation of the components of the lac repressor (abbreviated as I+YQR) in its genetic context. The regulatory core domain (RCD) interacts with
ligand (L), while the DNA-binding domain (DBD) interacts with the DNA operator (OP). In this example, the LacI RCD (I) paired with its natural DBD (YQR) binds to
the operator DNA in the absence of ligand (IPTG), blocking transcription and turning GFP expression off. In the presence of IPTG, I+YQR unbinds the operator,
turning GFP expression on. Note the superscript ‘‘+’’ denotes the repressor phenotype.
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residues 62–333 and contains the dimerization interface as well

as one ligand-binding site per monomer. The ligand-binding site

senses LacI’s natural inducer allolactose or the non-hydrolyz-

able analog isopropyl-ß-D-1-thiogalactopyranoside (IPTG), see

Figure 1C. DBD and RCD are connected by a linker region,

also called the hinge or hinge helix, that becomes disordered
646 Cell Systems 14, August 16, 2023
on IPTG binding and leads to reduced DNA affinity.15 Generi-

cally, the structure of LacI is representative of the LacI family

of regulatory proteins.5 The general function of LacI (abbreviated

as I+YQR) regulating the production of green fluorescent protein

(GFP) is given in Figure 1D. A clarifying note on LacI quaternary

structure—the wild-type LacI is a homo-tetramer (or dimer of
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dimers).16 However, theminimal functional unit is a homodimer17

and will represent the principal structure of our engineered sys-

tems throughout this perspective. The tetrameric form of LacI

can bind two DNA sites in proximity to one another concurrently.

The resulting DNA looping facilitates efficient regulation of the

natural lac operon.18 However, DNA looping is largely an unnec-

essary factor to consider when designing a synthetic circuit.

Accordingly, from an engineering vantage point, we can regard

the basic functional unit of LacI as a single dimer used to bind

a single operator—i.e., regulating a single promoter. Therefore,

the general structure of LacI illustrated in Figure 1A is repre-

sented as a dimer and does not include the C-terminal tetrame-

rization domain as it is not required for the regulation of typical

engineered systems.

In this perspective, we will use LacI as a model system to illus-

trate the successes and challenges in the space of aTF design

(engineering) as we discuss efforts in the field that each aimed

to engineer a single characteristic of LacI: (1) DNA specificity,

(2) ligand specificity, and (3) functional phenotype—i.e., alternate

allosteric communication. In turn, we will leverage the lessons

learned from these exemplars toward the design, build, and

test of new systems. In addition to specifying design rules and

heuristics, we will discuss what will be needed for the de novo

design of aTFs moving forward.

Engineering alternate LacI DNA binding
In a series of studies, Muller-Hill et al. were the first to alter the

DNA specificity of LacI through selective mutations of residues

in the DNA-binding domain. The authors observed that single

mutations in the DNA recognition helix (amino acid residues

17–26) were not sufficient to alter specificity significantly.19 How-

ever, combining at least two mutations at Y17, Q18, or R22

resulted in LacI repressors with affinity to single or double

base pair-substituted (fully symmetric) lac operators. The

authors suggested that residues at positions 17 and 18 interact

with base pairs 4 and 5 of the operator, whereas 22 interacts

with base pair 6 of the operator,20,21 see Figure 1B.

In a later study, Milk et al. expanded on the observations made

by Muller-Hill et al., with the goal of developing general design

rules for alternate LacI DNA binding.22 Milk et al. posited that

DBD positions 17, 18, and 22 (noting that the wild-type residues

Y17, Q18, and R22 are abbreviated as YQR) could be concur-

rently varied and paired with one or more putative symmetric

operator DNA variant(s) with substitutions at positions 4, 5, and

6, whereas a putative DNA operator variant is defined as 50-A
ATT XXX AGC GCT YYY AAT T-30 where ‘‘X’’ is any nucleotide

and ‘‘Y’’ represents the nucleotides required to make the oper-

ator fully symmetric, see Figure 1B. The resulting combinatorial

space for the DBD was defined by 203 (8,000) protein variants,

whereas the operator combinatorial space resulted in 43 (64)

DNA elements—for a total of �105 putative protein DNA pairs.

Milk et al. built and tested the given combinatorial space and

determined that mutations at the three amino acid positions

were sufficient to confer inducible DNA specificity to 26 of the

64 operators, the putative phenotype given in Figure 1D. More-

over, only 195 (of the 8,000 possible DBD protein variants)

were found to bind one or more of the identified DNA operator

variants. However, the authors reported few observable trends

(rules) borne out of these results. Namely, there were no trends
in amino acid frequencies at each position based on hydropho-

bicity, molecular weight, or isoelectric point. The repressor

mutants (even among those that bound the same operator)

differed in DNA affinity, dynamic range, leakiness, and promiscu-

ity. The only universal rule observed was arginine was present at

position 22 of the repressor when base pair 6 was guanine.

Through these studies, the partial DNA-binding site of LacI

was validated as positions 17, 18, and 22. The given positions

were identified as important for DNA affinity because mutating

one ormore of the positions away fromY17, Q18, or R22 resulted

in changes in expression levels of a reporter gene controlled by

the symmetric lac operator regulating a given promoter

compared with wild type. These positions appear to be impor-

tant for DNA specificity in that mutations also changed expres-

sion levels of genes controlled by base pair-substituted DNA

operators that regulate a given promoter. It was also concluded

that DNA-binding residues can be isolated and engineered sepa-

rately—i.e., DBD positions 17 and 18 bind base pairs 4 and 5,

whereas position 22 binds base pair 6. Moreover, mutations

not only change specificity but also change other protein charac-

teristics like binding promiscuity and leakiness—although

unpredictably.

The design heuristics and rules for LacI protein-DNA interac-

tions largely end here. In summary, the data gathered from a ran-

domized library of the partial DNA-binding domain and cognate

operators provide minimal steadfast design rules—however,

heuristics can be gleaned. From this study, we can conclude

that protein-DNA specificity is a complex problem in the LacI

aTF topology involving more than a pairwise ruleset—likely

requiring other factors such as allosteric communication and

related structural feedbacks. We have summarized the putative

design rules and heuristics for engineering LacI protein-DNA

interactions in Box 1.
Engineering alternate ligand specificity in the LacI
topology
Barkley et al. demonstrated that wild-type LacI is responsive to

several alternate ligands over four decades ago.12 Accordingly,

redesigning the binding pocket of LacI to respond to alternate li-

gands with a similar size and structure seems plausible. To test

the extent to which LacI can be engineered to accommodate

alternate ligands, Taylor et al. used a computational protein

design to redesign the binding pocket of the LacI to be allosteri-

cally responsive to alternate ligands,23 see Figure 1C. Taylor

et al. posited that a canonical redesign of the binding pocket

(and regions proximal thereof) would be sufficient to change

the LacI ligand-binding function from the cognate ligand IPTG

(an analog of the native ligand allolactose) to an alternate ligand

with a similar structure and size—i.e., fucose, lactitol, or sucra-

lose. Although the computational protein design approach

resulted in variants of LacI that could be induced by the given

alternate ligands, nearly all of the tested variants retained

some sensitivity to IPTG. The most responsive LacI variants

often contained four or more mutations; however, several sin-

gle-mutant variants were observed. In addition, substitutions at

positions 79 (a putative effector binding position) and 291 (prox-

imal to the binding pocket) were frequently observed in variants

that responded to new inducers, suggesting that these residues
Cell Systems 14, August 16, 2023 647



Box 1. Engineering alternate LacI DNA binding—design rules and heuristics

Observation 1: DNA-binding domain amino-acid positions 17, 18, and 22 are critical to introducing variation in specificity, and are

coupled to complementary changes to DNA operator positions 4, 5, and 6.

Observation 2: in addition to protein-DNA specificity, mutations also affect promiscuity, leakiness, and dynamic range—without

any degree of predictability.

Supposition: this pairing constitutes a design heuristic opposed to a design rule in that precise interactions cannot be predicted

from the minimal dataset—intimating that other factors contribute to this function, possibly allosteric communication.
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might determine the ligand specificity of the binding pocket to

this particular set of ligands.

In addition to computer-generated LacI variants, in a separate

objective, Taylor et al. evaluated single-position variants to

assess the capacity to change the ligand specificity of LacI to

be inducible to gentiobiose—which has a similar structure and

size to the native ligand allolactose. This study revealed that

changes outside of the binding pocket were sufficient to alter

ligand binding. In addition to a given point mutation to the bind-

ing pocket (i.e., Q291H), a point mutation to the dimerization

interface (i.e., R255H) or DBD (i.e., V20A) resulted in responsive-

ness to gentiobiose. Congruent with the computational protein

design variants the single-mutant variants were still responsive

to IPTG. Taylor et al. posited that specificity to gentiobiose could

be improved via the introduction of additional compensatorymu-

tations—thus focused on improving the specificity of the Q291H

variant as an exemplar. On analyzing the results, we noted that

the authors utilized a super-repressor mutation24 (also see

Figure 2B), which mitigates the LacI response to IPTG. Although

the authors tested the variant with compensatory mutations for

reduced sensitivity to IPTG and induction via gentiobiose, Taylor

et al. did not test the responsiveness to allolactose—which is

closer to the structure of gentiobiose—thus, the result was not

necessarily conclusive.

In a separate study, Wu et al. engineered a LacI variant to be

responsive to lactulose.25 Briefly, the authors exclusively tar-

geted residues in the LacI-binding pocket (i.e., I79, F161,

N246, and L296), also see Figure 1C. The resulting library

consisted of all possible combinations of mutations (or 106 vari-

ants). Once the mutant library was constructed, the authors con-

ducted (1) a positive screen in the presence of 10 mM lactulose

and (2) a negative screen in the presence of 10 mM lactose or in

the absence of an inducer. Note: the authors demonstrated that

wild-type LacI was not responsive to lactulose. After several

rounds of positive and negative screening, the authors identified

8 LacI variants that were responsive to lactulose. However, only

one variant LacI-L5 (harboring one amino acid substitution,

F161K) displayed reasonable performance metrics with a

�2.7-fold induction of GFP expression in response to 10mM lac-

tulose. In addition, the LacI-L5 variant had specificity to lactulose

and was not responsive to other disaccharides tested (i.e.,

lactose, epilactose, maltose, sucrose, cellobiose, and meli-

biose). However, the LacI-L5 variant remained responsive to

IPTG with a similar dynamic range to wild-type LacI.

These studies demonstrate that mutation of ligand-binding

residues alone does not result in new ligand specificity; instead,

the given engineering strategies result in aTFs with promiscuous

binding to cognate ligands. However, a combination of randomly

generated compensatory mutations along with an allosteric
648 Cell Systems 14, August 16, 2023
block (i.e., one ormore super-repressormutations—abbreviated

as XS = IS, also see Figures 2A and 2B and inset (1)) can poten-

tially result in binding specificity. We intimate that establishing an

entirely new allosteric function in a given aTF (i.e., to support new

ligand specificity) will likely require consideration of the allosteric

network as a whole, not just the immediate functional surface.

We summarize the observations and lessons learned from this

section in Box 2.

Engineering alternate allosteric communication in the
LacI topology
The antithetical phenotype to the LacI—i.e., anti-lac (XA

ADR =

IAYQR), also see Figure 2C—was initially observed over four de-

cades ago achieved via simple mutagenesis.14,26,27 In addition,

more recent studies have reaffirmed the utility of mutagenesis

(in many cases via multiple random mutations) to confer anti-

repression in the LacI scaffold.28–30 Although these studies

clearly illustrate that the anti-lac phenotype can be achieved

through a variety of mutations, no steadfast design rules can

be directly credited to any one of the aforementioned.

In a set of studies, Wilson et al. developed an engineering

workflow to confer alternate allosteric communication in the

LacI scaffold31,32—moving one step closer to the rational design

of allosteric communication in the given topology. Briefly, the au-

thors posited that allosteric communication in the LacI scaffold is

plastic, and on strategic mutation away from the functional sur-

faces, alternate allosteric routes (i.e., communication between

the two functional surfaces) could be activated. This thesis

was predicated (in part) on the discovery by Suckow et al. of

569 point mutations (124 of 328 positions) throughout the LacI

scaffold that resulted in a super-repressor (Is) phenotype14—

see Figures 1A and 2B. This number represents only a portion

of the super-repressor point mutations at each position as the

authors performed a partial mutational scan by changing each

position to 12 or 13 of the 20 amino acids. Using data from this

study paired with structural information, Meyer et al.31 postu-

lated that super-repressor variants could be classified into two

broad categories—(1) ligand-binding disrupting variants (class

I) or (2) allosteric-blocking variants (class II). The authors inti-

mated that blocking allosteric communication without disrupting

the ligand-binding surface—i.e., via one or more class II Is vari-

ant(s)—could facilitate the engineering of alternate allosteric

routes in the LacI topology. In other words, the authors aimed

to preserve both the ligand-binding function and DNA-binding

function while short-circuiting communication between the two

functional surfaces. Once the block in allosteric communication

was achieved, compensatory mutations were introduced (via

error-prone PCR [EP-PCR]) between residues 62 and 330, re-

stricting allosteric recovery to variation within the RCD, see
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Figure 2. Workflows for engineering allosteric transcription factors
(A) General scheme for repressor phenotype and alternate DNA binding functions—abbreviated as X+

ADR. X can be any of the RCD given in inset (1) and can be
putatively paired with any of the alternate DNA recognition units given in inset (2).
(B) General mechanism of a class II super-repressor variant—abbreviated as Xs

ADR, where the superscript ‘‘S’’ denotes the phenotype. In this iteration of the super-
repressor ligand binding andDNAbinding functions are preserved; however, allosteric communication between the two functional surfaces is disrupted or blocked.

(legend continued on next page)
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workflow given in Figures 2A–2C. In brief, random mutations

beyond the super-repressor point mutation D88A resulted in

restored LacI repression (I+YQR—see Figure 1D) and the identifi-

cation of the anti-lac phenotype (see Figure 2C—where XA
ADR =

IAYQR) within a remarkably small search space of 101–102 DNA

sequences, with an average of 3 mutations per reading frame.

In a follow-up study, Richards et al. engineered anti-lacs by

incorporating different super-repressor mutations from Suckow

et al. into the workflow to demonstrate generalizability,32 see

Figures 2A–2C. The authors used four additional super-repressor

variants to initially block allosteric communication—i.e., via class

II point mutations K84A, V95A, V95F, and D275F (see Figures 2A

and 2B). As with the previous study, compensatory mutations

were introduced to this set of super-repressor variants via EP-

PCR—with an average of 3 mutations per reading frame—and

the resulting library was assessed by a black-white screen on

solid media in the presence and absence of an inducer—vali-

dated via fluorescence-activated cell sorting (FACS) using GFP

as the output modality. Eleven anti-lacs (see Figure 2C—where

XA
ADR = IAYQR) and three repressors were identified (again within

a small search space of 101–102 DNA sequences), each repre-

senting a unique solution to the design goal. Moreover, all result-

ing variants retained the initial super-repressor mutation after

each round of evolution. Akin to the findings from Meyer et al.,

the additional substitutions varied widely in position and number,

without changing the immediate ligand binding or DNA-binding

sites. In most cases, several sets of compensatory mutations

could confer alternate allosteric communication for a single su-

per-repressor variant—however, no apparent mutational trends

were observed within or between the sets of variants beyond

the requirement of a super-repressor position.

We posited that using the workflows established by Wilson

et al.31,32 (illustration given in Figures 2A–2C), the search space

for the identification of anti-lacs can be dramatically reduced.

For example, Poelwijk et al. identified anti-repressor variants

via the interrogation of a large library (106) of LacI variants gener-

ated via EP-PCR28 with an average of 3.2 mutations per reading

frame. In this study, the authors did not incorporate an initial su-

per-repressor position but rather performed laboratory evolution

on the wild-type scaffold. A postmortem assessment of the data

by Richards et al.32 revealed that a super-repressor variant was

indeed observed in the Poelwijk et al. anti-lacs.

Reiterating this observation, in a more recent study, Tack

et al.29 generated 105 LacI variants via EP-PCR with an average

of 4.4 amino acid substitutions per variant. The results indicated

that diverse substitutions could lead to the anti-lac phenotype;

moreover, the authors estimated that approximately 0.35% of

the measured library was composed of the given IAYQR pheno-

type. Notably, LacI amino acid substitutions associated with
(C) The terminal phenotype for engineered alternate allosteric communication—i.e
phenotype. X can be any of the RCD given in inset (3) and can be putatively paired
GalS RCD can be engineered to respond to an alternate ligand (i.e., IPTG).
(D) Summary of the workflow engineering PurR to responsive to alternate ligands
units given in inset (2).
(E) Illustration of the engineered GalS scaffold in which the ligand-binding functi
D-fucose. The engineered transcription factor is also amenable to the ADR mod
(F) Illustration of the engineered BANDPASS function. The given BANDPASS fun
(G) Illustration of the antithetical operation to the BANDPASS—i.e., a BANDSTOP
with ADR functions.
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the anti-lac phenotype identified by Tack et al. contained su-

per-repressor point mutations previously identified by Suckow

et al.14 Specifically, in the given collection of anti-lacs, 8 of the

10 positions analyzed by both groups are associated with the su-

per-repressor phenotype via one or more point mutations that

occur at positions 70, 84, 88, 96, 192, 200, 248, or 273. Noting

that, Suckow et al. only conducted a partial mutational scan by

changing each position to 12 or 13 of the 20 amino acids and

restricted this analysis to positions 1–339, accordingly; the anal-

ysis is indeterminate for amino-acid positions 135 and 343.

In general, these observations demonstrate the power of the

Wilson et al. workflow in reducing the search space from 106 to

102 variants via seeding the mutational process initially with a

class II super-repressor mutation. The most significant design

rule to be drawn from these studies is that blocking allostery

appears to be critical to accessing evolutionary paths to anti-

repression, echoing the importance of super-repressor

mutations for switching ligand specificity—see Box 2. These ex-

emplars show that there aremany paths to alternate allostery in a

single topology, given that allosteric blocks at many different lo-

cations throughout the scaffold can result in alternate allosteric

communication on the addition of compensatory mutations via

random mutagenesis. In addition to changing the phenotype,

mutations that confer alternate allosteric communication can

affect apparent ligand sensitivity andDNA affinity without chang-

ing residues in the ligand-binding site or the DBD. However,

predicting how a given mutation (or set of mutations) will affect

protein function is not clear from these studies. In Box 3, we artic-

ulate the putative design rules and heuristics from this section.
APPLYING THE LESSONS LEARNED FROM
ENGINEERING LacI

In the following sections, we will demonstrate the application of

the lessons learned from engineering individual functions of the

LacI (illustrated in previous sections) and how we can expand

and combine these putative workflows to engineer new TFs

not observed in nature. Namely, we will:

(1) Describe studies and workflows in which the RCD and

DBD are swappable, forming functional TF chimeras.

(2) Describe the process of engineering alternate allosteric

communication in RCDs beyond the LacI TF.

(3) Describe how engineered RCDs can be combined with

alternate DNA recognition (ADR) (i.e., alternate DNA-bind-

ing functions).

(4) Describe the process of engineering ligand binding, allo-

steric communication, and DNA-binding functions in a

single scaffold.
., anti-repression abbreviated as XA
ADR, where the superscript ‘‘A’’ denotes the

with any of the alternate DNA recognition units given in inset (2). In addition, the

caffeine and theophylline. This engineered aTF is also compatible with the ADR

on has been altered to be responsive to IPTG opposed to the cognate ligand
ular design, compatible with units given in inset (2).
ctions are also compatible with the ADR modular design.
function. As with the BANDPASS operations, the BANDSTOP can be adapted



Box 2. Engineering alternate ligand specificity in the LacI topology—design rules and heuristics

Observation 1: the computer-aided redesign of residues in the binding pocket of LacI are sufficient to confer changes to accom-

modate alternate ligands of similar size and structure to cognate ligands IPTG and allolactose. However, the redesign of the bind-

ing pocket to respond to alternate ligands often results in aTFs that retain sensitivity to native ligands.

Observation 2: mutations outside of the binding pocket can bestow alternate ligand binding—alone. In addition, compensatory

mutations can potentially mitigate responsiveness to the cognate ligand IPTG; the given modifications appear to involve at least

one super-repressor mutation, which is tantamount to a block in native allosteric communication. NOTE: super-repressor muta-

tions are not restricted to the binding pocket.

Supposition: the redesign of a given ligand-binding pocket can involve more than modifications to the binding pocket—likely

involving concurrent changes to allosteric communication. Although the concurrent modification of the binding pocket and allo-

steric route can result in alternate ligand binding, the specificity for alternate ligand binding alone is not conferred, although

compensatory super-repressor mutations can potentially mitigate promiscuous ligand binding.
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Furthermore, we will explore the impact of engineering the

given functions concurrently and describe which of these char-

acteristics can be engineered simultaneously aswell as indepen-

dently, and the impact on important functional properties—such

as dynamic range, leakiness, ligand specificity, and sensitivity to

the ligand.

Modularity of the regulatory core and DNA-binding
functions
LacI is part of a larger family of proteins that share a similar topol-

ogy and putative mechanism of action.5 The LacI/GalR protein

family is composed of over 1,000 homologs. Moreover, the

LacI/GalR transcriptional regulatory proteins mediate responses

to a wide range of environmental and metabolic changes. Struc-

turally, the general LacI/GalR topology can be defined by two

fundamental domains—i.e., (1) a RCD and (2) a DBD, see

Figure 1D. Accordingly, we can regard this collection of paralogs

as a putative design space—when carefully decomposed—

positing that the given functional domains can be mixed and

matched to form new aTFs.

To test this assertion, Meinhardt et al. posited that various

RCDs—i.e., that bind different input ligands—could support

the LacI DNA-binding function when paired properly.33 In brief

the authors selected nine RCDs—i.e., purine repressor (PurR),

galactose repressor (GalR), galactose isorepressor (GalS), treha-

lose repressor (TreR), fructose repressor (FruR), ribose repressor

(RbsR), cryptic asc operon repressor (AscG), cellobiose

repressor (CelR), and cytidine repressor (CytR)—and replaced

the native DBD with the LacI DNA-binding function (i.e., DBD =

YQR). All but one showed inducible regulation of the lac pro-

moter. The functional chimeric aTFs varied in affinity for DNA

and dynamic range compared with each other—and relative to

LacI. However, both characteristics were found to be tunable

by mutating the non-conserved residues of the linker region—

i.e., the region between the RCD and DBD. Other studies

demonstrated that other native DBDs—beyond the LacI

DBD—could function with other native RCD from the same pa-

ralog space.34

In turn, Rondon et al.35 posited that a given RCD—from the

collection tested by Meinhardt et al.—could support ADR using

the design heuristics established by Milk et al. (summarized in

Box 1). The authors selected five RCD—i.e., GalR, GalS, FruR,

RbsR, and CelR—and systematically paired the given regulatory

cores with seven ADR that were putatively orthogonal in terms of
DNA-binding specificity. This resulted in 35 putative aTFs that

were subsequently built and tested. From this design space,

27 (�80%) of the engineered aTFs displayed the correct qualita-

tive repressor phenotype—i.e., were inducible by the appro-

priate cognate ligand, putative mechanism, and design space

given in Figure 2A—also see Figure 2 insets (1) and (2).

In a separate study, Chure et al. introduced a series of point

mutations in either the RCD or DBD of the LacI scaffold36 (see

Figures 1A and 1B, respectively). In turn, the authors character-

ized the dose response of the resulting variants and used simple

models to predict how each mutation tunes the free energy at

different inducer concentrations, repressor copy numbers, and

DNA-binding strengths. The authors concluded that mutations

in the DBD influence DNA-binding strength and that mutations

within the RCD exclusively affect parameters that dictate the

allosteric response, which is in good agreement with the

apparent modularity between the RCD and DBD observed by

Meinhardt et al. and Rondon et al.

These studies illustrate that the modular design of aTFs from

the broader LacI/GalR family of proteins is possible—at least

from a qualitative perspective. Unsurprisingly, features like the

dynamic range cannot be predicted a priori from the aforemen-

tioned coarse-grain approaches; however, they are tunable—

at least for engineered aTFs with mixed domains. Overall, these

results successfully demonstrate design modularity. Although

the majority of combinations of RCDs and DBDs are functional

(�80%), a few chimeras do not result in functional aTFs. This

observation implies that certain DBDs are only compatible with

specific allosteric solutions.

Engineering alternate allosteric communication
(beyond LacI) paired with alternate DNA binding
Groseclose et al.37 posited that additional anti-repressors

(beyond anti-lacs) could be engineered, using the workflows es-

tablished in earlier studies.31,32 Namely, the authors intimated

that RbsR and FruR could be converted to anti-repressors using

the design heuristics summarized in Box 3—workflow outlined in

Figures 2A–2C. Thus, to engineer said anti-repressors, first, the

DNA-binding function was normalized (fixed) to YQR—i.e., to

the LacI DNA-binding function. Second, amino acids corre-

sponding to super-repressor positions 84, 88, 95, and 96 equiv-

alent to LacI were identified in FruR and RbsR via primary

sequence alignment. The putative super-repressor positions

were subjected to single-site saturation mutagenesis and
Cell Systems 14, August 16, 2023 651



Box 3. Engineering alternate allosteric communication in the LacI topology—rules and heuristics

Observation 1: the LacI scaffold can support multiple alternate allosteric routes.

Observation 2: residues that are involved in the native allosteric route appear to have an important role in conferring alternate allo-

steric routes—specifically mutations that block or disrupt native allosteric communication.

Supposition: multiple allosteric routes can exist in a single topology. This observation intimates that allosteric communication

design rules can be gleaned for systems that retain both (1) native ligand-binding and (2) DNA-binding functions. However, the

putative design rules may only be sufficient to identify the phenotype. Quantitative properties such as dynamic range and sensi-

tivity to ligand will likely require additional structural details. An emerging theme (heuristic) appears to be the role of positions that

can block allosteric communication. In addition, modification to the allosteric route is inextricably link to other properties like dy-

namic range and sensitivity to the ligand.
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phenotype screening via fluorescence measurements of a re-

porter gene controlled by the lac promoter. The variants with

mitigated fluorescence independent of the inducer (i.e., variants

that do not dissociate from DNA) were selected to serve as the

super-repressor intermediates of the engineering workflow. Su-

per-repressor mutations were found for both FruR and RbsR.

Surprisingly, through screening for super-repressors, four sin-

gle-point mutation RbsR anti-repressors emerged—in other

words, putative positions in the allosteric pathway could be

modified to confer single-mutation anti-repressors in the RbsR

scaffold. However, FruR required additional compensatory

mutations beyond the super-repressor point mutation—i.e.,

conforming to the canonical workflow. The discovery of single-

mutation anti-repressors in the RbsR scaffold prompted the au-

thors to reevaluate super-repressor positions in wild-type LacI to

allow for variation of the amino acid. Indeed, two new single-mu-

tation anti-lacs were identified—which required an elegant

revision to the initial workflow to include the possibility of sin-

gle-mutation anti-repressors within a given super-repressor po-

sition. All of the anti-repressors varied in dynamic range and

leakiness both between scaffolds and within the same scaffold.

In turn, Wilson et al. demonstrated that in addition to engineer-

ing allosteric communication, alternate DNA binding could be

concurrently engineered in a single scaffold in a series of

studies.37,38 This was first illustrated by Rondon and Wilson,38

in which the authors tested eight alternate DNA-binding func-

tions concurrently with nine disparate (engineered) anti-lac

RCDs. Six of the eight putative ADRs resulted in orthogonal

DNA binding, and 46 of the putative 54 engineered aTFs were

functional. In addition, although all functional systems had the

same phenotype and ligand specificity, there was significant

variation in dynamic range and leakiness between the given

TFs—intimating that allosteric communication can impact the

apparent binding properties of an engineered system. Next, Gro-

seclose et al. leveraged the design heuristics to confer alternate

DNA binding in the anti-RbsR and anti-FruR scaffolds via the

same ADR set with similar results.37 These results successfully

demonstrate that design heuristics and rules 1 (Box 1) and 3

(Box 3) can be combined, see Figure 2C.

Concurrently engineering alternate DNA binding, ligand
binding, and allosteric communication
Rondon and Wilson posited that engineering alternate ligand

binding could be generally applied to other members of the

LacI/GalR family of TFs.39 To demonstrate this supposition, Ron-

don and Wilson engineered an anti-repressor that responded to
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caffeine via the PurR scaffold—which is natively anti-induced by

hypoxanthine, see Figure 2D. The workflow began with the iden-

tification of a class II super-repressor point mutation in the PurR

scaffold to mitigate responsiveness to hypoxanthine—i.e.,

congruent with the lessons learned in Box 2, also see

Figure 2B. Next, the authors introduced compensatory muta-

tions via EP-PCR and screened for responsiveness to caffeine.

Briefly, four variants were identified that responded to

caffeine—with mitigated responsiveness to hypoxanthine; this

result confirms the supposition summarized in Box 2. In addition,

the authors repeated this workflow to identify PurR variants

responsive to theophylline with mitigated response to hypoxan-

thine, see Figure 2D. Notably, an initial block in allosteric

communication was required; screening of variants without an

initial block did not yield any functional variants. In turn, Rondon

and Wilson, posited that alternate ligand binding and alternate

DNA binding could be concurrently engineered—i.e., in other

words, design rules and heuristics 1 (Box 1) and 2 (Box 2) could

be combined. Namely, the authors showed that the four engi-

neered caffeine-responsive RCDs could be modularly paired

with eight disparate ADR functions. In addition, two rounds of

EP-PCR combined with site saturation of non-conserved linker

region residues were used to improve the dynamic range of

the given engineered aTFs.

In this final example, we will demonstrate the ability to concur-

rently engineer all three properties—i.e., alternate allosteric

communication, alternate ligand binding, and alternate DNA

binding—in a single scaffold.40,41 The GalS has a native affinity

for and response to D-fucose.42 In work conducted by Grose-

close et al., the GalS RCD paired with a LacI DNA-binding func-

tion was chosen as a scaffold to alter allosteric function, ligand

response, and DNA specificity.40,41 First, anti-repressor function

was conferred in the GalS scaffold via the heuristics summarized

in Box 3—workflow outlined in Figures 2A–2C. Theworkflowwas

adapted to screen for variants that were anti-induced by

D-fucose (Figure 2C). Next, the authors aimed to demonstrate

that the GalS repressor (S+
YQR) and engineered anti-repressor

ligand response could be changed from the cognate ligand (D-

fucose) to IPTG (see Figures 2E and 2C, respectively) using

design heuristics given in Box 2. Notably, each variant leveraged

a block in allosteric communication (see Figures 2A and 2B) fol-

lowed by one or more rounds of EP-PCR.

The authors concurrently evaluated the resulting repressor’s

(Figure 2F) and anti-repressor’s (Figure 2G) responsiveness to

D-fucose. In each case, the native ligand (D-fucose) did not

induce or anti-induce the engineered systems, rather the native
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ligand at high concentrations antagonized the response to

IPTG—resulting in a BANDPASS operation (Figure 2F) or

BANDSTOP operation (Figure 2G). Finally, the engineered aTFs

were subjected to modifications to DNA-binding specificity

through ADR viamodular design, as described in Box 1. This final

exemplar illustrates the ability to concurrently bring together

design heuristics 1 (Box 1), 2 (Box 2), and 3 (Box 3), also see

Figures 2A–2C and 2E–2G.

Alternatives to a priori design of aTFs
Although this perspective highlights many accomplishments—in

addition to a means to organize and combine different work-

flows—it also highlights the gaps in our knowledge regarding

the a priori design of aTFs. Although in silico tools like molecular

dynamics (MD) simulations have been used to model putative

allosteric routes in the LacI scaffold,43 emerging machine-

learning techniques and methods present an exciting path

forward to better understand allosteric communication in the

given scaffold. Namely, techniques used to find allosteric signa-

tures have either been based on machine learning to extract the

relevant features from experimental or computational data or on

algorithms that propagate information along edges in a graph

representation of the protein structure, Verkhivker et al. provide

a comprehensive overview of recent approaches.44

Notably, machine-learning approaches paired with MD simu-

lations can capture short-term fluctuations in protein side-chain

configurations, and this approach has been used to find dynamic

allostery using autoencoding machine-learning techniques.45

This approach recognizes that in the bound and unbound state,

the motion of the side chains on coupled residues will be

different. An MD simulation time series is used to generate a

1,500-dimension vector of the distance between the center of

mass of the side-chain atoms in each pair of residues in the

two forms. An auto-encoder is trained on the unbound signa-

tures for the residue pairs. The signatures from the bound pairs

are processed by the network, and the signatures with the

largest errors are found to correlate with known allosteric inter-

actions. Zhou et al. demonstrate that the dynamic trajectories

of distances between pairs of residue C-alpha atoms and the

dihedral angles can be used as features of decision tree and neu-

ral network learning approaches.46 This approach was able to

identify specific residue pairs that were implicated in allostery

by experimental observations, and the distances between the

residues were well outside those assumed for contact, 29 Å.

This work was extended to include additional features in Hayat-

shahi et al.47

Garruss et al. present the most relevant case study to this

perspective via the convergence of deep mutational scanning

with machine-learning approaches focused on LacI-mediated

transcriptional repression.48 Namely, the authors measured the

transcriptional repression function of 43,669 LacI variants and

develop a deep neural network to predict transcriptional repres-

sion mediated by LacI using experimental measurements of

variant function. Using molecular simulation and alignment-

based evolutionary methods, the authors could predict an un-

seen single-mutation effect; however, with only modest perfor-

mance. Molecular simulation could distinguish some special

cases that grossly affect protein stability but could not discrimi-

nate variant function generally. The authors noted that evolu-
tionary analyses may have difficulty predicting the effect of

deviations to a single protein’s function given that many muta-

tions arising from a synthetic library may not yet be part of the

extant record—e.g., the aTF may have alternate ligand binding

despite the overall sequence similarity. The authors intimate

that a more effective prediction of mutational effect on basal

repression will improve the understanding and design of

bespoke aTFs.

CONCLUSIONS AND FUTURE DIRECTIONS

In this perspective, we summarize recent accomplishments with

respect to engineering aTFs from the broader LacI/GalR family of

TFs. In particular, we have identified three fundamental and

complementary design heuristics for engineering DNA binding,

ligand binding, and allosteric communication—individually and

concurrently. This collection of design heuristics intimates the

importance of allostery in all aspects of engineered systems.

Highlighting the critical importance of knowing how and when

to block allosteric communication will facilitate the engineering

and discovery of new functions and functional systems.

Finally, we believe the lessons learned from engineering TFs

that share the LacI topology can be extended to other aTFs

beyond the immediate family of functional proteins. A critical

requirement for engineering alternate allosteric communication

between two or more functional surfaces in a particular scaffold

will be the ability to systematically identify residues and positions

that disrupt allosteric communication. Moreover, we posit that

the ability to engineer allosteric communication will enable the

bespoke design of additional functional properties including

catalysis and iterations thereof. Although a discussion of how

well the rules and heuristics developed in this perspective align

with other aTFs outside of the LacI/GalR family is beyond the

scope of this perspective, we have presented relevant discus-

sions of how sequence-based statistical mapping can be used

to glean such relationships elsewhere.49
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