
Abstract. In 1961, Jacob and Monod proposed the op-
eron model for gene regulation based on metabolism of 
lactose in Escherichia coli [1]. This proposal was fol-
lowed by an explication of allosteric behavior by Monod 
and colleagues [2]. The operon model rationally depicted 
how genetic mechanisms can control metabolic events 
in response to environmental stimuli via coordinated 
transcription of a set of genes with related function (e.g. 
metabolism of lactose). The allosteric response found in 
the lactose repressor and many other proteins has been 

extended to a variety of cellular signaling pathways in all 
organisms. These two models have shaped our view of 
modern molecular biology and captivated the attention 
of a surprisingly broad range of scientists. More recently, 
the lactose repressor monomer was used as a model sys-
tem for experimental and theoretical explorations of pro-
tein folding mechanisms. Thus, the lac system continues 
to advance our molecular understanding of genetic con-
trol and the relationship between sequence, structure and 
function. 
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Transcription regulation

Efficient sensing and utilization of changing food sup-
plies is key to survival. Bacteria share with many organ-
isms the strategy of shifting concentrations of metabolic 
catalysts in response to varying nutrient availabilities. 
When glucose is plentiful, Escherichia coli utilizes this 
carbon source exclusively, even when other sugars are 
present. Only when glucose is depleted does the bacte-
rium upregulate expression of proteins that transport and 
metabolize other carbon sources, such as lactose. Under-
standing the molecular mechanisms by which an organ-

ism selects the most energy-efficient metabolites from a 
constantly changing environment has been a fundamental 
problem in biology over the last 5 decades.

The Jacob-Monod repression model
The seminal work of Jacob and Monod [1] generated a 
theoretical framework based on their studies of lactose 
utilization in E. coli that delineated how bacteria might 
switch from one carbon source to another. At the heart of 
their remarkable hypothesis is the lac operon. This unit of 
DNA encodes a group of ‘structural genes’ that are tran-
scribed as a single messenger RNA (mRNA) in response 
to glucose/lactose ratios. Jacob and Monod postulated that 
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the lactose structural genes are coordinately regulated by 
a molecular toggle switch (‘repressor’), which represses 
transcription until it interacts with a chemical ‘inducer’. 
Repression is mediated by reversible interaction between 
the repressor and a regulatory element, called an ‘operator.’ 
Induction of the repressor results in production of mRNA, 
the encoded proteins and consequently enzymatic activity 
of these structural genes. (Note that at the time of Jacob 
and Monod’s observations [1], the chemical identities of 
two of the three regulatory components were unknown.) 
Empirical evidence soon identified (i) a soluble regula-
tory agent – lactose repressor protein – that controlled 
expression of the structural genes responsible for lactose 
metabolism [3, 4], (ii) a specific interaction between the 
repressor and the DNA regulatory operator [5, 6], and (iii) 
modulation of this binding event by inducer sugars [7, 8].

The lac operon
A variety of reviews cover many elements of the lac op-
eron and particularly its repressor [9–13]; we will touch 
only on a subset of the salient elements in this review. 

In the absence of lactose, the protein product of the lacI 
gene (LacI) binds with high affinity to the lac operon at a 
specific operator DNA sequence [14, 15]. In turn, RNA 
polymerase binding, elongation and/or initiation have 
each been reported to be compromised [16–18]. The 
outcome is a dramatic reduction, but not elimination, of 
lac mRNA. Specifically, the regulated genes are lacZ, 
lacY and lacA, which encode three proteins involved in 
lactose metabolism – β-galactosidase, lac permease and 
thiogalactoside transacetylase, respectively (Fig. 1) [1, 9, 
19, 20]. The transmembrane protein, lac permease, fa-
cilitates lactose transport [21]. β-Galactosidase cleaves 
lactose into galactose and glucose, the first step in lac-
tose metabolism [8, 22]. Thiogalactoside transacetylase 
transfers an acetyl group from coenzyme A (CoA) to the 
hydroxyl group of galactosides. Although not essential 
for lactose metabolism, transacetylase is physiologically 
important for maintaining cellular viability [20].
The permease and galactosidase activities are also es-
sential for the process of ‘turning on’ lac enzyme pro-
duction (Fig. 1). When lactose is available, basal levels 
of lac permease and β-galactosidase transport this sugar 

Figure 1. Schematic of the lactose operon. In the absence of lactose, lacI mRNA is transcribed from the lacI promoter (pi) and translated 
into LacI protein, which binds with high affinity to the lactose operator (O1). Since the LacI binding site overlaps the lac promoter (p), 
transcription of the lac operon structural genes encoding β-galactosidase (lacZ), lactose permease (lacY) and thiogalactoside transacetylase 
(lacA) is inhibited. The structural genes encode the metabolic enzymatic activity required for lactose utilization. In the presence of lactose, 
a secondary metabolite, 1,6-allolactose, is produced that binds to LacI and diminishes its affinity for the operator site, resulting in a small 
increase in the amounts of lac metabolic enzymes produced. If glucose is absent, the CAP-cAMP complex forms and facilitates transcrip-
tion of the lac structural proteins, resulting in a large increase in the amount of lac metabolic enzymes generated.
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and convert a small fraction of lactose into 1,6-allolactose 
[8]. 1,6-Allolactose binds with high affinity to LacI and 
‘induces’ the repressor protein by lowering its affinity for 
the operator sequence, thereby allowing transcription of 
the polycistronic lacZYA mRNA [8]. This feature is now 
commonly exploited in molecular biology and biotech-
nology by substituting lacZYA DNA with other desired 
genes. Allolactose can also be substituted with a variety 
of gratuitous inducers (e.g. isopropyl-β,D-thiogalacto-
side, IPTG) that are not metabolized but elicit the induc-
tion response [1, 23].
Interestingly, when E. coli are provided both glucose 
and lactose, the cells preferentially metabolize glucose 
[24, 25]. Even when the repressor does not occupy the 
operator site, the operon is transcribed infrequently and 
remains largely inactive until glucose is depleted. The 
mechanism for selective utilization of available metabo-
lites was not identified until the discovery of the catabolite 
activator/repressor protein and its regulator – cyclic AMP 
(reviewed in [24]). When glucose levels are depleted, ad-
enylyl cyclase produces high levels of cAMP from ATP. 
The substrate cAMP subsequently binds to cyclic AMP-
dependent catabolite activator/repressor protein (CAP). 
In turn, the CAP-cAMP complex binds a DNA sequence 
in the promoter region located just upstream of the lac 
promoter (Fig. 1). This DNA binding event enhances the 
affinity of RNA polymerase for the promoter and thereby 
increases the expression of the lac structural genes nearly 
50-fold [24, 25]. Together, repression and activation ac-
count for the selective utilization of available metabolites 
and thereby the growth behavior originally observed by 
Jacob and Monod.

The operators and DNA looping
The primary operator site (O1) for the lac operon was 
sequenced by Gilbert and Maxam [14] nearly a decade 
after Jacob and Monod published their model [1]. The 
lac repressor protein binds to this largely palindromic 
operator, and the LacI • O1 complex is disrupted by the 
presence of the inducer IPTG [7]. In addition to O1, two 
auxiliary pseudo-operators (O2

 and O3), were identified 
with sequences similar to the primary operator [26, 27]. 
In vivo, these pseudo-operators in the Z- and I-genes 
are required for maximal repression. We now know that 
the tetrameric lac repressor is ideally suited to bind two 
operators simultaneously, creating so-called ‘repression 
loops’ [26–32]. DNA looping enhances LacI affinity for 
multi-operator sequences, and supercoiling these DNAs 
yields complexes with remarkable stability [33–38]. A 
number of synthetic operator variants have also been 
constructed (e.g. [39]) and have proved very useful for 
understanding molecular mechanisms of repression. The 
most notable artificial operator is the perfectly symmetric 
sequence Osym [40, 41]; use of this sequence was critical 

for obtaining a high-resolution crystal structure of the re-
pressor protein (see below).

Molecular mechanism of lac operon repression

The molecular mechanism of repressing the lac operon re-
quires that LacI protein be capable of binding both opera-
tor DNA and inducing sugar. The possibility of competi-
tive binding by these ligands was eliminated by the dem-
onstration that protease digestion selectively cleaves LacI 
to two fragments: (i) a tetrameric ‘core’ (residues 60–360 
of the monomer) that retains inducer binding properties 
and (ii) a monomeric N-terminal headpiece (amino acids 
1–59) capable of binding DNA, albeit with substantially 
reduced affinity [42, 43]. For induction to occur, the bind-
ing sites on the different functional domains must have a 
means of communication – an allosteric relationship. Ad-
ditional deletion studies later identified a small C-termi-
nal tetramerization domain and showed that the dimeric 
unit of LacI retained DNA- and inducer-binding proper-
ties, as well as allosteric regulation [44, 45].
In 1963, Monod, Changeux and Jacob used the concept 
of allostery to describe concerted structural isomeriza-
tions that result when an effector ligand binds to a protein 
and influences its ability to perform other function(s) [2]. 
Monod, Wyman and Changeux later formalized this idea 
mathematically, resulting in the ‘MWC’ model [46]. A 
competing, sequential model of ‘induced fit’ was postu-
lated by Koshland and colleagues [47]. Both models in-
voked conformational changes in the protein. These ideas 
of how an effector ligand induces a reversible change in 
the conformation and function of the protein are still com-
monly accepted interpretations of the word ‘allosteric’. 
However, the past 5 years have seen an explosion in the 
molecular understanding of allostery and its prevalence 
in a wide range of proteins (e.g. [48–50]).

LacI function: ligand binding and allosteric 
regulation
Once the biological activity of LacI was defined, atten-
tion turned to biochemical and biophysical analysis of its 
function. For operator DNA and sugar binding, equilib-
rium analysis with purified protein gave valuable insight 
into thermodynamic features and general mechanistic as-
pects of LacI function (reviewed in [9–12]). Three classes 
of sugar effectors were identified. Most sugars induced 
diminished affinity of LacI for DNA (inducers), but a few 
made DNA binding even tighter (anti-inducers); a third 
group bound specifically to the protein but had no func-
tional effect (neutral) [23]. Allosteric regulation can be 
quantitated as the difference in affinities for one ligand 
in the absence and presence of saturating levels of the 
other ligand, and kinetics studies provide insight into the 
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time scale of binding events and allosteric response (e.g. 
[51–54]).

LacI structure and allosteric conformational change
The first indications of global conformational change as-
sociated with the allosteric response to inducer binding 
were provided by spectroscopic and hydrodynamic stud-
ies [55, 56]. Ultraviolet (UV)-difference spectra of LacI 
modified with N-bromosuccinimide and unmodified pro-
tein indicated that aromatic residues in the trypsin-resis-
tant core domain are affected by conformational isomeri-
zation due to inducer binding [57]. Inducer binding also 
resulted in a measurable difference in the sedimentation 
coefficient of the repressor [55]. Moreover, when small 
crystals of LacI were exposed to the chemical inducer, 
they instantaneously ‘cracked,’ indicating a significant 
structural shift when this sugar bound to the protein [58]. 
These experiments were part of a huge body of biochemi-
cal exploration during the 3 decades that passed before X-
ray structures of LacI were acquired. Even in the absence 
of structural information, biochemical and biophysical 
work was extremely powerful at ‘seeing’ features of LacI. 
However, in order to place residue-specific results in the 
context of the structure, we will depart from chronologi-
cal order to first describe the atomic-level structures.
Despite Herculean efforts by several groups, high-resolu-
tion determination of any portion of this key gene regula-
tor remained elusive until the isolated N-terminal domain 
bound to DNA was solved using nuclear magnetic reso-
nance (NMR) [59] and the tetrameric tryptic core frag-
ment bound to IPTG yielded to crystallization [60]. Sub-
sequently, three-dimensional structures were determined 
for multiple forms of LacI in various liganded states [13, 
61–64]. From the crystallographic structures, LacI is a 
tetrameric protein comprised of identical, ∼37.5 kDa, 
monomers, as shown in Figure 2 [60, 61]. The protein 
is best described as a ‘dimer of dimers’, consistent with 
functional results of deleting the tetramerization domain 
[44]. Monomers are separated structurally into three do-
mains: (i) a helix-turn-helix motif and hinge region that 
bind operator DNA, (ii) a core domain that binds to LacI 
sugar ligands in a cleft between two subdomains (N- and 
C-) and encompasses the monomer-monomer interface, 
and (iii) a C-terminal domain that comprises the tetramer-
ization domain (see Fig. 2a–c [60, 61]). These structural 
regions correspond almost perfectly with the domains 
identified by functional deletion described above. 

DNA binding domain and hinge region
The DNA binding domain (residues 1–50) of the lac re-
pressor folds into a classical helix-turn-helix motif [65] 
that fits into the major groove of operator DNA and forms 
electrostatic interactions with the phosphate backbone, 
burying more than 3300 Å2 of solvent accessible surface 

area [59, 61]. The hinge region (residues 50–60) connects 
the DNA binding domain to the core of the repressor [61, 
62]. This region appears to be devoid of secondary struc-
ture in the absence of DNA [61], providing the helix-turn-
helix DNA binding domain a wide range of motion [66]. 
When the repressor interacts with operator DNA, a coil-
to-helix transition occurs in this hinge region, coupled 
with interactions in the DNA minor groove that generate 
an ∼45° kink in the operator and thereby distort the ca-
nonical B-form of the DNA [61, 62, 67–69]. In addition, 
the hinge region forms extensive interactions with the 
core N-subdomain of the adjacent monomer [62, 70].

The regulatory core domain
The structure of the central core domain (residues 60–
340) belongs to the very diverse periplasmic binding 
protein superfamily [71], sometimes designated the Ve-
nus flytrap motif [72]. The core domain consists of two 
structurally similar subdomains (N- and C-), each with 
three structural layers (αβα) comprising a six-stranded 
parallel β-sheet flanked by α-helices [60, 61]. These two 
subdomains are intertwined such that one α-helix and one 
β-strand (helix 13 and strand K, Fig. 2c) in the N-subdo-
main are contributed by C-terminal sequences, resulting 
in three polypeptide-crossover points between the two 
subdomains. The central portion of this three-strand in-
terconnection demarcates a cleft between the two subdo-
mains that constitutes the effector ligand binding site.
The functional DNA binding unit of LacI is the dimer 
[44, 73, 74], which is held together via an extensive 
monomer • monomer interface on the core domain. Struc-
tural studies show that this interface consists of two sub-
interfaces, composed by each of the N-subdomain and C-
subdomains (Fig. 2a). The interface between monomers 
buries ∼2200 Å2 of solvent accessible surface area, nearly 
equally distributed between the interfaces of the two sub-
domains [60, 61]. Upon binding inducer, residues in the 
N-subdomain show significant movement with respect to 
their locations in the DNA-bound complex, a property 
that is crucial for allosteric regulation [61, 75–77]. In 
contrast, the C-subdomains remain essentially unchanged 
in their orientation in all liganded states (Fig. 2b).

The tetramerization domain
Unlike many homotetramers, LacI does not have a point 
group symmetry and is in essence a V-shaped dimer of 
dimers [60, 61]. Only a small ∼300 Å2 surface area stabi-
lizes this arrangement [10, 60, 61], and the relationship 
between the dimers appears flexible [78, 79]. In contrast, 
the C-terminal region that mediates tetramer assembly 
forms a highly stable interface comprised of a four-he-
lix, anti-parallel bundle [45, 61]. Deletion of 5–32 amino 
acids from the C-terminus of LacI and alteration of this 
region limit oligomerization to the dimeric state [44, 45]. 
Inducer binding affinity and cooperativity of the dele-
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tion mutants and wild-type protein are very similar; thus, 
subunit communication with respect to inducer binding 
involves the dimer unit, even within the tetrameric pro-
tein [44, 73]. Although the dimeric protein exhibits di-
minished operator affinity [44, 45], the decrease is not 
due to a change in intrinsic DNA binding affinity but to 
increased dissociation of dimer to monomer and thermo-
dynamic coupling of monomer • monomer assembly and 
operator binding [73].

Residue-specific analysis of LacI function
To provide a more complete picture of the function of this 
protein, we will now return to a brief summary the data 
amassed over several decades. A highly resolved under-
standing of amino acid side-chain participation in oligo-
mer assembly, ligand binding and allosteric response has 

been generated using genetic analyses, spectroscopy, 
chemical modification and mutational variants.

Genetic analysis 
Miller and colleagues (e.g. [80–82]) used 14 different 
suppressors of nonsense mutations to generate more than 
4000 single amino acid substitutions throughout the pro-
tein. Gordon et al. [83] also generated a significant set of 
random mutations in the LacI gene that abolished repres-
sion. Phenotypic analyses of these mutations generated a 
broad-based, if low-resolution, functional description of 
each amino acid position. In general, LacI variants could 
be segregated into two distinct populations: (i) those in-
capable of repressing, presumably due to the absence of 
requisite operator DNA interaction (I–); and (ii) repressor 
molecules that do not respond to IPTG, presumably due 
either to inability to bind inducer or to undergo the re-

Figure 2. LacI structures. (a) Tetrameric LacI • Osym complex (PDB file 1lbg). Note that DNA is bound to each dimer within the tetramer. 
The left dimer is blue/grey, the right green/pink. (b) Comparison of monomeric LacI structure in the presence (gold) and absence of DNA 
(black) (from PDB files 1efa and 1lbh) [61]. The domains within LacI are labeled to orient all structures. The C-subdomain undergoes 
minimal alteration between the IPTG- and DNA-bound states, whereas the N-subdomain is displaced in a motion akin to screwing a jar top 
[61]. The DNA binding domain is not resolved in the crystal structure of the IPTG-bound protein; this region appears highly mobile in the 
apoprotein [66]. (c) LacI monomer topology and domain structure. Note that the topology of folding involves three crossovers between the 
N- and C-subdomains. (d ) Nonspecific and specific DNA complexes of the N-terminal DNA binding domain (amino acids 1–62 cross-
linked at V52 by a disulfide bond) (PDB files 1OSL and 1L1M) [68, 69, 94]. Note that the nonspecific complex of the disulfide-linked 
N-terminal DNA binding domain does not alter DNA topology, whereas the complex with operator DNA distorts the double helix in a 
manner similar to the full-length LacI [61].
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quisite allosteric changes (Is). Some positions could have 
either phenotype, depending upon the substitution.
A summary of this massive genetic analysis revealed that 
functional variants were not uniformly scattered through-
out the sequence: large stretches of the primary sequence 
are quite tolerant to substitutions without phenotypic ef-
fect, whereas other regions appear critical for active re-
pressor [80–83]. As expected, the N-terminal DNA bind-
ing domain had a number of I– residues, whereas the core 
domain had more scattered I– regions that often map onto 
the residues required for folding and assembly from the 
structure [80–83]. In contrast, few Is variants were found 
in the N-terminal DNA binding domain of the protein, but 
a larger number were scattered throughout the core do-
main, often in groups. Variations in the primary sequence 
that affect function can occur for a range of reasons, but 
the patterns suggested a role for a subset of these residues 
in binding inducer [80–83]. When mutational effects of 
substitutions were later mapped onto the LacI structure, a 
clear rationale emerged for many [82].

Spectral analysis
Spectroscopic characterization employed both intrinsic 
and extrinsic probes. LacI contains two tryptophan resi-
dues (at positions 201 and 220) and eight tyrosine resi-
dues, five of which are situated in the core. Consistent 
with later structural data, studies of the wild-type protein 
and variants at the two tryptophan sites showed that W220 
is partially exposed to solvent in the absence of inducer, 
whereas W201 is buried and makes a smaller contribution 
to the fluorescence spectrum [84]. In addition, W220 is 
protected from oxidation by UV irradiation or N-bromo-
succinimide in the presence of the inducer IPTG [57, 85]. 
The LacI-inducer interaction results in an emission blue 
shift, apparently due to direct interaction between the in-
dole side chain of W220 and the sugar. The direct corre-
lation of fluorescence shift with IPTG binding emerged 
as an important tool in many thermodynamic and kinetic 
studies of LacI and LacI-variant ligand association and 
allostery (e.g. [44, 53, 54, 86, 87]).

Chemical modification
Chemical modification of reactive side chains provided 
information on LacI recognition, binding and allosteric 
response (reviewed in [9]). Many of these probes tar-
geted cysteine residues and successfully reported protein 
interactions upon binding operator, nonspecific DNA, 
and inducer. The three cysteines in LacI are unreactive 
with reagents that target solvent-exposed side chains (e.g. 
iodoacetamide), but modification with apolar probes re-
vealed distinct reactivities and local environments. C281 
was predicted to be located at the monomer • monomer 
subunit interface, C107 was in a relatively apolar envi-
ronment in the core domain, and the relatively protected 
location of C140 in the core domain was identified to be 

in close proximity to the DNA binding domain. Consis-
tent with the allosteric nature of LacI, the environments 
for C107 and C140 were found to be altered upon inducer 
binding.
In addition to cysteine modification, chemically modi-
fied lysine, histidine, arginine and tyrosine residues 
generated substantial, detailed functional data for the 
lac repressor protein (reviewed in [9]). Chemical modi-
fication of lysine residues using trinitrobenzenesulfonate 
or dansyl chloride showed that reaction diminished both 
operator and nonspecific DNA binding; K33, K37 and 
K108 were protected from chemical modification in the 
presence of DNA. Patterns of activity lost upon treatment 
or protection from modification illuminated the roles of 
other critical residues in DNA binding and function: ar-
ginine side chains were targeted using 2,3-butanedione 
and phenylglyoxal, histidine with diethyl pyrocarbonate, 
and tyrosine residues via tetranitromethane or iodination. 
Chemical studies clearly demonstrated structural shifts 
in the presence of inducer. 1H NMR studies using selec-
tively deuterated tyrosine [88] and 19F NMR spectra of 
3-fluorotyrosine-substituted LacI [89] provided further 
evidence for an allosteric response that engaged signifi-
cant portions of the protein. 

Biophysical analysis of LacI mutational variants
A number of LacI mutations and their functional effects 
were identified in early studies, but the nature of the 
amino acid changes was unknown until the advent of fac-
ile molecular biological methodology. Once site-directed 
mutagenesis became routinely available, more than 100 
variants were created, the resulting proteins were puri-
fied, and functional change was assessed by biochemi-
cal/biophysical methods (described in [90]). Prior to the 
available structures, these data were important for map-
ping ligand binding sites and protein-protein interfaces 
and frequently provided satisfying explanations for ob-
served phenotypes [9, 82]. With the published structures, 
site-directed mutagenesis has been used to test a num-
ber of structure/function theories (e.g. [91]), sometimes 
with outcomes that contradict structural predictions (e.g. 
[92]). The latter observation illustrates the limitations 
of utilizing protein structural ‘snapshots’ and led to the 
application of computational approaches (see below). 
A residue-specific summary of results from chemical 
modification and site-specific mutagenesis can be found 
at http://www.bioc.rice.edu/∼ksm/ or http://www.kumc.
edu/biochemistry/swintkruse.html.

Targeted molecular dynamics simulations: the 
allosteric response in motion
The observed crystallographic ‘endpoints’ for the LacI 
functional cycle – the repressed and induced states – can-
not provide direct information regarding the dynamic al-



Cell. Mol. Life Sci.  Vol. 64, 2007 Review Article       9

losteric mechanism during the transition between these 
states. However, relevant motions can be interpolated 
in silico using targeted molecular dynamics simulation 
(TMD) to predict the most probable atomic-level alloste-
ric routes in LacI [75] (Fig. 3a). The advantage of TMD 
is that it uses two experimentally determined structures to 
constrain the simulation, dramatically reducing the num-
ber of requisite calculations while retaining the spatial 
and temporal resolution necessary to reveal relevant mo-
tions (e.g. backbone dynamics, side-chain motion, aro-
matic ring flipping).
The key results predicted by the simulation are shown 
in Figure 3a. Movements originate asymmetrically in 
the inducer-binding site near D149 of one monomer and 
propagate to the adjacent monomer via a network of non-
covalent interactions of three interconnected routes [75]. 
The first changes begin in the inducer binding site of one 
monomer and propagate through the central β-sheet of the 
N-subdomain core to the N-terminal monomer • monomer 

interface that includes residue K84. At this point, K84 
moves out of the otherwise hydrophobic interface, with 
consequent rearrangements in the second pathway that 
result in transient π-stacking between H74 and H74′. This 
interaction is also part of a third pathway that occurs from 
rear of the inducer-binding pocket proximal to residue 
F161 through the bottom of this pocket. The intermedi-
ate structures display significant asymmetry within this 
homodimer. All of these changes reposition the N-sub-
domains, which in turn alters the requisite contacts to the 
DNA binding domain and thereby reduces binding affin-
ity. The results from the in silico allosteric trajectories are 
in excellent agreement with the large body of data from 

biochemical and genetic experiments and also provide 
hypotheses for new explorations.

Integration of genetic, biochemical, structural and 
dynamic data
X-ray crystallographic and biochemical studies were es-
sential to a broader understanding of the general topology 
and function of the lac repressor. As indicated previously, 
the crystal structures corresponding to the functional 
modes of induced and repressed states of LacI reveal two 
distinct protein conformations [60, 61], but not the path-
way between them. Comparison shows that inducer bind-
ing to LacI changes the orientation of the N-subdomains 
relative to each other and to the C-subdomain (Fig. 2b), 
and the C-subdomain serves as a rigid scaffold that main-
tains the functional oligomeric state. This isomerization 
alters both the intrasubunit orientations between the sub-
domains of a given monomer and intersubunit interactions 
between the N-subdomains at each monomer • monomer 
interface. Ultimately, the N-subdomain change is propa-
gated to the hinge helices, presumably resulting in their 
unfolding. Both the hinge and DNA binding domain are 

predicted by simulation to acquire increased mobility 
[70, 93]. Neither the DNA binding domain nor the hinge 
is resolved in the x-ray structures [61], and NMR stud-
ies demonstrate significant flexibility [66]. Direct obser-
vation of hinge helix unfolding in full-length LacI has 
proved elusive.
In answer to this deficiency, Kalodimos and colleagues 
utilized NMR analysis of a truncated LacI variant to deci-
pher the structural consequences of DNA binding on the 
N-terminal DNA binding domain [68, 69, 94–96]. These 
studies used a short N-terminal segment that was based on 
a full-length V52 variant [97, 98]. Formation of a disul-
fide bond at position 52 allowed the truncated protein to 
maintain the dimeric form needed for high DNA binding 
affinity. Experiments generated a detailed, time-resolved 
account of critical association, recognition and dissocia-
tion events. Under high-salt conditions, these NMR stud-
ies show that the helix-turn-helix motif is folded, whereas 
the hinge region remains unstructured in the free state or 
when bound to nonspecific DNA (Fig. 2d). Furthermore, 
the considerable flexibility of the DNA binding domain 
in the presence of non-operator DNA would allow the 
repressor to scan the DNA in vivo by translocation in a 
single dimension, facilitating rapid target location, which 
may be a critical component of its biological function. 
Once the specific DNA site is recognized, the hinge helix 
simultaneously forms and interacts with the minor groove 
of the nearly palindromic operator (O1) [68, 69]. 
A subset of residues in the hinge helix directly interact 
with the core domain of the same monomer, and others 
make significant interactions with the partner core do-
main [61]. Inserting glycine residues between the hinge 
helix and the core domain progressively reduced affin-
ity for the operator and simultaneously diminished al-
losteric response to the inducer [99, 100]. Disruption of 
DNA binding may arise from altered spacing of the DNA 
binding domains within a given dimer, increased entropic 

cost of binding, distortion of the DNA binding domain by 
core interaction or decreased structural capacity for the 
hinge helix formation required for binding in the minor 
groove.
Specific interactions between the hinge helices and be-
tween the N-subdomain and the hinge helix are also 
important for allosteric signaling. The site of closest ap-
proach between the hinge helices is V52-V52′. Variants at 
this position have a variety of effects on function [101], 
and V52C formed the basis for creating a disulfide-linked 
DNA binding domain for NMR studies (see above) [97]. 
Interestingly, this covalent interaction impedes the allo-
steric response of the full-length protein for both wild-
type operator and its symmetric variant, Osym. However, 
V52C-oxidized and other V52 variants are responsive to 
inducer for other operator variants, indicating that DNA 
sequence plays an active role in determining LacI alloste-
ric properties [98, 101].
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Figure 3. Kinetic features of allostery and folding. (a) Representative structures from the allosteric trajectories predicted by targeted mo-
lecular dynamics simulations [75]: The core domain dimer structure is shown for the starting structure, a mid-point in the simulation, and 
the target end-point structure. Three areas are highlighted. (i) The region near the inducer site that encompasses D149, S193 and F161 is 
circled in pink in the middle structure and is enlarged for each monomer below this mid-simulation structure. Note the differences in inter-
atomic distances for D149–S193, D149–F161, D149–Y126 and D149–L128 between the two monomers within a dimer, demonstrating the 
asymmetry within this homodimer. (ii) The N-subdomain monomer • monomer interface encompasses K84 from both subunits (red box). 
The detailed, close-up structures above the dimer structures show how K84 positions change during the allosteric transition. Note that at the 
start-point both K84 side chains are buried in the interface; at the end-point, both are solvent-exposed and interact with negatively charged 
side chains. In mid-simulation, the K84′ from the ‘trigger’ monomer (right) has moved to the exposed position, whereas K84 in the ‘re-
sponse’ monomer (left) remains buried. (iii) His 74 is located at the monomer • monomer interface near of the inducer binding site (orange 
box). These residues are shifted and alter interactions with other amino acids between the start- and end-point structures. At mid-simulation 
the imidazole moieties of these residues are π-stacked. (b) Kinetic features of monomer folding. Normalized CD signals are plotted as a 
function of fluorescence signals determined under the same experimental conditions. Open circles correspond to the signal theoretically 
observed in the burst phase, which is within the deadtime of the experimental determinations and therefore not detected; the yellow circles 
and light blue squares correspond to the theoretical and experimental accumulation of the productive intermediate, respectively; finally, the 
green circles and dark blue squares represent the final folding phase from theoretical and experimental results, respectively. U, unfolded 
protein; Ib, burst phase, non-productive intermediate; I, productive intermediate; N, native, folded protein.
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Shifting to the core domain, one of the salient alloste-
ric residues is K84. The importance of this residue was 
first flagged in mutagenesis studies [87]; TMD simula-
tions provided a new context for reinterpreting the data 
and formulating new hypotheses [75]. In the repressed 
state, the 4-aminobutyl side chain of this charged residue 
is buried in the N-subdomain’s relatively hydrophobic 
interface, forming contacts with the carbonyl moiety of 
V94 and V96′ of the adjacent monomer (Fig. 3a). Upon 
induction, this basic residue is partially solvent-exposed 
outside the interface and forms extensive electrostatic 
interactions with residues E100′ and D88 [61]. Substitu-
tions at position 84 have a profound effect on allosteric 
induction (phenotype Is) or DNA binding (phenotype I–) 
[82]. K84L and K84A substitutions diminish allosteric 
response and affect inducer binding kinetics. The latter 
are biphasic and several orders of magnitude slower than 
those for wild-type protein [86, 87]. The slowed rates al-
lowed operator release to be correlated with binding of 
the second inducer molecule to the dimeric form of the 
protein [86]. This result is consistent with the TMD pre-
diction that the allosteric conformational change is asym-
metric: the biphasic inducer binding kinetics for the K84 
variants may provide a direct observation of a fleeting 
allosteric intermediate state detected by the targeted mo-
lecular dynamics simulation [75].

LacI as a model system for protein folding and 
function

The folding landscape of LacI
In vitro and in silico studies show that small single-domain 
proteins (<100 residues), often fold by two-state equilib-
rium and kinetic mechanisms (reviewed in [102, 103]). Re-
cent experimental results and theoretical studies suggest 
that the mechanism and rate for most small, fast-folding 
proteins is strongly determined by the native state topol-
ogy, as opposed to fine details of the polypeptide sequence 
(reviewed in [102, 103]). Many larger proteins (>100 resi-
dues) do not follow two-state mechanisms, but populate in-
termediate structures in their kinetic folding reactions [102, 
103]. Moreover, the largest proteins (>200 residues) are 
typically composed of multiple domains or sub domains, 
as is the case for LacI (e.g. [104]). A comprehensive as-
sessment of complex folding behaviors associated with 
large, topologically intricate proteins like LacI can likely 
be achieved through the combination of experimental and 
theoretical/computational approaches [105, 106].

Thermodynamic analysis of tetrameric LacI folding
The first experimental studies of LacI protein folding used 
fluorescence and circular dichroism spectroscopy, analyt-
ical ultracentrifugation and functional activities at varied 

urea concentration to show that folding occurs in a single 
cooperative transition with no evidence of populated in-
termediates [107]. The absence of the concentration de-
pendence anticipated for tetramer dissociation/unfolding 
indicated that disruption of the monomer • monomer in-
terface and monomer unfolding are concerted reactions 
that occur prior to the dissociation of the dimer • dimer in-
terface. The extremely high stability of K84L and K84A 
allowed dissection of the binding energy for the tetramer-
ization domain from the energy of monomer folding and 
for the formation of the monomer • monomer interface 
[107, 108]. An overall free energy change of ∼250 kJ 
mol–1 was calculated for dissociation of all interfaces and 
unfolding of the tetrameric lac repressor, reflecting the 
exceptional stability of this protein. However, a detailed 
understanding of the folding mechanism/rate was not fea-
sible for tetrameric LacI.

Comparison of theory and experiment for folding of 
monomeric LacI
To secure both theoretical [105] and experimental [106] 
analysis of the folding landscape for a large protein with 
multiple subdomains, a monomeric variant of LacI was 
developed through the elimination of eleven C-terminal 
residues of the tetramerization domain [44] in conjunc-
tion with the L251A point mutation that destabilizes the 
monomer • monomer interface [109]. Monitoring fluores-
cence and circular dichroism signals (Fig. 3b), the exper-
imentally determined folding mechanism for this LacI 
monomer involves an off-path burst-phase engaging the 
transient formation of structures that must unfold. The 
latter is presumed to reflect a misfolded state that must 
unfold in order to form a productive intermediate prior to 
formation of the fully folded protein. The conformations 
generated in the theoretical pathway were analyzed to 
estimate circular dichroism and fluorescence signals for 
comparison with experimental data. In an unprecedented 
correlation, the key features of the probable experimental 
route, including the mechanistic complexity and relative 
spectroscopic signal changes, are nearly identical to those 
captured by a simple topology-based Cα model [110] 
(Fig. 3b). The correspondence of simulation and experi-
mental results confirms the folding mechanism of mono-
meric LacI with a level of confidence that could not be 
achieved by either approach alone. The combination al-
lows structural interpretation of intermediates observed, 
shows the presence of long-range interactions in the un-
productive intermediate and confirms experimentally the 
states predicted in the simulation.

VFT structural comparisons – principles for protein 
design?
A number of bacterial repressor proteins, known as the 
LacI/GalR family, have moderate sequence identity (usu-
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ally between 15 and 35%), have high structural similar-
ity and exhibit homology in their target DNA sites [111]. 
LacI/GalR family members bind and are responsive to 
a variety of chemical effectors, including purines and a 
wide array of sugars. The monomer core domain of this 
family shares common ancestry with the periplasmic 
sugar binding proteins (PBPs), a widely distributed bac-
terial protein superfamily that mediates chemotaxis and 
the uptake of nutrients [71, 72, 112]. In both families, 
ligand binding facilitates closure of the two subdomains, 
with a motion that resembles a Venus flytrap plant (see 
the LacI core domain structure in Fig. 2). The structural 
and functional diversity of the PBP superfamily has al-
lowed the engineering of systems that make use of their 
distinctive conformational changes, effector site adapt-
ability, and enzymatic activity or biological properties 
(e.g. [113–116]). The VFT fold has also been identified 
in domains of several eukaryotic receptors that contain 
extracellular ligand binding domains – including gluta-
mate-gated ion channels, G-protein-coupled receptors 
and atrial natriuretic peptide guanylate cyclase receptors 
– potentially generated by fusions with membrane-bound 
proteins during the process of evolution [72, 117].
Comparison of these protein families can yield insight 
into structural differences key to their unique functions. 
For example, a salient difference between the repressor 
proteins/receptor proteins and the PBPs is oligomeric 
state: all of the PBPs are monomeric. The ability of the 
LacI/GalR family to form dimeric or higher-order oligo-
mers is crucial for high specificity in DNA binding. To 
elucidate the evolutionary determinants of assembly, a 
structure-based sequence alignment of several repressors 
and periplasmic binding proteins and a series of contact 
maps in network representation were generated for the re-
pressor interfaces [76, 77]. These analyses revealed that 
the primary sequences corresponding to the interfaces of 
LacI/GalR family C-subdomains differ significantly from 
the monomeric PBPs in the region around LacI residues 
281 and 282, sites in LacI known to be important in as-
sembly. The secondary and tertiary structures of this re-
gion are remarkably conserved, but in the repressor fam-
ily the side chains are largely hydrophobic, whereas the 
PBPs have charged residues. The ability to move easily 
between dimer and monomer was demonstrated by T41 
monomeric LacI, demonstrated to be due to the charged 
point mutation Y282D [118, 119]. In vitro characteriza-
tion of this monomer variant demonstrated that the protein 
was folded with inducer binding properties comparable to 
the wild-type repressor [120]. Interestingly, dimerization 
of the Y282D variant could be compensated by a second-
site mutation (K84L or K84A) in the N-subdomain [108], 
and 22 additional compensatory second-site mutations 
were identified by phenotypic screening for variants with 
restored repression function [76]. The large number and 
diversity of second site revertants suggests that oligomer-

ization of the PBP-like protein (LacI monomer) is robust, 
with many different scenarios for assembly. In a larger 
context, this work demonstrates that proteins have evolved 
to have sequences that are robust – plastic – and achieve 
their native and properly assembled state with few traps 
arising from discordant energetic signals [121].
One other feature that must have evolved is the ability of 
the Venus flytrap domain to interact with other domains. 
In the LacI/GalR family, the interface between the DNA 
binding domain and the core domain is mediated by the 
hinge region. Bioinformatics analysis coupled with struc-
tural analysis and mutational effects on function indicate 
that this interface is unique for each family member [70]. 
Thus, domain boundaries/interfaces provide another site 
for modulating protein function ([122], L. Swint-Kruse 
et al., unpublished).

Future thoughts

Since the discovery of LacI, this genetic regulatory pro-
tein has been routinely utilized for negative, inducible 
control of gene expression, as a module in regulatory 
circuit design (e.g. [123]), as a mechanism to control ex-
pression in eukaryotic systems in vivo (e.g. [124–126]), 
as a means of purifying selected DNAs (e.g. [127]), as 
a means to link DNA-containing structures via opera-
tor sequences (e.g. [128, 129]), and as a way to gener-
ate conditional gene silencing in complex systems [130]. 
Despite this diversity, only the DNA binding capacity of 
LacI has been utilized. The next generation of applica-
tions will build on recent insights into the structure, func-
tion, folding, assembly and allosteric properties that can 
be utilized for de novo design, for redesign of existing 
proteins for prescribed properties or for extrapolation to 
other systems that bear significant structural similarity. 
Indeed, the information amassed for LacI provides an 
excellent basis for the development of novel biological 
functions (e.g. a protein that binds DNA and responds to 
a novel ligand) that exploit our intricate knowledge of this 
prototypic genetic regulatory protein for functional ad-
aptation and protein engineering of VFT and LacI/GalR 
family members.
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