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Revisiting Allostery In Lac Repressor

Abstract
Lac repressor (LacI) is an allosterically regulated transcription factor which controls expression of the lac
operon in bacteria. LacI consists of a DNA-binding domain (DBD) and regulatory domain (RD), connected
by a linker called the “hinge”. Binding of a small molecule inducer to the RD relieves repression through what
is presumed to be a series of conformational changes mediated through the hinge. Despite decades of study,
our understanding of this allosteric transition remains incomplete—mostly inferred from partial crystal
structures and low-resolution scattering studies. In principle, solution-NMR could provide structural and
dynamical information unobtainable by X-ray methods. However, due to LacI’s high molecular weight, low
solubility, and transient stability, such studies have been limited to the non-allosteric, isolated DBD. Here, we
present a solution-NMR study of the changes in structure and dynamics that underlie the allosteric transition
of intact LacI. First, an optimized expression system is presented which enables characterization of LacI using
NMR methodologies for high molecular weight proteins. Next, alternative NMR data sampling methods are
implemented and further extended to overcome the low-solubility and transient stability limitations. Finally,
these developments are combined to characterize LacI in each of its functional states. It is shown that the RD
but not the DBD of apo LacI exists in an equilibrium between induced and repressed states with exchange
occurring on the �s-ms timescale. Inducer binding in the absence of operator mostly quenches exchange but
does not result in structural changes in the hinge or DBD. Conformational dynamics detected in the induced
state are shown to be localized to a “network” of RD residues previously characterized to be critical for
allostery. These dynamics are shown to be quenched in non-allosteric mutants which suggests functional
relevance. Operator binding results in globally quenched dynamics and dramatic changes to the structure of
the hinge. Inducer binding in the presence of operator results in only minor structural perturbation in the
hinge and DBD. However, dynamics are shown to be activated in the RD. These results suggest that
conformational dynamics may be critical to the allosteric transition of LacI.
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ABSTRACT 
 

REVISITING ALLOSTERY IN LAC REPRESSOR 

MATTHEW ALEXANDER STETZ 

A. JOSHUA WAND 

 

Lac repressor (LacI) is an allosterically regulated transcription factor which controls expression of 

the lac operon in bacteria. LacI consists of a DNA-binding domain (DBD) and regulatory domain 

(RD), connected by a linker called the “hinge”. Binding of a small molecule inducer to the RD 

relieves repression through what is presumed to be a series of conformational changes mediated 

through the hinge. Despite decades of study, our understanding of this allosteric transition 

remains incomplete—mostly inferred from partial crystal structures and low-resolution scattering 

studies. In principle, solution-NMR could provide structural and dynamical information 

unobtainable by X-ray methods. However, due to LacI’s high molecular weight, low solubility, and 

transient stability, such studies have been limited to the non-allosteric, isolated DBD. Here, we 

present a solution-NMR study of the changes in structure and dynamics that underlie the 

allosteric transition of intact LacI. First, an optimized expression system is presented which 

enables characterization of LacI using NMR methodologies for high molecular weight proteins. 

Next, alternative NMR data sampling methods are implemented and further extended to 

overcome the low-solubility and transient stability limitations. Finally, these developments are 

combined to characterize LacI in each of its functional states. It is shown that the RD but not the 

DBD of apo LacI exists in an equilibrium between induced and repressed states with exchange 

occurring on the µs-ms timescale. Inducer binding in the absence of operator mostly quenches 

exchange but does not result in structural changes in the hinge or DBD. Conformational dynamics 

detected in the induced state are shown to be localized to a “network” of RD residues previously 

characterized to be critical for allostery. These dynamics are shown to be quenched in non-

allosteric mutants which suggests functional relevance. Operator binding results in globally 

quenched dynamics and dramatic changes to the structure of the hinge. Inducer binding in the 
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presence of operator results in only minor structural perturbation in the hinge and DBD. However, 

dynamics are shown to be activated in the RD. These results suggest that conformational 

dynamics may be critical to the allosteric transition of LacI. 
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CHAPTER 1: Introduction  

1.1 The lac operon 

 In prokaryotes, genes are clustered into discrete functional units called operons. A typical 

operon consists of a single promoter, one or more structural genes, and various regulatory 

elements. All structural genes in an operon are expressed or repressed simultaneously. 

Expression is controlled by the regulatory elements which are often sensitive to environmental 

stimuli. This sensitivity allows the cell to adjust expression patterns to maximize viability in a 

particular context and thus ensures an efficient utilization of resources.   

 The operon was first described by Jacob and Monod to explain the sequential utilization 

of carbon sources by the bacterium, Escherichia coli (E. coli) [1, 2]. They observed that when E. 

coli cells were grown in the presence of both glucose and lactose, glucose was preferentially 

metabolized until its supply was completely exhausted. A critical finding was that lactose 

metabolism only commenced following a lag period, resulting in biphasic or “diauxic” growth 

curves (Figure 1.1). The lag period arises due to changes in gene expression levels as cells 

begin to make the proteins required for lactose transport and catabolism. The genes that encode 

these proteins are located in the lac operon. The lac operon has emerged as the paradigmatic 

example for how genes are regulated in prokaryotes. The basic structure of the operon is 

illustrated in Figure 1.2a. The structural genes are lacZ, lacY, and lacA [3]. The lacZ gene 

encodes the enzyme β-galactosidase, which cleaves lactose into glucose and galactose. The 

lacY gene encodes β-galactoside permease, which transports lactose into the cell. The lacA gene 

encodes β-galactoside transacetylase which acetylates galactosides but has an unessential role 

in lactose utilization. The regulatory elements include the promoter, an enhancer-like sequence 

upstream of the promoter, and an operator sequence downstream of the promoter [4]. 

Expression of the structural genes is regulated by both glucose and lactose. Glucose levels are 

sensed by the transcriptional activator, catabolite activator protein (CAP)1. CAP binds the 

enhancer-like sequence and can interact directly with RNA polymerase to facilitate its binding to 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 CAP is also known as cyclic-AMP receptor protein (CRP) 
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the promoter  [5]. CAP can only bind the enhancer-like sequence in the presence of cyclic-AMP 

(cAMP) and cAMP levels depend inversely on glucose levels [6]. Therefore, the active population 

of CAP is only high when glucose levels are low. Over 100 different promoters are modulated by 

CAP so its activity is not specific to the lac operon [7].  

   

	  

Figure 1.1 Simulated diauxic growth curve for E. coli grown in medium containing glucose and 
lactose. The biphasic pattern arises from sequential utilization of the carbon sources. Adapted 
from Lewis, 2005 [3].  
  

 Lactose levels are sensed by the transcriptional repressor, Lac repressor (LacI). When 

lactose levels are low, LacI binds to the lac operator and physically occludes RNA polymerase 

from initiating transcription (but does not prevent it from binding the promoter) [8]. The inherent 

leakiness of the lac promoter allows a basal level of β-galactoside permease and β-galactosidase 

to be present in the absence of lactose. Lactose can then enter the cell via β-galactoside 

permease and undergo conversion to allolactose by β-galactosidase. Allolactose binds LacI and 

induces a change such that its affinity for operator drops significantly [9]. Molecules that elicit 

such an effect in LacI are generically called “inducers.” Allolactose-bound LacI binds non-specific 

sequences and operator with comparable affinities. Since the concentration of non-specific DNA 
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is much higher than that of operator DNA, allolactose-bound LacI readily dissociates from the 

operator [10]. This dissociation event relieves the occlusion of RNA polymerase and thus permits 

transcription initiation.  

 

	  

Figure 1.2 Schematic of the lac operon. (A) The elements of the operon: PI is the promoter 
regulating the gene encoding LacI (lacI), Ecap is the enhancer-like sequence which CAP binds to, 
Plac is the promoter regulating the structural genes of the operon. Olac is the operator sequence 
which LacI binds to, lacZ is the gene encoding β-galactosidase, lacY is the gene encoding β-
galactoside permease, and lacA is the gene encoding β-galactoside transacetylase. (B) Protein 
occupancy when lactose levels are low and glucose levels are high. (C) Protein occupancy when 
lactose levels are high and glucose levels are low. 

 

 Two possible scenarios therefore arise depending on the relative availability of glucose 

and lactose. In the presence of glucose, CAP is not bound and LacI is bound, resulting in 

repression (Figure 1.2b). In the absence of glucose and presence of lactose, CAP is bound and 

LacI is not bound, resulting in transcription (Figure 1.2c). This binary functionality has led some to 
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describe the lac operon as a “genetic switch” [3]. The utility of a binary genetic switch is apparent 

and, as such, the lac operon (or its constituent elements) has been appropriated for a wide 

variety of applications including: recombinant protein expression [11], genetic circuits [12], 

molecular tethering and localization [13, 14], cost/benefit analysis in evolving populations [15, 16], 

and even mammalian gene therapy [17, 18]. This ubiquitous utilization suggests that the concept 

of the genetic switch is well understood. However, the mechanistic details underlying the 

functionality of the switch have yet to be fully elucidated. 

1.2 Functional properties of Lac repressor 

 The switch-like functionality of the lac operon derives largely from the switch-like 

functionality of LacI. LacI was first isolated in 1966 [19] and was revealed to be a 360 amino acid 

[20] protein that formed a homotetramer [21]. At the most basic level, LacI has two functions: (1) 

to bind DNA and (2) to bind a small molecule effector2. Understanding these two functions and 

how they affect one another is central to understanding how LacI functions as a switch. 

1.2.1 DNA binding 

 LacI binds to both operator sequences and to non-specific sequences. The primary lac 

operator (O1) was first isolated and sequenced by co-purification and DNA-footprinting 

experiments [22, 23]. The minimal operator is 17 base pairs long and is pseudo-symmetric about 

a central G:C pair [3]. Two additional operators, O2 and O3, were identified based on sequence 

similarity to the primary operator. The O2 operator is located in the lacZ gene [24] and the O3 

operator is located in the lacI gene [25]. These additional operators are not shown in Figure 1.2 

for clarity. Of the three natural operators, only O1 is necessary and sufficient for repression, 

though the presence of both O2 and O3 enhances repression by approximately 70 fold [26]. The 

location of the three natural operators with respect to the transcription initiation site is shown in 

Figure 1.3a and sequences of their 5’ to 3’ strands are shown in Figure 1.3b with the G of the 

central G:C basepair in bold type.  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2 In this work, the term “effector” will be used to describe any small molecule that binds specifically to a protein target 
regardless of its functional effect 
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 The in vitro binding affinities for the operators have been measured. As expected, the 

measured affinities vary depending on the nature and conditions of the assay (particularly the 

ionic strength). Typical dissociation constants (kd) for the LacI-O1 interaction are 0.1 pM at low 

ionic strength (10 mM KCl) [27] and 30 pM at near physiological ionic strength (150 mM KCl) [28], 

though one report has argued that these values are overestimates of the true in vivo affinity due 

to the inherent limitations of in vitro assays [29]. LacI binds O2 with 5-31 fold lower affinity than O1 

[4, 24, 30] and binds O3 with 16-2000 fold lower affinity than O1 [4, 30, 31].  

 

	  

Figure 1.3 Sequences of the lac operators. (A) Relative positions of primary and auxiliary 
operators. The numbering represents the base count relative to the transcription initiation site. (B) 
Sequences of the primary and auxiliary lac operators. (C) Duplex sequence of idealized 
symmetric operator. This figure is adapted from Lewis, et al., 1996 [32] 

  

 Interestingly, operator mutations that disrupt the interaction with LacI have been shown to 

increase the asymmetry about the central G:C pair and the most disruptive mutations were found 

to localize to the left half site [3]. Since the left half site was observed to contribute more to the 

binding affinity than the right half site, a perfectly symmetric operator was created by removing 

the central G:C base pair and replacing the right half site with a reflection of the left half site [33]. 

This symmetric operator (Osym) binds LacI with nearly 10-fold higher affinity relative to O1 binding. 
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The sequence of duplexed Osym is shown in Figure 1.3c to illustrate the palindromic nature of 

operator.  

 By comparison, LacI binds non-specific sequences with kd values in the range of 1-40 nm 

under low ionic strength conditions [34-36] which is approximately 4-5 orders of magnitude 

weaker than primary operator binding. LacI binding to non-specific DNA is functionally relevant 

and plays an important role in both operator search/recognition and induction [4, 37-39] but will 

not be discussed further here. 

1.2.2 Effector binding 

 While LacI senses and responds to lactose levels, lactose itself is not an inducer. The 

natural inducer, allolactose, is a byproduct of lactose catabolism by β-galactosidase. It has been 

speculated that the coupling between β-galactosidase activity and induction may have evolved as 

a way to ensure that upregulation of β-galactosidase only occurs when the enzyme is functional 

[4].   

 Allolactose binds LacI with a kd of 5 µM in vitro [9]. However, the interaction between 

allolactose and LacI is poorly characterized due to the inherent difficulty associated with isolating 

allolactose. A variety of sugar and synthetic sugar-like molecules which induce expression of the 

structural genes of the lac operon have been identified [40]. One key synthetic molecule, 

isopropyl β-D-1-thiogalactopyranoside (IPTG), was adopted as the favorite inducer for 

biochemical studies because it functions similar to allolactose and is not degraded by β-

galactosidase. IPTG binds LacI with an affinity of 1-6 µM and induces the lac operon in vivo to the 

same degree as allolactose at millimolar concentrations. However, at micromolar concentrations, 

allolactose is a more potent inducer of the lac operon than IPTG [9]. This observation has been 

attributed to differences in cellular transport efficiency and thus may not reflect functional 

differences between the two molecules [9]. The chemical structures of lactose, allolactose, and 

IPTG are shown in Figure 1.4. It should be noted that while allolactose is a disaccharide, IPTG is 

a monosaccharide which suggests the overall size of the effector is of modest importance for 

eliciting a functional effect.  
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Figure 1.4 Chemical structures of some effectors. (A) Lactose, (B) Allolactose, and (C) IPTG. 

  

 Interestingly, a variety of synthetic molecules have been identified which either increase 

LacI’s affinity for operator (“anti-inducers”) or bind specifically but produce no functional effect 

(“neutral ligand” or “neutral agonist”). The most potent anti-inducer identified to date is 

orthonitrophenyl-β-D-fucoside (ONPF) which binds LacI with a kd of 160 µM and increases the 

affinity of the LacI-operator interaction by ~5-fold [41]. Only one neutral agonist has been 

identified to date, orthonitrophenyl-1-β-D-galactoside (ONPG), which binds LacI with a kd of 83 

µM [41]. While neither ONPF nor ONPG would naturally enter an E. coli cell, they have been 

employed as tools for furthering our understanding of the relationship between effector binding 

and DNA binding.  

1.2.3 The relationship between effector binding and DNA binding  

 The relationship between inducer binding and O1 binding has been studied almost 

exclusively using IPTG as the inducer. Equilibrium dialysis measurements demonstrate that IPTG 

binding decreases LacI’s affinity for O1 by at least 1000 fold in low ionic strength conditions [42] 

though nitrocellulose-filter binding measurements at physiological ionic strength report changes in 

affinity of over 10000 fold [43]. The latter measurement is more consistent with data that shows 

induced LacI binds operator and non-specific sequences with similar affinity [43]. Importantly, a 

reciprocal relationship between operator and inducer binding has been demonstrated by 

fluorescence titrations which showed LacI pre-bound to O1 binds IPTG with 20-fold lower affinity 
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than free LacI [44, 45]. This suggests inducer and operator binding are linked by a 

thermodynamic cycle [4]. Curiously, a similar reciprocity has not been demonstrated universally 

for anti-inducers, with some binding free LacI more tightly and others binding the LacI-operator 

complex more tightly [46].    

 Inducer binding also decreases LacI’s affinity for other operators. The affinity of the LacI-

Osym interaction is diminished by over 10000 fold upon IPTG binding [43]. While no kd values have 

been published for the inducer-bound LacI-O2 or inducer-bound LacI-O3 interactions, it has been 

observed that IPTG binding affects the LacI-O1, LacI-O2, and LacI-O3 interactions similarly 

suggesting a change in affinity by at least several orders of magnitude [47]. Interestingly, the 

interaction between LacI and non-specific DNA is not affected by inducer binding [36, 43].  

 In order to understand the determinants of DNA binding, effector binding, and their 

relationship, the specific parts of LacI required for each function must be delineated. Early insight 

came from limited proteolysis studies [48-51]. Trypsin digests of LacI yield two fragments: a 

larger, tetrameric domain capable of inducer binding and four smaller pieces which retain low 

(mid-micromolar) affinity for operator DNA. These results suggested that different domains were 

responsible for DNA binding and effector binding. The proteolysis findings were buttressed by 

genetic studies of missense and nonsense mutations [52-62]. Substitutions in the N-terminal 

region of the protein primarily disrupt DNA binding [63]. Substitutions in the central region of LacI 

were largely tolerable but some mutations were shown to disrupt effector binding [64] and 

oligomerization [65]. Substitutions in the C-terminal region were shown to disrupt oligomerization 

with little affect on DNA-binding, effector-binding, or inducibility [28, 66].   

 The limited proteolysis and genetic studies suggested that the relationship between DNA 

binding and effector binding was allosteric in nature—involving long-range communication 

between two discrete domains. However, in the absence of high-resolution three dimensional 

structures, the mechanistic determinants of DNA binding, effector binding, and allosteric 

communication remained obscured.  
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1.3 Structural properties of Lac repressor 

 

	  

Figure 1.5 Crystal structure of tetrameric Lac repressor bound to operator, Osym. PDB code: 
1LBG. 

 

1.3.1 Overall structure  

 Initial attempts to characterize the three dimensional structure of LacI employed solution 

scattering methods [67-73]. These studies suggested LacI has an elongated structure with DNA-

binding domains located at the ends. No changes in the radius of gyration of LacI could be 

detected upon IPTG binding. However, the lack of high-resolution structural models precluded 

detailed interpretation of the scattering data. The complete crystal structure of LacI was not 

solved until 1996. Structures of LacI in the operator-bound state, inducer-bound state, and apo 

state were determined to modest/low resolution: 4.8 Å, 3.2 Å, and 4.8 Å, respectively [32]. The 

operator used was Osym and the inducer molecule used was IPTG. The crystal structure of the 

LacI tetramer bound to operator is shown in Figure 1.5. Each LacI monomer consists of a DNA-
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binding domain (DBD, residues 1-45), a regulatory domain (RD, residues 63-329) which includes 

the dimerization interface and effector binding pocket, and a tetramerization domain (residues 

338-358). The DBD and RD are connected by a linker region commonly referred to as the “hinge” 

(residues 46-62). Curiously, the tetramer is arranged as a V-shaped “dimer of dimers” where one 

dimer binds one operator sequence. For all practical purposes, the dimer is therefore the minimal 

functional unit. The DBD consists of a classical helix-turn-helix motif which binds the operator in 

the major groove. Notably, the center of the hinge (residues 50-58) folds into a helix which 

intercalates into the minor groove of the operator, resulting in a kinked DNA structure. The RD 

exhibits a fold similar to bacterial periplasmic sugar binding proteins with the effector-binding 

pocket located roughly in the middle of the domain. The effector-binding pocket is positioned 

approximately 40 Å from the DBD, confirming that LacI is allosterically regulated. The 

tetramerization domain is a helix which associates into a four-helix bundle upon oligomerization.  

The domain organization is illustrated in Figure 1.6.  

	  

Figure 1.6 The domain architecture of Lac repressor. An isolated monomer from the structure of 
the tetramer bound to Osym is shown. Each domain is uniquely colored. The structure of the 
operator is not shown for clarity. PDB code: 1LBG.   
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 The structures of LacI bound to inducer and apo LacI were determined in the absence of 

operator DNA. Both structures lacked electron density for the hinge and the DBD, suggesting a 

high degree of mobility. They were similar to previous structures of the isolated RD which had 

been obtained via proteolytic digestion of LacI [74]. Moreover, the induced and apo states were 

highly superimposable, suggesting that the apo state may be biased toward the induced 

conformation. However, it was noted that this may have been because glycerol occupied the 

inducer binding pocket of the apo state, serving as an effector  [75]. 

  

1.3.2 DNA binding  

 The modest/low resolution of the operator-bound structure of LacI prevented site-

resolved delineation of the key contacts necessary for operator binding. High resolution insight 

into the structure of the DBD in the absence of DNA was first provided by nuclear magnetic 

resonance (NMR) studies of the isolated DBD with a truncated hinge [76-81]. In the absence of 

DNA, it was shown that a portion of the hinge region was unfolded, potentially explaining the lack 

of electron density for the DBD and hinge in the crystal structures obtained without operator [82]. 

Further NMR-based characterization on DBD constructs with intact hinge regions and the 

eventual determination of a 2 DBD: 1 Osym complex structure revealed that the hinge helices fold 

upon binding operator, suggesting that the hinge is critical for operator recognition [82, 83]. While 

this structure was entirely consistent with the LacI-Osym crystal structure, it provided an atomic-

level description of the specific contacts made between the DBD and operator. Despite the 

monomeric nature of the free DBD, the 2 DBD:1 Osym complex was observed to be highly stable 

and several key protein-protein interactions between the two DBDs were identified. These 

interactions were localized to the hinge and specifically involved the sidechains of V52, A53, and 

L56. LacI interactions with operator were shown to consist of both apolar and polar contacts. Key 

interactions with the major groove of the operator were found to involve Y17 and Q18. Key 

interactions with the phosphate backbone were found to involve S21, R22, and N25. Residues 
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Y17, Q18, and R22 had historically been identified by mutagenesis studies to be essential for 

operator recognition [84, 85]. It should be noted, however, that exhaustive combinatorial 

mutagenesis studies suggests there are no fundamental rules governing how amino acids at 

these positions recognize specific DNA sequences [85]. Curiously, the hinge helix exhibited 

numerous apolar protein-DNA interactions. The most notable of these interactions involves L56, 

which intercalates deeply into the minor groove, consistent with the low resolution crystal 

structure of LacI bound to Osym.  

 In order to obtain a higher resolution crystal structure, a dimeric construct of LacI bound 

to ONPF and Osym was crystallized and the structure was solved to 2.6 Å [86]. This high 

resolution structure agreed very well with the NMR structure of the 2 DBD: 1 Osym complex (all 

atom RMS < 1 Å). Though the isolated DBD used in the NMR study binds operator with 

substantially lower affinity than the intact protein, this difference in affinity is not expected to 

manifest in detectable structural differences since displacements of only a fraction of an angstrom 

are required for dramatic changes in the energetic value of a single interaction.    

 Later NMR studies of the DBD utilized an engineered dimeric construct. A single cysteine 

was introduced at position 52 (V52C, center of the hinge helix) in order to cross link two DBD 

molecules via disulfide bond formation [87]. By dimerizing two DBD molecules, high affinity 

operator binding could be restored. The advantage to this approach was that the 2 DBD:1 O1 

complex could be studied at high resolution which was previously impossible due to the intrinsic 

dynamics of the DBD and the low affinity nature of the interaction [88]. The solution NMR 

structure of the 2 DBD: 1 O1 complex showed that the protein-DNA interactions were asymmetric. 

The monomers were rotated 48˚ relative to each other to accommodate the asymmetry in the 

operator. In this way, differences in the protein-DNA contacts for each half site are minimized. 

This was in stark contrast to the 4.0 Å crystal structure of a dimeric construct of LacI bound to O1 

which was highly similar to the structure of a dimeric construct of LacI bound to Osym (all atom 

RMS of 0.4 Å) [89]. The LacI-O1 structure suggests that the structure of LacI does not rearrange 

to accommodate the asymmetry of the operator but rather the protein-DNA interactions are 
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shifted as a consequence of the asymmetry [3]. Aligning the DBD from the crystal structure and 

the NMR structure yields an all atom RMS value of > 3 Å and large deviations are found with 

respect to the placement of the hinge helices. While the differences between the solution NMR 

structure of the 2 DBD: 1 O1 complex and the crystal structure of the dimeric LacI-O1 complex 

have not been attributed to any one single explanation, they may originate from restriction in DBD 

mobility that is imposed by the RD.   

 The structure of the engineered, dimeric DBD bound to a non-specific DNA sequence 

revealed that the hinge helix was unfolded, consistent with the proposed role that the hinge helix 

recognizes the operator specifically [90]. As a result, the DNA is not kinked and remains in 

canonical B-form. Importantly, it was demonstrated that all apolar interactions previously 

observed to be critical for operator binding were lost in the non-specific complex. The interaction 

between the DBD and non-specific DNA is almost entirely electrostatic in nature, relying heavily 

on charge-charge contacts between R22, H29, K33, R35, and K37 and the phosphate backbone. 

Of these interactions only K33 and H29 made contacts with the phosphate backbone of O1 [91]. 

While these solution NMR studies provide key details about the residue-specific contacts 

mediating the protein-DNA interaction, the use of a V52C mutant as a model is questionable. 

Making the same mutation in full length LacI increases operator affinity substantially, diminishes 

sensitivity to alterations in operator sequence, and abolishes allostery, suggesting the disulfide 

bond may force the protein into a non-native, “super” repressed conformation [92, 93]. 

1.3.3 Effector binding 

 A high resolution description of the structural basis for effector binding was not obtained 

until 2007, roughly 10 years after the original crystal structures of LacI were presented [75]. The 

structure of dimeric LacI bound to IPTG revealed that all of the oxygen atoms in the sugar ring of 

IPTG are hydrogen bonded. Key interactions are made with R197, N246, D274, and A75.The 

isopropyl group of IPTG also makes a series of apolar contacts with I79, F161, F293, and 

Leu296. Notably, the O6 hydroxyl moiety of IPTG, a chemical group absent in anti-inducers, 

facilitates the formation of a rich network of water-mediated hydrogen bonds that crosslink the 
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terminal portions of the RD. The formation of this hydrogen bond network stabilizes the induced 

conformation and prevents a transition back to the repressed conformation [75]. Importantly, this 

hydrogen bonding network was not present in the crystal structures of the LacI-ONPF-Osym 

ternary complex or the LacI-ONPF binary complex [75, 86]. Both structures revealed that ONPF 

recognizes and interacts with R197, N246, and D274 like IPTG, but exhibits different hydrogen 

bonding patterns around C6.   

 Unlike ONPF, the neutral ligand ONPG possesses an O6 hydroxyl group. However, the 

structure of dimeric LacI bound to ONPG reveals that the water-mediated hydrogen bond network 

is not formed. ONPG was shown to interact with R197, N246, and D274 like the other effectors 

but diffuse electron density for its nitrophenyl ring suggested it was not positioned optimally in the 

effector binding pocket. As a consequence, the O6 hydroxyl was displaced from the orientation 

necessary to facilitate formation of the water-mediated hydrogen bonding network [75]. 

1.3.4 The allosteric transition  

 While it had been known for some time that operator binding and inducer binding were 

mediated by two discrete domains, the high resolution structure of LacI provided the first 

mechanistic description for how these two functions are related. Unfortunately, the lack of a 

complete structure for the induced state precluded a full delineation of the allosteric mechanism. 

Comparison of the RD in the repressed and induced states shows that the allosteric signal is 

disseminated through the monomer-monomer interface. The repressed RD and induced RD have 

nearly identical secondary structures, however they exhibit significant differences in orientation. In 

the repressed state, the N-terminal portion above the effector-binding pocket (N-terminal 

subdomain) of the RD is slightly less compact. Upon inducer binding, this region rotates 10˚ 

relative to the C-terminal portion below the effector-binding pocket (C-terminal subdomain) of the 

RD, which remains static during the transition [3, 32]. This conformation is stabilized by the water-

mediated hydrogen bond network that was shown to depend greatly on the O6 hydroxyl group of 

IPTG [75]. An overlay of the repressed and induced states is shown in Figure 1.7.  

 Since electron density is missing for the hinge and DBD in the induced state structure, 
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the effect of this rotation on protein-DNA interactions is unknown. However, it is plausible that 

rotation of the N-terminal subdomain of the RD results in displacement of the hinge helices which, 

in turn, results in diminished operator affinity. The solution NMR structure of the DBD bound to 

non-specific DNA showed that the hinge is unfolded, which suggests that drastic displacement of 

the hinge helix from the minor groove would potentially result in local unfolding and thus complete 

obliteration of key protein-DNA interactions. This hypothesis, however, is inconsistent with 

biochemical studies of a construct of LacI where the hinge was artificially displaced from the RD 

using a glycine spacer [43]. The insertion of a glycine spacer between the hinge and the RD does 

not disrupt allostery. While this observation could be attributed to a variety of explanations, one 

possibility is that inducer binding functions by simply destabilizing the repressed conformation as 

opposed to a dramatic structural perturbation [3].   

	  

Figure 1.7 Structural basis for the allosteric transition in Lac repressor. Overlay of the structure of 
the repressed state (blue, PDB code: 1EFA) and the induced state (red, PDB code: 2P9H). Note 
the rotation of the induced-state structure relative to the repressed-state structure and the 
preservation of structural symmetry. Effectors are not shown for clarity. 

        

 A computational targeted molecular dynamics (TMD) study attempted to elucidate the 

residue-specific conformational changes involved in the allosteric transition [94]. The starting 
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structure was the RD of the repressed state and the target (final) structure was the RD of the 

induced state. This study demonstrated that the conformational changes underlying the transition 

were asymmetric, meaning that each monomer undergoes its own discrete series of changes. 

Three allosteric pathways were identified: Pathway 1 begins at D149 in the effector-binding 

pocket of one monomer and conformational changes are propagated across to the other 

monomer, terminating at K84. Pathway 2 begins at K84 and involves systematic disruption of 

monomer-monomer contacts, specifically the loss of hydrogen bonding contacts involving Q78 

and H74. Pathway 3 involves the propagation of conformational changes from F161 of the 

effector binding pocket of one monomer to H74 of the other monomer. The resulting 

conformational changes produce the rotated N-terminal subdomains, characteristic of the induced 

state. While these findings suggested a possible mechanism for the transition from the repressed 

state to induced state, they lent little insight into how the DBD could potentially be affected during 

induction. The details of this study are discussed further in Chapter 4.  

 

	  

Figure 1.8 Delineation of the functional cycle of Lac repressor and cartoon representation of 
relevant structural details. ODNA is “operator DNA” and NSDNA is “non-specific DNA.” IPTG is 
shown as the inducer because it has been used in the structural studies. Only limiting3 states are 
shown. The transitions between apo lac and non-specific DNA are possible but are not shown for 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3 A limiting state is defined here as one in which all subunits are saturated with ligand. 
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clarity. “RD opened” describes the structure of the RD of the repressed state and “RD closed” 
describes the structure of the RD in the induced state. Opened and closed are used loosely here 
to describe the rotation of the N-terminal portion of the RD relative to the C-terminal portion of the 
RD that occurs upon IPTG binding (see Figure 1.7). Structural details are written in black text and 
the experimental methods used to obtain those details are written in red text. Inferred or missing 
structural information is marked with a red question mark. 

 

 Perhaps the most informative study to date addressing how the DBD is perturbed upon 

inducer binding is a SAXS study of tetrameric and dimeric constructs of LacI [95]. Several 

functional states were characterized including: apo LacI, the LacI-O1 complex, the LacI-O1-IPTG 

complex, and the LacI-non-specific DNA complex. Unfortunately, no data was provided for the 

LacI-IPTG complex and the LacI-non-specific DNA complex was under-titrated, which precluded 

analysis. Two major observations were reported. First, LacI was shown to elongate ~20 Å upon 

operator removal. While not definitive, these data are consistent with unfolding of the hinge helix. 

Second, IPTG binding to the LacI-O1 complex did not result in extensive elongation of the 

molecule, suggesting the hinge helices may remain folded or at least in a compact conformation 

in the LacI-O1-IPTG ternary complex. However, given the intrinsically low resolution of the SAXS 

technique, no mechanistic description of induction was provided.     

 While the history of structural studies of LacI is extensive, no single set of studies has 

provided a complete model for how LacI transitions from the repressed state to the induced state. 

In other words, the switch-like functionality of LacI is still incompletely explained. However, by 

synthesizing all of the various experimental and computational studies, one can derive a few 

potential models. The functional cycle of LacI with respect to transitions among limiting states can 

be described by the simplified diagram in Figure 1.8. The transitions between apo lac and non-

specific DNA are, of course, possible but are not shown in Figure 1.8 for clarity. A cartoon 

representation of the structural changes observed (as well as those inferred) for each transition 

and the experiments used to characterize those transitions is also shown. The key structural 

transitions that have been identified to date are the rotation of the RD during the transition from 

the repressed state to the induced state and the unfolding of the hinge helices upon operator 

dissociation. It is unclear how these two processes are coupled to one another. An intuitive model 
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is that inducer-binding immediately triggers unfolding of the hinge helix, resulting in the disruption 

of protein-DNA contacts. This model conveniently explains the dramatic drop in affinity upon 

induction but is not fully supported (though nor is it fully negated) by SAXS data [95].  Another 

possible model is that inducer-binding merely results in destabilization of the repressed state by 

small-scale alterations in the orientation and/or other structural properties of the RD, hinge 

helices, and DBDs. This would presumably entail some kind of distortion of the protein-DNA 

interactions such that the binding was no longer optimal. Such a model is consistent with the 

SAXS data but may not adequately explain the dramatic drop in operator affinity upon induction. 

1.4 Classical allostery 

 The structure of LacI revealed that its function could potentially be explained using the 

classical allosteric model of Monod, Wyman, and Changeux (MWC)4. The MWC model describes 

the concerted transition between two functional states of an allosteric protein. This model 

assumes that the protein of interest is a symmetric oligomer of multiple, identical subunits5 and 

that allosteric effects are correlated with changes in quaternary structure. Additionally, each 

protomer must possess its own ligand-binding site. The central premise of the model is that at 

least two states are reversibly accessible by the protein and that each state has a different ligand 

binding affinity. In the absence of ligand, the protein exists in an equilibrium among all accessible 

states. Transitions among states must preserve the symmetry of the oligomer. Put in simplistic 

terms, this means that each protomer is in the same conformational state at all times. Binding of a 

ligand to the higher affinity state shifts the equilibrium in favor of the higher affinity state, 

increasing its relative population. By shifting the equilibrium, one dominant conformational state is 

selected and hence one dominant function is observed.  

 Structural studies show that LacI meets all of these fundamental criteria with the possible 

exception of the requirement for maintaining structural symmetry during the transition [94] (though 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4 It should be noted that alternative classical models of allostery exist, most famously the Koshland, Némethy, and Filmer 
(KNF) model in which there are no restrictions on structural symmetry [96]. This model has not been applied to LacI 
historically so it will not be discussed further. 	  
5 In the original paper, Monod et al. designate functional subunits as “protomers” whereas the word “monomer” is used to 
describe an individual subunit that has fully dissociated from the oligomer  
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this has yet to be further verified). LacI was shown to exist in two states: a repressed 

conformation which binds operator with high affinity and inducer with low affinity and an induced 

conformation which binds operator with low affinity and inducer with high affinity. The transition 

between these two states involved a rotation of the protomers relative to one another, i.e. a 

change in quaternary structure. The work of the Lewis and Sharp labs has cast the transition 

between these two states in terms of the MWC model [97]. In their analysis, the repressed state 

was designated as R and the induced state was designated as R*. The apo repressor is assumed 

to exist in an equilibrium between these two states:   

* *R RKR R⎯⎯⎯→←⎯⎯⎯                (1.1) 

Where KR*R is the equilibrium constant:  

*
[ *]
[ ]R R
RK
R

=                (1.2) 

Both R and R* bind inducer (I) according to:  

RIKR I RI+ ⎯⎯→                (1.3) 

** *R IKR I R I+ ⎯⎯⎯→                           (1.4) 

With equilibrium constants:  

[ ]
[ ][ ]RI
RIK
R I

=                            (1.5)

*
[ * ]
[ *][ ]R I
R IK
R I

=               (1.6) 

 Equilibrium constants for operator binding can be derived in similar fashion but will not be 

discussed in what follows. An elegant study utilizing heterodimeric LacI molecules which 

exhibited either zero, one, or two functional inducer binding pockets and an in vivo induction 

assay based on a GFP reporter determined the value of KR*R to be 2 ± 0.5 and the ratio KR*I/KRI to 

be 15 ± 3 [97]. The value for KR*R suggests the apo repressor populates mostly the induced state 
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with the free energy difference between states being slightly less than thermal energy (0.4 

kcal/mol) at 25˚C. The value of KR*I/KRI shows that R* binds inducer more favorably than R by 

about 1.6 kcal/mol at 25˚C. In the presence of one inducer, KR*R therefore increases to ~ 30 (KRR* 

= e(0.4+1.6)/kβT = 29 at 25˚C). Hence the equilibrium is shifted more in favor of R* by 15 fold, 

resulting in the reduction of the population of R. Binding a second inducer molecule shifts the 

value of KR*R dramatically to 440 (KRR* = e(0.4+1.6+1.6)/kβT = 436 at 25˚C) at which point maximal 

induction levels are achieved. Two inducer molecules are therefore required to achieve full 

induction. Interestingly, there is essentially no cooperativity (Hill coefficient ~ 1.0) with respect to 

inducer binding in the absence of operator and only slight positive cooperativity (Hill coefficient 

~1.5) when in the presence of operator [98].   

 The large value of the ratio KR*I/KIR is significant since it explains how LacI functions as a 

switch. If this value were equal to unity, inducer would bind to both R and R* with equal 

probability (ΔG = 0) which would render expression levels insensitive to inducer since no shift in 

the equilibrium would be observed (in other words, the value of KRR* does not change upon 

inducer binding). If the value of KR*I/KIR were less than unity, then inducer would bind the R state 

more favorably, resulting in an increase of the population of R and thus increased levels of 

repression. Of course, this analysis assumes that R binds operator with higher affinity than R* as 

is the case with LacI.  

 The thermodynamic analysis above definitively explains how the allosteric functionality of 

LacI can be described by the MWC model and provides quantitative values for the important 

equilibrium constants which govern the inducer-triggered shift in populations of the R and R* 

states. However, a thorough mechanistic description must also include a kinetic analysis. Two 

distinct mechanisms have been proposed: “induced dissociation” and “conformational selection” 

[99]. The induced dissociation mechanism requires that inducer-binding triggers the transition 

from R to R*. The conformational selection mechanism assumes that R and R* are in a dynamic 

equilibrium and inducer “traps” the R* state. Comprehensive analysis of experimentally 

determined kinetic data has shown that both mechanisms are involved [99]. The preference for 
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one mechanism over the other is determined by inducer concentration, consistent with studies of 

other systems [100]. At low inducer concentration, both mechanisms are active whereas the 

induced dissociation mechanism dominates at high inducer concentration. This is consistent with 

the requirement that the lac operon be leaky in order to facilitate the generation of allolactose in 

the absence of high concentrations of lactose. Conformational selection therefore establishes a 

basal amount of β-galactosidase and β-galactoside permease to ensure allolactose is available to 

induce the switch.  

1.5 Non-Classical allostery 

 The modeling in Section 1.4 provides a quantitative understanding of the transitions 

between R and R* and how shifting their relative populations can result in repression or induction. 

However, since the structural descriptions of R and R* are incomplete, it remains difficult to 

explain the alterations in structural properties that underlie the transitions between R and R*. It is 

known from X-ray crystallography that the RD of LacI can sample two structurally distinct (albeit 

modestly distinct) states, which is entirely consistent with the two state modeling above. But what 

about the structures of the DBD and hinge? Do R and R* exhibit structurally distinct DBDs and 

hinges?  

 Suppose, however, that there is little to no change in the average structures of the DBD 

and hinge region. Would this invalidate our understanding of allostery in LacI? It has been argued  

that allostery absolutely requires a conformational change [101]. This is perhaps unsurprising 

since classical biochemistry has rationalized the switch-like transition of allosteric proteins in 

terms of transitions between discrete structural states. Recent experimental studies, however, 

have shown that allosteric behavior may not require a conformational change if it arises from the 

modulation of protein dynamics—the time-dependent fluctuations in conformation (motions) about 

the average structure which are usually not reflected in crystal structures. It has long been 

recognized that proteins undergo conformational fluctuations of varying magnitude over a wide 

range of times scales [102]. Furthermore, the nature of these fluctuations has long been known to 
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be sensitive to ligand binding [103]. But what is the relationship between protein dynamics and 

allostery? What types of motions (timescales) are important for allosteric processes? 

1.5.1 Slow motions (µs-ms dynamics) and allostery  

 Many studies investigating the connection between protein dynamics and allostery have 

emphasized the contribution of µs-ms timescale dynamics (which will subsequently be referred to 

as “slow”6 timescale dynamics) of the protein backbone as these motions have been argued to be 

an appropriate readout for conformational changes. The vast majority of these studies have 

employed solution NMR which can report on slow timescale dynamics at residue-level resolution 

(methods reviewed in [104]).  

 A landmark study by Kern and co-workers demonstrated that slow timescale dynamics 

are detected in regions known to undergo conformational changes upon allosteric activation—

even in the absence of the allosteric stimulus [105]. They characterized the slow timescale 

dynamics of a small signaling protein, nitrogen regulatory protein C (NtrC), in the inactive form 

(unphosphorylated) and the active form (phosphorylated). The major finding was that the inactive 

state exhibits slow timescale dynamics localized to the exact area where structural differences 

between the inactive and active state were previously observed. These dynamics were then 

observed to be quenched in the fully activated state. Ostensibly, this study was nothing more than 

an experimental confirmation of the MWC model. However, what is unusual about this study is 

that NtrC is not a symmetric oligomer but rather a single domain monomer. Moreover, the study 

lends some insight into how transitions between states might occur: extensive slow timescale 

dynamics in the inactive state reflect transient sampling of the active state, thus priming the 

protein for its transition. Since the publication of the NtrC study, many other allosteric systems 

have been shown to exhibit similar behavior (reviewed in [106]).   

 Slow dynamics have also been implicated in alternative allosteric behavior. A recent 

study of the enzyme imidazole glycerol phosphate synthase (IGPS) revealed that binding 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
6	  Dynamics that occur on the µs-ms timescale dynamics are sometimes referred to as “intermediate timescale” rather than 
“slow timescale” as a means of differentiation from dynamics that are slower than ms.	  	  	  
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activating allosteric effectors enhances slow timescale dynamics rather than quenches them. In 

the absence of effectors, IGPS is inactive and does not exhibit slow timescale motions. Upon 

binding allosteric effectors, motions are detected in the active site, nearly 30 Å away from the 

effector binding site. These motions are thought to break an auto-inhibitory hydrogen bond in the 

active site which facilitates activation of the enzyme [107].    

 The NtrC and IGPS studies are just two of many examples of the way µs-ms timescale 

dynamics can be modulated in allosteric systems (for a recent review of other systems see [108]). 

It is clear that while the framework provided by the classical models of allostery are useful for 

facilitating a conceptual understanding, the detailed mechanistic aspects of allosteric transitions is 

complex and variable.  

1.5.2 Fast motions (ps-ns dynamics) and allostery  

 Another timescale of motion that has been implicated in mediating allosteric processes 

occurs over the range of ps-ns (which will subsequently be referred to as to as “fast” timescale 

dynamics). Unlike slow timescale dynamics, which have been treated essentially as a readout for 

conformational changes, fast timescale dynamics contribute directly to the thermodynamics of 

allosteric processes [109, 110].   

 Before delineating the exact relationship between fast timescale dynamics and allostery, 

the general relationship between these motions and thermodynamics should be clarified. The fast 

timescale dynamics of proteins has been shown to represent the residual conformational entropy 

of the folded state [111, 112]. In other words, folded proteins exhibit conformational fluctuations 

that occur on the ps-ns timescale which contribute to an internal entropy called conformational 

entropy7. These motions can be measured by NMR using classical spin relaxation techniques 

and related to conformational entropy using a variety of formalisms (see Appendix 1 for more 

details). Studies of the calcium-sensing signaling protein, calmodulin (CaM), show that the 

residual conformational entropy of proteins can be substantial and is largely manifest in the 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
7 Conformational entropy is sometimes referred to as “configurational entropy.” This has led it to be conflated mistakenly 
with the more familiar configurational entropy of proteins which describes the entropy loss upon folding. 
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motional properties of sidechains [113-116]. The backbone has largely been shown to be a rigid 

scaffold which exhibits only low amplitude motions on the fast timescale. In the case of CaM, the 

change in conformational entropy upon ligand binding is large enough to dominate the change in 

the free energy of binding [115, 116]. This has also been observed for CAP’s (the same protein 

introduced in Section 1.1) interaction with DNA [117].   

 Like ligand binding, an allosteric transition can be described thermodynamically by the 

Gibbs-Helmholtz free energy change, (ΔG):  

 

G H T SΔ = Δ − Δ        (1.7) 

 

where ΔH represents the change in enthalpy, T is the temperature, and ΔS is the change in 

entropy. In the context of allosteric transitions ΔH represents changes in the structure of the 

protein and ΔS represents a linear combination of a variety of contributions:  

 

solvent conformational RTS S S SΔ = Δ +Δ +Δ  (1.8) 

 

Where ΔSsolvent represents the change in solvent entropy which is commonly described in terms of 

the hydrophobic effect, ΔSconformational is the conformational entropy, and ΔSRT which is the change 

in the entropy of the rotational and translational degrees of freedom and has been shown to be a 

constant (depending on the dynamical model used for interpretation). Though historically 

ΔSconformational was assumed to be negligible, it is now apparent that it can be large (at least for 

some systems like CaM and CAP) and may even be the dominant contributor to ΔS. If that is the 

case, then ΔH describes the change in structure and ΔS (mostly) describes the change in fast 

timescale dynamics.  

 In 1984, Cooper and Dryden presented an elegant statistical mechanical argument that 

the typical ΔG values observed for allosteric processes could be obtained solely from changes in 
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ps-ns motions (ΔSconformational) in the absence of structural changes (ΔH = 0) [118]. For example, 

they calculated that ΔG values of a few kcal/mol can be obtained by the summation of many small 

dynamical changes within the protein. Because these changes are minute fluctuations about the 

mean structure, they would not be detectable by standard methods of structure determination. Of 

course, the extreme limiting case of purely dynamically driven allostery need not be the rule. One 

could easily envisage a combination of changes in structure and changes in dynamics underlying 

an allosteric transition—for example, if the transition from one structural state to another is 

facilitated by a favorable change in conformational entropy. A simplified illustration of the various 

thermodynamic scenarios for a two-state allosteric transition like that of LacI is illustrated in 

Figure 1.9.  

 The seemingly iconoclastic proposition by Cooper and Dryden was not experimentally 

observed until 30 years later by Kalodimos and co-workers [119, 120]. Using NMR, they 

measured the changes in conformational entropy of a mutant form of CAP upon allosteric 

activation by its small molecule effector, cAMP. The mutant was unable to undergo the necessary 

conformational change required for activation but was still nonetheless activated by cAMP due to 

a large favorable change in conformational entropy. This is currently the only published report of 

experimentally observed dynamically driven allostery in the complete absence of conformational 

change, though it should be noted that allostery mediated by fast timescale dynamics has been 

described in other contexts and systems [121], including perhaps the most classical model of 

allostery, Hemoglobin [122].  
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Figure 1.9 Schematic of the possible thermodynamic origins of a two-state allosteric mechanism. 
The distribution of structural coordinates is shown for one state in green and the other in purple. 
The “Enthalpic” mechanism relies purely on structural changes as illustrated by the shift in mean 
structural coordinates. The “Entropic” mechanism illustrates a transition between states that does 
not involve a change in the mean structural coordinates (no conformational change) but rather a 
change in the fluctuations about the mean (protein dynamics). “Both” illustrates the case where 
enthalpic and entropic effects contribute to the allosteric transition. Figure reproduced from Wand, 
2001 [109].  
 

1.6 Objectives of dissertation 

 It is clear that a variety of allosteric proteins operate via modulation of their 

conformational dynamics on the slow and/or fast timescale. Indeed, recent work has tried to 

reconcile dynamically-driven allostery with the classical models, leading to a unified “ensemble” 

model for allostery [123]. In this model, allosteric behavior is taken to be a manifestation of the 

weighted contribution of all substates in the protein ensemble where both structural and 

dynamical properties contribute to the sampling of these substates. An understanding of both 

structure and dynamics with respect to how they relate to allosteric mechanism is therefore 

necessary. So what does this mean for LacI? To date, no high-resolution characterization of the 

dynamics of either tetrameric or dimeric LacI has been presented. A few studies have 
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investigated the internal dynamics (on both slow and fast timescales) of the DBD of LacI in the 

absence and presence of DNA (O1 and non-operator sequences) but these studies do not offer 

any insight into allostery which is of interest here [90, 124]. Moreover, the structural 

characterization of LacI is incomplete which will be necessary to fully delineate the allosteric 

mechanism. To purpose of this work is to address this dearth of understanding. Specifically, we 

seek to illuminate the allosteric mechanism of LacI by:  

 

 (1) Characterizing the changes in structure and changes in dynamics of LacI upon 

 binding inducer in the absence of operator  

 

 (2) Characterizing the changes in structure and changes in dynamics of LacI upon 

 binding inducer in the presence of operator  

 

 In order to do this we will employ solution NMR which is the only experimental technique 

capable of providing residue-level structural informational and dynamical informational across 

both slow and fast timescales. Structural information will primarily be read out using the chemical 

shift, an NMR observable sensitive to local chemical environment. Dynamics on both slow and 

fast timescales will be investigated using a variety of methods which will be introduced 

subsequently.   

 The experimental system (see Chapter 2 for details) we will employ is carefully designed 

to minimize complications. It consists of:  

 

 Construct:  Dimeric LacI, residues 1-331  

 Operator:  22-base pair left-half site symmetric operator, Osym  

 Inducer:  IPTG  

 

The dimeric construct of LacI was chosen because it is the smallest intact functional unit which 
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exhibits inducer-binding, DNA-binding, and allosteric properties similar to the full length tetramer. 

The motivation for using Osym is two-fold: First, using a completely symmetric operator ensures 

the symmetry of LacI is intact which minimizes the number of observable NMR cross peaks and 

simplifies spectral analysis. Second, the bulk of the structural studies have utilized Osym. IPTG 

was chosen because it has been used in nearly every structural and biochemical study of LacI to 

date and is commercially available.  

 Though we have chosen to work with the minimal functional unit of LacI, it is necessary to 

note that NMR suffers from a notorious size limitation. Traditionally, conventional NMR-based 

characterization has been limited to proteins with molecular weights of < 20 kDa [125]. Over the 

last two decades, several novel isotope labeling schemes and technical methodological advances 

described as Transverse Relaxation Optimized SpectroscopY (TROSY) have been introduced 

which greatly extend this limitation [126, 127]. The physical basis of TROSY is rich and discussed 

briefly in Appendix I. Protein assemblies with molecular weights as large as 1 MDa have been 

characterized using these methodologies, albeit under highly idealized experimental conditions 

[128, 129]. Even in light of these technological advances, the vast majority of systems studied by 

NMR exhibit molecular weights < 40 kDa [130]. With this in mind, we have chosen to study the 

dimeric construct of LacI which is the minimal functional (allosteric) unit. At ~70 kDa in the free 

state and ~85 kDa in the 22 bp operator-bound state, dimeric LacI poses a significant technical 

challenge for NMR both at the level of sample preparation and the level of experiment. Chapter 2 

introduces the specific challenges associated with sample preparation and presents a novel 

recombinant expression system and optimized purification scheme for producing LacI samples 

amenable to NMR-based characterization. Chapter 3 introduces the specific challenges 

associated with the implementation of NMR experiments (specifically those necessary for 

assigning chemical shifts) and presents an adaptation of novel data collection and processing 

techniques to overcome these challenges. These methodological developments were then 

applied to characterizing the allosteric mechanism of LacI. Chapter 4 presents the changes in 

structure and changes in dynamics that occur upon inducer binding in the absence of operator. 
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Chapter 5 presents the changes in structure and changes in dynamics that occur upon inducer 

binding in the presence of operator. Though many challenges were overcome over the course of 

this study, obtaining reliable, quantitative measure of fast time scale dynamics of LacI proved 

persistently difficult. Chapter 6 introduces improved methodologies for the quantitative 

characterization of fast timescale dynamics which should enable a more detailed description of 

the allosteric mechanism of LacI in the future. 
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CHAPTER 2: Optimized Recombinant Expression and Purification of Lac Repressor and its 
Constituent Domains for Solution NMR Studies 

 

Most of the work presented in this chapter was done in collaboration with Marie Carter, 
undergraduate student in Cognitive Science. 

The majority of this chapter was published in Stetz MA, Carter MV*, and Wand AJ, Protein 
Expression and Purification 123 (2016) 75-82. 
 
*Undergraduate student  

 

2.1 Introduction 

 An important but often overlooked aspect of NMR-driven structural studies is sample 

preparation. This is perhaps ironic given that sample preparation is usually the most time-

consuming part of any biomolecular NMR project [131]. Like many other biophysical 

methodologies, NMR requires samples of high purity and high homogeneity. Monodisperse 

samples are ideal (though not essential) in order to simplify data analysis. Additionally, there are 

several NMR-specific restrictions that are placed on samples. A prominent limitation of NMR is its 

intrinsic insensitivity which stems from the small polarization of nuclear spins at accessible static 

field strengths. This necessitates the use of large volumes (0.3-0.5 mL) of highly concentrated 

protein solutions (0.1-1.0 mM) for conventional instruments (though small volume “micro-coil” 

instruments have been introduced recently [132, 133]). Since NMR samples for the experiments 

proposed in this work also require isotopic enrichment, it is ideal to maximize protein yield in 

order to minimize cost. Isotopic labeling of proteins is usually achieved via recombinant 

expression in a host organism cultured in an isotopically enriched growth medium. Though a 

variety of hosts have been developed for this purpose [134-136], the most cost-effective and 

efficient is E. coli. The cost of protein production increases substantially when high molecular 

weight proteins are the subject of investigation. As discussed previously in Chapter 1 and further 

in Appendix I, high molecular weight proteins usually require TROSY methodologies for detailed 

characterization. In order to properly exploit the TROSY effect, proteins must be highly 

perdeuterated. This can be achieved via recombinant expression in E. coli by replacing H2O with 
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D2O as the growth medium solvent and using perdeuterated carbon sources. These modifications 

often compromise the viability of E. coli and decrease recombinant expression levels 

substantially. Though other host organisms can also be used to produce perdeuterated proteins 

[137, 138], the associated costs are much higher and the efficiency of deuterium incorporation is 

significantly lower. Given that LacI is a native E. coli protein, it is reasonable to presume that 

recombinant expression in E. coli should be robust and potentially tolerant of the detrimental 

effects associated with cell growth in deuterated medium. However, a recent study suggests that 

high yield recombinant production of LacI is exceptionally difficult to obtain under such conditions 

[139].  

 Perhaps the most confounding difficulty that arises when expressing LacI in an E. coli 

host is choosing an appropriate expression vector and strain pair. The vast majority of 

commercially available inducible expression vectors (such as the wildly popular lac-T7 promoter 

pET series of vectors [140]) and protease-deficient host strains utilize LacI and the lac O1 

operator as regulatory elements. Using such systems to express LacI has been reported to result 

in heterogeneous samples due to heterodimerization between recombinant and regulatory LacI 

[139]. Additional heterogeneity arises from the use of IPTG to induce expression which co-purifies 

sub-stoichiometrically with the recombinant product when typical concentrations are utilized [139]. 

Moreover, expression levels are likely to be reduced since additional repressor molecules are 

continuously being produced.    

 Several alternative approaches have been introduced to circumvent contamination. One 

recent study utilized a pET-derived vector wherein the LacI/O1 regulatory elements were deleted 

[139]. However, the recombinant lacI gene was kept under control of a T7 promoter and the 

source of T7 RNA polymerase was the DE3 lysogen of a commonly used protease-deficient E. 

coli strain. In the DE3 lysogen, the gene for T7 RNA polymerase is under control of a lacUV5 

promoter and expression is regulated by LacI/O1. Therefore, IPTG must still be added to the 

growth medium to induce significant expression. Vectors where LacI is expressed constitutively 

have also been used widely, however yields are relatively low as most biochemical studies 
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necessitate 12 L of culture—even when highly rich growth medium such as 2xYT is used [28, 

141]. Commercially-available inducible expression vectors which do not utilize LacI, such as 

those featuring arabinose-inducible (pBAD) [142] or rhamnose-inducible (pRham) [143] 

promoters, require high concentrations of metabolically active sugars to initiate over-expression. 

In order to prevent scrambling of isotope labels, glucose levels must be kept in excess 

continuously throughout the growth. This is often not economically feasible, especially when 

deuterated glucose is required for protein labeling. Moreover, both pBAD and pRham promoters 

are repressed by high concentrations of glucose [142, 143]. Temperature-inducible expression 

has also been used for truncated constructs of LacI [144], however, drastic shifts in temperature 

may have detrimental effects on cells under high stress conditions, such as those imposed by 

growth in highly deuterated minimal medium.   

 Complications with sample preparation are also not strictly limited to full length or dimeric 

constructs of LacI. Indeed, expression of a recombinant dimeric form of the isolated regulatory 

domain (RD) (residues 60-331) has been shown to be toxic to a variety of commonly used E. coli 

host strains—so much so that even chemical transformations with plasmids harboring the RD 

gene were shown to be impossible [139]. This toxicity could only be eliminated by co-expression 

of the isolated RD with full length LacI which resulted in abysmally low yields due to 

heterodimerization. Recombinant expression of the isolated DNA-binding domain (DBD) in E. coli 

has also proven difficult. It is thought that the isolated DBD becomes more susceptible to 

proteolysis in vivo as its length increases [144]. For example a DBD construct lacking some of the 

hinge region (residues 1-56) expresses to levels nearly 10-fold higher than those obtained from 

expressing constructs with an intact hinge region (residues 1-64) [144]. As a result, studies on the 

isolated DBD often employ fermentation to improve yields [124]. Though the focus of this 

dissertation is the complete functional unit of LacI, it is often advantageous to carry out 

preliminary NMR-based characterization (such as resonance assignment) on smaller constructs 

as a means to improve data quality and simplify data analysis (discussed further in Chapter 3).   

 Here, novel expression systems for LacI, the isolated RD, and isolated DBD are 
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presented along with optimized and facile purification procedures. Nearly all complications 

previously associated with the recombinant production of LacI and its constituent domains are 

eliminated. It is shown that using a derivative of the pASK backbone [145] which employs an 

anhydrotetracycline-inducible E. coli tetA promoter regulated by the Tetracycline repressor (TetR) 

and the lacI-free BLIM strain E. coli host [146] eliminates all contamination issues which 

previously plagued the recombinant production of LacI. Moreover, this expression system can 

produce the isolated RD without any defects in cell viability. A pET-15b derived expression vector 

and the common protease-deficient BL21(DE3) host strain are shown to be optimal for 

expressing the isolated DBD. Sufficient yields of DBD can be obtained using this expression 

system without the need for fermentation. Facile and semi-automated purification schemes are 

also introduced which dramatically reduce sample preparation time. The structure and function of 

the resulting LacI preparations are characterized using limited proteolysis and NMR 

spectroscopy. It is shown that recombinant LacI and its constituent domains are homogeneous, 

structured, and functional.       

2.2 Material and Methods 

2.2.1 Expression vector construction  

 The sequences for all primers used in this work can be found in Appendix 2.  

 An expression vector containing the gene encoding dimeric LacI (1-331) under control of 

an inducible tetA promoter regulated by TetR was constructed. The gene encoding wild type E. 

coli LacI (residues 1-331 of LacI, 109A isoform from strain K-12, Swiss-Prot entry: P03023) was 

amplified by PCR from an arabinose-inducible vector (pBAD Gateway, ThermoFisher/Invitrogen) 

containing the LacI gene in its expression cassette (gift from Prof. Mitchell Lewis, University of 

Pennsylvania). A Tobacco Etch Virus (TEV) protease cleavage site and EcoRI restriction site 

were added to the 5’ end of the sequence and an XhoI restriction site was added to the 3’ end of 

the sequence by primer extension. The gel-purified PCR product was ligated into a high copy 

number, linearized pGEM-T Easy vector (Promega) and transformed into XL1-Blue cells (Agilent). 

Cells harboring vectors which contained the insert were identified by blue-white screening by 
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plating cells on X-gal. Vectors were amplified in rich media and subsequently isolated by 

miniprep. Vectors were then digested using EcoRI and XhoI restriction enzymes (NEB). The 

insert was isolated by gel purification and then subcloned into a pASK-IBA35plus vector 

backbone (IBA) using the corresponding restriction sites. The pASK vector backbone confers 

ampicillin resistance. Ligated vectors were transformed into E. coli DH5α cells (ThermoFisher), 

amplified in rich media, and isolated by miniprep. Ligation of the correct insert was confirmed by 

DNA sequencing. Vectors harboring the gene for the isolated RD of LacI (residues 60-331) and 

the isolated DBD of LacI (residues 1-62) were produced using identical procedures. Recombinant 

LacI constructs expressed from this vector possess an N-terminal 6x-His tag and TEV-protease 

cleavage site. Following treatment with TEV-protease, a single non-native glycine residue is left 

at the N-terminus. For all constructs, the first few N-terminal residues are unstructured. The 

additional glycine is therefore not expected to affect functionality.  

 An expression vector containing the gene encoding the DBD of LacI, including the entire 

hinge region (residues 1-62) under control of an inducible T7 promoter was constructed. 

Residues 1-62 were amplified by PCR from an arabinose-inducible vector (pBAD Gateway, 

ThermoFisher/Invitrogen) containing the LacI gene in its expression cassette (gift from Prof. 

Mitchell Lewis, University of Pennsylvania). An NdeI restriction site was added to the 5’ end of the 

sequence and an XhoI restriction site was added to the 3’ end of the sequence by primer 

extension. The gel-purified PCR product was ligated into a high copy number, linearized pGEM-T 

Easy vector (Promega) and transformed into XL1-Blue cells (Agilent). Cells harboring vectors 

which contained the insert were identified by blue-white screening by plating cells on X-gal. 

Vectors were amplified in rich media and subsequently isolated by miniprep. Vectors were then 

digested using NdeI and XhoI restriction enzymes (NEB). The insert was isolated by gel 

purification and then subcloned into a pET-15b vector backbone in-frame with an N-terminal 6x-

His tag and Thrombin cleavage site. Ligated vectors were transformed into E. coli DH5α cells 

(ThermoFisher), amplified in rich media, and isolated by miniprep. Ligation of the correct insert 

was confirmed by DNA sequencing. The DBD construct expressed from this vector possess an 
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N-terminal 6x-His tag and Thrombin-protease cleavage site. Following treatment with Thrombin, 

three non-native residues are left at the N-terminus: glycine, serine, and histidine. Again, the first 

few N-terminal residues of this construct are unstructured so the additional residues are therefore 

not expected to affect functionality significantly.   

2.2.2 Host strains  

 Because the pASK vector utilizes an E. coli promoter, there are no restrictions placed on 

the choice of host strain. The BLIM strain [146] was chosen as the host strain for the pASK 

vector. BLIM cells are derived from the BL26 Blue strain (Novagen), a derivative of BL21 cells 

from which the lac operon has been deleted and an Fˊ episome carrying lacI under control of the 

lacIq promoter has been introduced. The BLIM strain was originally made by curing BL26 Blue 

cells of the Fˊ episome, resulting in a strain completely devoid of the lacI gene. BLIM cells were 

obtained from Prof. Kathleen Matthews’ laboratory (Rice University) via Addgene (Bacterial strain 

#35609) and the absence of the lacI gene was confirmed by colony PCR using the same primers 

employed to amplify the LacI gene. The classical MacConkey colormetric screen was employed 

to determine if the BLIM strain possessed a functional lac operon [147]. In brief, liquid growth 

medium consisting of peptone (20 g/L), lactose (10 g/L), and phenol red (0.025 g/L) was 

prepared. Plates of this medium were also cast after the addition of agar powder (15 g/L). Cells 

which possess functional LacY and LacZ proteins ferment lactose, causing the pH of the medium 

to fall below 6.8. This results in a yellow-colored medium. Cells which do not possess functional 

LacY or LacZ proteins metabolize peptone which produces ammonia and raises the pH above 

8.2. This results in a pink-colored medium. It should be noted that the original MacConkey screen 

utilized neutral red as a pH indicator instead of phenol red so the color readout here is reversed. 

Furthermore, it should be made clear that this test cannot definitively confirm or deny the 

presence of the lac operon structural genes, only the presence of functional forms of the LacY 

and LacZ proteins.  

 The BLIM strain cannot be used as a host for the pET-15b vector since this vector utilizes 

a T7 promoter which is not recognized by E. coli RNA polymerase. As a result, T7 RNA 
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polymerase must be expressed separately before recombinant protein expression can 

commence. This can be accomplished via co-transformation with a separate plasmid [146] or via 

the use of a genetically modified host strain where the gene for T7 RNA polymerase has been 

integrated into the chromosome. A variety of commercially-available host strains have been 

created via the latter approach. We have chosen to use one such strain, BL21(DE3), which is a 

protease deficient B-strain derivative that has been lysogenized with the DE3 element, a lambda 

prophage carrying the gene for T7 RNA polymerase under control of an inducible lacUV5 

promoter. The lacUV5 promoter is regulated by LacI and induction is performed via addition of 

exogenous IPTG. This vector and strain combination therefore contains multiple copies of the lacI 

gene and lac O1 operator: one copy of the lacI gene and lac O1 operator on the vector, one copy 

of the lacI gene and lac O1 operator (as well as O2 and O3 operators) on the natural chromosome, 

and one copy of the lacI gene and lac O1 operator on the DE3 element. Though the user manual 

for the commercially-available BL21(DE3) strain (Novagen pET System Manual) suggests that 

the lacI gene is not included in the DE3 element, DNA sequencing confirms that the lacI gene is 

indeed included (GenBank entry: EU078592.1, enterobacteria phage DE3, complete genome 

from BL21(DE3)). Native lacI is expressed at low levels due to the inherent weakness of the lacI 

promoter, however, it has been documented that heterodimerzation between regulatory LacI and 

recombinant LacI can still be an issue [139]. As such, the pET-15b vector/BL21(DE3) host strain 

expression system was only used to express the isolated DBD which does not oligomerize, does 

not bind IPTG, and binds the lac O1 operator with considerably weaker (~3 orders of magnitude) 

affinity than full length LacI. Furthermore, the BL21(DE3) strain was also previously demonstrated 

to be highly sensitive to expression of the isolated RD, so much so that over-expression of the 

isolated RD resulted in cell death [139].  

2.2.3 Expression of LacI and LacI regulatory domain  

 All growth media were supplemented with ampicillin. Chemically competent BLIM cells 

were transformed with either the pASK vector harboring the gene encoding LacI or the pASK 

vector harboring the gene encoding the RD of LacI and selection was performed using LB plates 
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following an overnight (< 16 hour) incubation period at 37˚C. For proteins expressed in rich or 

H2O-M9 minimal medium, a single colony was first used to inoculate a 50 mL culture of LB 

medium and grown in a shake flask at 37˚C overnight to stationary phase (OD600 ~ 3-4). The next 

morning, 1 L cultures of either LB or H2O-M9 minimal medium were inoculated to an initial OD600 

of 0.05 and left to grow at 37˚C in shake flasks until an OD600 of 0.5 (H2O-M9 minimal medium) or 

1.0 (LB medium) was reached. At this point, cultures were induced with 100 µL of a 2 mg/mL 

stock of anhydrotetracycline (IBA) prepared in ethanol. The temperature was then reduced to 

25˚C and cells were left to grow overnight (< 16 hours). Cells were harvested by centrifugation 

and frozen at -80˚C as 30 mL suspensions in 50 mM sodium phosphate, 500 mM sodium 

chloride, pH = 7.8.     

 Preparation of highly deuterated LacI and RD followed a procedure similar to that 

previously published for preparing highly deuterated malate synthase G [148]. A single colony 

was selected from LB plates and used to inoculate a 5 mL LB culture. The culture was grown at 

37˚C until cells reached an OD600 ~0.8-1.0. At this point, cells were spun down and re-suspended 

in 20 mL of H2O-M9 minimal medium and left to grow at 37˚C until an OD600 of 0.5 was reached. 

Cells were then spun down and re-suspended in 75 mL D2O-M9 minimal medium (> 90% D2O 

v/v). Cultures were left to grow overnight at 37˚C. The next morning, cells were harvested and 

used to inoculate a 900 mL cultures of D2O-M9 minimal medium to an initial OD600 of 0.05. Cells 

were grown at 37˚C until an OD600 of 0.4-0.5 was reached. Cultures were induced with 100 µL of 

a 2 mg/mL stock of anhydro-tetracycline prepared in ethanol.  Induced cultures were left to grow 

overnight at 30˚C (< 16 hours). Typical OD600 values at stationary phase were ~1.0 for LacI and 

~2.0 for RD preparations. Cells were harvested by centrifugation and frozen at -80˚C as 30 mL 

suspensions in 50 mM sodium phosphate, 500 mM sodium chloride, pH = 7.8. In some cases 

HEPES (20 mM, pH = 7.8) or TRIS (20 mM, pH = 7.8 measured at 25˚C) was used instead of 

sodium phosphate.  

2.2.4 Expression of LacI DNA-binding domain  

 All growth media were supplemented with ampicillin. Expression of the isolated DBD of 
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LacI from the pASK/BLIM expression system was compared to that from the pET-15b/BL21(DE3) 

expression system.   

 Chemically competent BLIM cells were transformed with the pASK vector harboring the 

gene encoding the DBD of LacI and selection was performed using LB plates following an 

overnight (< 16 hour) incubation period at 37˚C. For proteins expressed in rich or H2O-M9 

minimal medium, a single colony was first used to inoculate a 50 mL culture of LB medium and 

grown in a shake flask at 37˚C overnight to stationary phase (OD600 ~ 3-4). The next morning, 1 L 

cultures of either LB or H2O-M9 minimal medium were inoculated to an initial OD600 of 0.05 and 

left to grow at 37˚C in shake flasks until an OD600 of 0.5 (H2O-M9 minimal medium) or 1.0 (LB 

medium) was reached. At this point, cultures were induced with 100 µL of a 2 mg/mL stock of 

anhydrotetracycline (IBA) prepared in ethanol. A variety of expression temperatures and 

durations were assessed (vide infra), however, the optimal combination was 37˚C and 3-4 hours. 

Cells were harvested by centrifugation and frozen at -80˚C as 30 mL suspensions in 50 mM 

sodium phosphate, 500 mM sodium chloride, pH = 7.8. Identical procedures were followed for 

expression using the pET-15b/BL21(DE3) expression system except using 1 mM IPTG as the 

inducer. Typical OD600 values at stationary phase were ~1.0 for both constructs. 

2.2.5 Purification of LacI and LacI regulatory domain  

 Frozen cell suspensions were thawed in a room-temperature water bath and then 

transferred to ice. MgCl2 was added to a final concentration of 10 mM, CaCl2 was added to a final 

concentration of 5 mM, Triton-X 100 was added to a final concentration of 0.2% (v/v), and fresh 

phenylmethylsulfonyl fluoride (PMSF) was added to a final concentration of 1 mM. One 

“cOmplete Mini” EDTA-free, broad range protease inhibitor tablet (Roche), 5 mg of hen egg white 

lysozyme, and 3.5 mg of bovine pancreas DNaseI were also added. The suspension was left to 

rock gently at 4˚C for one hour. Sonication was then performed on ice using a repeated series of 

15 pulses followed by resting on ice. Cell debris was pelleted by centrifugation at 15,000 rpm for 

30 minutes at 4˚C and the lysate was further clarified by passage through a 0.4 µm syringe filter.  

 All purification steps utilized an Äkta Prime Plus FPLC system operating at 4˚C with the 
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exception of the final gel filtration step which was sometimes performed at room temperature. 

Methods were programmed to automate isolation procedures. Protein was detected by UV/Vis 

absorbance at 280 nm. Immobilized metal affinity chromatography (IMAC) was performed using a 

3-5mL nickel-IDA column (His60 Ni Superflow, Clontech) and two buffers: buffer A (50 mM 

sodium phosphate, 500 mM sodium chloride, and 3 mM fresh BME, pH = 7.8) and buffer B (50 

mM sodium phosphate, 500 mM sodium chloride, 250 mM imidazole, and 3 mM fresh BME, pH = 

7.8). In some cases HEPES (20 mM, pH = 7.8) or TRIS (20 mM, pH = 7.8 measured at 25˚C) was 

used instead of sodium phosphate. The lysate was loaded onto the column using a 50 mL 

superloop and the loaded column was washed with buffer A then 16% buffer B until the detector 

baseline was flat. Protein was then eluted isocratically using 100% buffer B. The eluted fractions 

were analyzed by SDS-PAGE, pooled, and dialyzed against 4 L of buffer A overnight at 4˚C in the 

presence of 1 mg of recombinant 6x-His tagged TEV protease [149].   

 Protease-treated protein solutions were then subject to a second round of IMAC using 

the same nickel IDA column equilibrated with buffer A at 4˚C. The flow through was collected and 

purity was assessed by SDS-PAGE. Pure fractions were then pooled, concentrated to about 0.2-

0.3 mM (for both LacI and LacI regulatory domain), then subject to gel filtration using either a 

~120 mL Superdex 75 (at room temperature) or ~65 mL Superdex 200 (at 4˚C) column (GE 

Healthcare) equilibrated with NMR buffer: either 20 mM sodium phosphate, 150 mM sodium 

chloride, 3 mM DTT, pH = 7.4 (LacI) or 20 mM sodium phosphate, 50 mM sodium chloride, 3 mM 

DTT, pH = 7.4 (LacI regulatory domain) at 4˚C. In some cases HEPES or TRIS (20 mM, pH = 7.4 

for both) was used instead of sodium phosphate. The final purity of LacI or LacI regulatory 

domain was typically > 99% as determined by quantification of SDS-PAGE results using the 

program ImageJ (data not shown) [150]. 

2.2.6 Purification of LacI DNA-binding domain  

 Cells were lysed and an initial round of IMAC was performed identically as described for 

the LacI and RD constructs. Purified fractions were dialyzed overnight against buffer A without 

added protease. The next morning (<16 hours later), the dialysate was removed and brought to 
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room temperature. A 1/200 v/v dilution of bovine thrombin stock solution (250 U/mL) was added 

and the protein solution was left to rock gently at room temperature for 2-4 hours. Thrombin was 

subsequently inhibited by the addition of PMSF to a final concentration of 0.01 mM. The protein 

solution was then subjected to a second round of IMAC using the same nickel IDA column 

equilibrated with buffer A at 4˚C. The flow through was collected and purity was assessed by 

SDS-PAGE. Several high molecular weight impurities which ran at approximately 100 and 30 kDa 

on an SDS-PAGE gel was consistently retained following the second IMAC run. Preliminary 

characterization of the purified DBD ignored this contaminant since it was unlikely to be detected 

by NMR due to its high molecular weight and low concentration relative to the DBD. Fractions 

containing DBD were buffer exchanged into 20 mM sodium phosphate, 200 mM sodium chloride, 

pH = 7.4 via serial dilution using a 3.5 kDa molecular weight cutoff centrifugal concentrator. 

Monitoring of this sample by NMR revealed that it was partially proteolyzed, perhaps due to the 

high molecular weight impurity. The contaminant was therefore removed in subsequent 

preparations by gel filtration using a Superdex 200 column using 20 mM sodium acetate, 200 mM 

sodium chloride, pH = 4.5 as the running buffer which also served as the final NMR buffer.    

2.2.7 Preparation of Osym, LacI-Osym, and LacI DBD-Osym samples  

 The 22 BP Osym operator (5’-GAATTGTGAGCGCTCACAATTC-3’) was purchased as 

HPLC-purified, single-stranded DNA (IDT) and received as lyophilized powder. Operator was 

dissolved in nuclease-free H2O (Promega), aliquoted in 200 µM portions, frozen and re-

lyophilized to remove residual trifluoracetic acid (TFA). Operator was stored at -20˚C. Duplexed 

operator was made by solubilizing lyophilized single-stranded aliquots in annealing buffer (10 mM 

TRIS, 50 mM NaCl, 1 mM EDTA, pH = 8.0) and then heating to 95˚C in a heatblock for 5 minutes. 

Heat-treated operator was then removed and allowed to slow cool on the bench top for several 

hours. Operator concentration was determined using the calculated extinction coefficient at 260 

nm given in the spec sheet from IDT and assuming negligible hyperchromic effects (i.e. 100% 

annealing efficiency). Proper duplexing was checked by native agarose gel in TAE buffer (40 mM 

TRIS, 20 mM acetate, 1mM EDTA, pH = 8.0) using SYBR Green (ThermoFischer) for 
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visualization and by 1H NMR analysis of imino proton resonances using an excitation sculpting 

sequence [151, 152] for water suppression.   

 LacI-Osym complexes were prepared by mixing purified LacI with 20% molar excess of 

duplexed operator. The complex was then buffer exchanged into NMR buffer (20 mM HEPES, 20 

mM NaCl, 3 mM TCEP pH = 7.4) using a 2 mL Sephadex-G25 (GE Healthcare) spin column. LacI 

DBD-Osym and LacI-Osym-IPTG complexes were prepared similarly except with a 50% molar 

excess of duplexed operator. An alternative NMR buffer (10 mM sodium phosphate, 20 mM 

sodium chloride, pH = 6.1) was used for the DBD-Osym sample which had been employed 

previously in many studies by the Kaptein lab [83]. Binding saturation was confirmed by TROSY 

or conventional 1H-15N HSQC experiments prior to data collection. 

2.2.8 Limited proteolysis  

 In order to assess the structural integrity of recombinant LacI and RD, limited proteolysis 

was performed using trypsin from bovine pancreas (Sigma-Aldrich). Briefly, 1 mg  (minimally 

6000 enzyme units) of lyophilizied trypsin was reconstituted in 1 mL of 20 mM sodium phosphate, 

200 mM sodium chloride, 3 mM DTT, pH = 7.4. A separate solution containing 50 µM LacI or RD 

in the same buffer was also made. Following gentle pipetting, 10 µL of trypsin solution was added 

to 90 µL of the LacI or RD solution. Time points were taken at: 1, 2, 3, 4, 5, 10, 20, and 30 min 

and quenched in SDS-loading buffer. The time points were then run on a denaturing SDS-PAGE 

and visualized using coomasie.     

2.2.9 Buffer screening for NMR studies  

 NMR spectroscopy is sensitive to the chemical nature of the buffers used in the 

solubilization of samples. For experiments which detect amide hydrogen nuclei (the bulk of the 

experiments proposed in this work), sensitivity is strongly affected by pH due to hydrogen 

exchange (HX) with H2O. Accelerated HX results in the attenuation of observable amide proton 

signals; pH values are therefore minimized in order to slow HX as much as possible. 

Unfortunately, this presents a severe problem of LacI for two reasons: First, LacI has been 
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documented to precipitate at pH < 6.5 [139]. Second, the bulk of the biochemical characterization 

has been performed on LacI at pH = 7.4-7.5.  

 An additional complication specific to our NMR hardware is an acute sensitivity to the 

ionic strength of the sample solution. In our laboratory, cryogenically cooled NMR probes are 

used on all instruments which offer a theoretical gain in sensitivity of a factor of 4 [153]. However, 

the observed gain in sensitivity is strongly dependent on the ionic strength of the sample being 

analyzed [154]. Since LacI is a DNA-binding protein, it requires relatively high concentrations of 

salt to maintain solubility when free from DNA—with some reports even suggesting as much as 

400 mM salt be used [139]. Such high concentrations of salt largely negate the advantages of 

using a cryogenically cooled probe (by nearly a factor of 2 for our machines [155]) and will 

invariably disrupt DNA-binding, making the choice of sample buffer very difficult.  

 A variety of buffers were therefore screened empirically and in low-throughput fashion. 

Recombinant LacI prepared in various buffers at various concentrations was monitored for 

aggregation by visual inspection (for precipitation) or absorbance at 600 nm and at later stages 

by NMR spectroscopy using 1H-15N TROSY-HSQC experiments (data not shown). Failed screens 

are not shown for brevity but the following conditions were identified as being optimal:    
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Table 2.1 Buffer conditions for LacI NMR samples 

Functional State Protein Conc. Buffer Salt Conc. pH 

Apo LacI 100-200 µM Phosphate, HEPES, 

TRIS (20 mM) 

150-200 mM 7.4 

LacI-IPTG 100-200 µM Phosphate, HEPES, 

TRIS (20 mM) 

150-200 mM 7.4 

LacI-Osym 150-250 µM HEPES (20 mM) 0-20 mM 7.4 

LacI-Osym-IPTG 150-250 µM HEPES (20 mM) 0-20 mM 7.4 

Apo LacI RD 100-200 µM Phosphate, HEPES, 

TRIS (20 mM) 

50 mM 7.4 

LacI RD-IPTG 100-200 µM Phosphate, HEPES, 

TRIS (20 mM) 

50 mM 7.4 

Apo LacI DBD 1 mM  Acetate (20 mM) 200 mM 4.5 

LacI DBD-Osym
1 1 mM Phosphate (10 mM) 20 mM  6.1 

1Buffer conditions determined previously by Rob Kaptein’s group [83] 

2.2.10 NMR spectroscopy  

 NMR samples were prepared as described in Table 2.1 with 0.1 mM 4,4-dimethyl-4-

silapentane-1-sulfonic acid (DSS) and 0.02% w/v sodium azide added as a chemical shift 

reference and preservative, respectively. For LacI and LacI RD samples, TROSY 1H-15N  HSQC 

[156] experiments were collected at 298 K (for DNA free states) or 308 K (for Osym-bound states) 

on a Bruker Avance III spectrometer equipped with cryoprobe operating at 750 MHz 1H Larmor 

frequency. 1H-15N HSQC [157] [158] experiments were collect on LacI DBD samples at 298 K 

(apo state) or 308 K (Osym-bound state) on a Bruker Avance III spectrometer equipped with 

cryoprobe operating at 500 MHz 1H Larmor frequency. All NMR data were processed using 

NMRPipe/NMRDraw [159] after adjusting data for digital oversampling. The solvent signal was 

suppressed using a low pass boxcar-shaped deconvolution filter with a length of ±16 points. Time 

domain data were then apodized with a 70˚ squared sine bell function and zerofilled twice (then 

rounded up to the nearest power of 2) prior to discrete Fourier transform (DFT). In some cases, a 
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polynomial function base line correction was applied after transform to the acquisition 1H 

dimension to correct for distortions introduced by the H2O resonance.  

2.3 Results and Discussion 

2.3.1 Characterization of BLIM strain  

 The BLIM strain is an attractive host for the recombinant production of LacI and the RD 

because it is devoid of the lacI gene. However, since the strain was derived via curing another 

strain of an episome, the absence of the lacI gene needed to be confirmed. This was done by 

colony PCR using the same primers used to amplify the lacI gene for cloning (see appendix 2 for 

primer sequences). Figure 2.1a shows the results from the colony PCR. Untransformed BLIM 

cells were plated on LB-agar and left to grow at 37˚C for approximately 16 hours. BLIM cells 

transformed with a vector containing the lacI gene (residues 1-331) were also plated and left to 

grow in identical fashion. Single colonies from each plate were then subject to whole colony PCR 

and the reaction mixtures were subsequently run on an agarose gel. It is clear that all 

untransformed BLIM colonies do not yield amplicons whereas all transformed BLIM cells yield 

amplicons which run at ~1 kB, as expected for the 331 residue LacI construct. This confirms that 

the lacI gene is not present in the BLIM strain. Figure 2.1b-c shows the results of a MacConkey 

colormetric screen which assays for functional LacY and LacZ proteins. Untransformed BLIM and 

BL21(DE3) cells were grown either in liquid MacConkey medium or on MacConkey agar plates. 

The BLIM cells uniformly yield pink cultures, indicating that they cannot utilize lactose. The 

BL21(DE3) cells, however, uniformly yield yellow cultures, indicating that they can utilize lactose. 

This suggests (though does not necessarily confirm) that the BLIM strain is likely devoid of the lac 

operon as expected from the genotype originally reported of its progenitor BL26 strain. Since the 

presence of the lacZ, lacY, and lacA genes will not impact the heterogeneity of recombinant LacI 

or RD produced in BLIM cells, confirmatory genetic studies (such as PCR) were not pursued. 
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Figure 2.1 Characterization of the BLIM host strain. (A) Colony PCR results for BLIM cells either 
untransformed (left 5 lanes) or transformed with an expression vector containing the lacI gene 
(right 5 lanes). (B) MacConkey liquid medium screen for untransformed BLIM cells (left) and 
BL21(DE3) cells. (C) MacConkey solid medium screen for untransformed BLIM cells (left) and 
BL21(DE3) cells (right).  

	  

2.3.2 Expression vector construction  

 Because LacI is a homo-oligomer, expressing a recombinant copy of lacI in the presence 

of other copies of the lacI gene could result in hetero-oligomerization if the dimerization and/or 

tetramerization domains are intact. In order for significant hetero-oligomerization to occur, the 

expression levels of each copy of the lacI gene need to be somewhat comparable. The native lacI 

gene in E. coli is expressed at very low levels and only a few copies of LacI exist in a single E. 

coli cell at any given time [160]. Over-expressing a recombinant copy of lacI in this background is 

unlikely to result in detectable heterodimerization. However, popular commercial E. coli host 

strains used in T7 expression systems (such as BL21(DE3) and derivates thereof) contain an 

additional copy of the lacI gene on the DE3 element which is used to regulate the expression of 

T7 RNA polymerase [140]. Additionally, the most commonly used vectors possessing LacI-
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regulated T7 promoters posses their own copy of the lacI gene. Most commercially-available pET 

vectors have a pBR322 origin of replication which yields copy numbers of 15-20 per cell. The 

potential for heterodimerization becomes even greater when lacI promoter mutations, such as the 

popular lacIq [161] or lacIq1 [162] mutations, are used to increase expression levels of LacI (10-

100 fold) for tighter regulation. Despite this, such expression systems are sometimes used to 

express recombinant LacI and IPTG is used to induce recombinant expression [139, 163-165]. 

Since the kd of IPTG binding for LacI and LacI RD is on the order of 1-5 µM [166], contaminating 

IPTG can be retained throughout purification. Indeed, recombinant LacI produced from an IPTG-

inducible expression system has been shown previously to be a mixture of apo and IPTG-bound 

states, even though the concentration of IPTG used to induce over-expression in that particular 

study was only 0.5 mM [139].  

 While procedures could be devised to homogenize LacI, such efforts are laborious and 

will almost invariably involve some degree of denaturation followed by refolding due to the tight 

dissociation constants for IPTG binding and dimerization [167]. An alternative approach is 

presented here which eliminates these complications by simply removing all instances of the lacI 

gene from the expression system. Figure 2.2 shows a diagram of the LacI constructs and TetR-

regulated expression vectors built in this work. The backbone is based on the inducible pASK 

vector [145]. The LacI gene with TEV-protease recognition sequence is inserted in frame with an 

N-terminal 6x-His tag. Recombinant expression is regulated by the native E. coli tetA promoter 

from transposon 10 (Tn10) which is repressed by the TetR protein. Induction is initiated by 

introducing a small amount of anhydrotetracycline, a non-toxic analog of tetracycline. The use of 

an E. coli promoter eliminates the need for host strains lysogenized with the lacI-containing DE3 

element.  
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Figure 2.2 TetR regulated expression vector map. The backbone is the pASK35plus vector which 
possesses an inducible tetracycline promoter (ptet) from E. coli, regulated by the TetR protein. 
The vector confers ampicillin resistance (bla) and is medium copy number (colE1 origin). The 
multiple cloning site (MCS) follows a 6x-His tag. Genes encoding either LacI or the isolated LacI 
regulatory domain (LacI RD) with N-terminal TEV protease recognition sites were subcloned into 
the backbone in frame with the His tag. 

  

 Since IPTG co-purification and hetero-oligomerization are not issues when producing the 

isolated DBD, it could potentially be expressed from a common lac-T7 promoter expression 

system. Therefore, a pET-15b vector harboring the gene encoding the LacI DBD (residues 1-62) 

was also constructed. The map is shown in Figure 2.3. The motivation for constructing this vector 

in addition to the pASK vector is simple: T7 RNA polymerase is known to be approximately 5 

times more efficient at initiating transcription relative to E. coli RNA polymerase [168]. As such, 

higher yields should be expected from using a T7 expression system. This is particularly 

important for the recombinant production of a DBD construct which contains the intact hinge 

region and suffers from low yields due to a presumed susceptibility to proteolysis in vivo [144].    

2.3.3 Expression and purification of LacI  

 As described above, uniform perdeuteration is required for solution NMR studies of LacI. 

In order to express highly deuterated LacI, cells were only minimally adapted to D2O using slightly 

modified protocols previously described [148]. Briefly, the procedure involved an initial growth in 

LB medium, followed by transfer to H2O-M9 minimal medium, then immediate transfer to D2O-M9 

minimal medium (> 90% v/v). This method was favored over serial adaptation since  



48	  
	  

 

Figure 2.3 LacI regulated expression vector map. The backbone is the pET-15b vector which 
possesses an inducible T7 promoter (ptet), regulated by the LacI. The vector confers ampicillin 
resistance (bla) and is medium copy number (pBR322 origin). The multiple cloning site (MCS) 
follows a 6x-His tag and thrombin cleavage site and the primary lac operator (lac O1). Because 
expression is induced by the addition of IPTG and a copy of the lacI gene is on the vector, this 
vector should only be used for producing the isolated DBD. 

 

repeated passages over the course of days in an endA+/recA+ host could result in plasmid 

instability. In order to qualitatively assess the expression level of LacI in highly deuterated 

minimal media, several small scale expression tests were performed. Small cultures (~2 mL) of 

cells that had been transferred to highly deuterated minimal medium were left to grow at 37˚C 

until densities reached an OD600 ~0.4. At this point, a pre-induction sample was taken and the 

remaining cells were induced. Whole cell pellets, harvested before and after induction were then 

subjected to SDS-PAGE which is shown in Figure 2.4. Prior to induction, no noticeable bands are 

evident above background, confirming previous reports that the tetA promoter is tightly regulated 

by TetR, despite being a native E. coli promoter [145]. Following induction with 

anhydrotetracycline, a prominent band appears at about 40 kDa, indicating LacI over-expression. 

OD600 values for cultures in stationary phase following induction were typically ~1.0 for D2O-M9 

minimal medium. These results confirmed that the newly introduced expression system can 

tolerate growth in highly deuterated minimal medium.  
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Figure 2.4 Expression of LacI in highly deuterated medium. Whole cell pellets were subject to 
SDS-PAGE. The results for three separate small scale (~2 mL) cultures are shown. The left most 
lane is a molecular weight marker sample. “Pre-Ind” lanes were pellets harvested just prior to 
induction (OD600 ~0.4) and “Ind” lanes were pellets harvested following overnight induction at 
30˚C (OD600 ~1.0). The bands marked with the red arrow correspond to the tagged LacI gene 
product which has an expected molecular weight of 38.6 kDa. 

 

LacI produced from 1 L cultures was subjected to three purification steps as described in Section 

2.2. Protein purity after each step was monitored by SDS-PAGE. The first IMAC step using a 

nickel IDA resin results in highly pure protein as shown in Figure 2.5. Fractions containing 

significant amounts of LacI were pooled, treated with His-tagged TEV protease, then subject to 

IMAC again in order to separate TEV-protease, digested His tags, and any residual LacI that still 

possessed a His tag (Figure 2.5b). Tag-less LacI elutes in the flow through but is also retained on 

the column until washed with 16% buffer B. This is because LacI has an inherent affinity for nickel 

resins [169]. Samples eluted in the flow through and after the 16% wash with buffer B were 

structurally identical as judged by NMR (data not shown). The final purification step was gel 

filtration on a Superdex 75 column (Figure 2.6). The elution profile reveals a single, narrow peak 

which is consistent with a highly homogeneous species. Typical yields of LacI are ~13-14 mg/L of 

culture in highly deuterated minimal medium. These yields are nearly 2-fold higher than those 
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previously reported for a thermostable mutant of LacI (K84M) expressed from an unregulated 

vector [139]. Expression of the wild type protein was not presented in that work.  

    

  
 
Figure 2.5 SDS-PAGE analysis of purified LacI. The left most lane for each panel is a molecular 
weight marker sample. (A) Eluted fractions containing tagged LacI from the first IMAC step. The 
elution volume is relative to the start of the application of 100% buffer B. (B) Flow through 
containing tag-less LacI from the second IMAC step. The last lane of (B) marked “E” is the eluted 
fraction obtained from washing the IMAC column with 100% buffer B and contains a small 
amount of tagged LacI, untagged LacI, TEV (two bands presumably due to TEV protease 
autodigestion) and the cleaved tag. The red arrow corresponds to the expected molecular weight 
of the tag-less LacI product (~35.5 kDa).  
 

2.3.4 Expression and purification of LacI regulatory domain  

 A previous report showed that recombinant production of a thermostable mutant of the 

isolated RD of LacI (K84M), was toxic to three common E. coli host strains [170]. The toxicity was 

so pronounced that cells could not even be successfully transformed with plasmid DNA. It was 

observed that the toxicity was reduced only when full length LacI was introduced into the 

expression system at appreciable levels. As such, an IPTG-inducible expression vector was 

created to co-express full length LacI with K84M RD. Three major limitations to using this 

expression system were noted: 1) Heterodimerization between full length LacI and LacI (K84M) 

RD; 2) IPTG co-purification; 3) The requirement to keep starter cultures at low cell densities. 

While the first two issues could be addressed by purification and a special IPTG-removal step, 

the latter issue seemed unavoidable and was attributed to leaky expression of the toxic RD. This 
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was perhaps surprising considering the host strain used for successful recombinant RD 

production, Rosetta(DE3) pLysS, utilizes a lacUV5 promoter and expression of T7 lysozyme to 

regulate the expression and functionality of T7 RNA polymerase. The lacUV5 promoter should 

impart very tight regulation since it is insensitive to decreases in catabolite repression as cell 

densities increase and T7 lysozyme should inhibit T7 RNA polymerase. This would suggest that 

the toxicity of LacI (K84M) RD is particularly acute.   

 

 

Figure 2.6 Gel filtration chromatography of purified LacI. The inset shows the SDS-PAGE results 
for the eluted fractions where the left most lane is a molecular weight marker sample. 
 

 Recombinant production of the wild type isolated RD was attempted using the pASK 

vector/BLIM strain combination. Figure 2.7 shows the growth curve for BLIM cells carrying the 

vector for wild type LacI RD in highly deuterated minimal medium. All measurements were made 

prior to inducing over-expression. The growth curve for BLIM cells carrying the vector for intact 

dimeric LacI is also shown for reference. It is clear that cells carrying the LacI RD expression 

vector grow robustly at a rate nearly identical to that for cells carrying the intact dimeric LacI 

expression vector. To see if the previously observed toxicity stemmed specifically from the use of 

the thermostable K84M mutation, growths were monitored for BLIM cells transformed with a 

vector harboring LacI(K84M) RD and a similar mutant, K84L, which exhibits an even stronger 
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degree of thermostabilization [171]. The growth curves are shown in Figure 2.7b and it is 

apparent that neither vector is toxic to BLIM cells.      

 

 

Figure 2.7 Elimination of LacI RD toxicity. Cell growth is monitored by OD600. (A) BLIM cells 
carrying the full length (FL) LacI* expression vector (black circles) and BLIM cells carrying the 
LacI* isolated regulatory domain (RD) vector (red circles). (B) BLIM cells carrying the LacI* 
(K84M) isolated regulatory domain vector (black triangles) and BLIM cells carrying the LacI* 
isolated regulatory domain vector (red triangles). All cells were cultured in highly deuterated M9 
minimal medium and grown at 37˚C in shake flasks. 
 
 

 The effect of over-expressing LacI RD was then examined. Figure 2.8a-c shows an 

expression test for wild type, K84L, and K84M LacI RD in highly deuterated minimal medium, 

respectively. It is clear that all three constructs exhibit high levels of over-expression. Final OD600 

values for induced 1L cultures in stationary phase were ~2.0 for wild type RD and the K84L 

mutants and ~1.5 for the K84M mutant. Yields obtained from 1 L growths in highly deuterated 

minimal medium were ~15 mg for wild type, ~10 mg for K84L, and ~9 mg for K84M. The slightly 

reduced yields for the K84 mutants may not necessarily reflect enhanced toxicity, since it was 

observed the His tag cleavage was markedly less efficient for these mutants (data not shown). 

This is perhaps expected considering that the crystal structure of the K84L mutant exhibits a 

more tightly packed monomer-monomer interface relative to the structure of wild type [172]. This 

likely reduces flexibility and, in turn, access to the His tag. Regardless, the observed yields are all 
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over 2-fold higher than the previously reported yield [170]. Ostensibly, this increase may not 

appear that drastic. However, it should be noted that E. coli RNA polymerase is five-fold less 

efficient than T7 RNA polymerase [173], therefore the improvement in yield is actually quite 

considerable.   

 

 

Figure 2.8 Expression profiles for LacI RD (A) wild type LacI* RD, (B) LacI*(K84L) RD, and (C) 
LacI*(K84M) RD. Whole cell pellets were subject to SDS-PAGE. For each panel, left most lanes 
are molecular weight marker samples, center lanes are pre-induction (PI) samples (OD600 ~0.4) 
and right most lanes are post-induction (I) samples (OD600 ~2.0 for wild type and K84L, ~1.5 for 
K84M). The red arrow corresponds to the expected molecular weight of the tagged RD (~32.1 
kDa). 
 

2.3.5 Expression and purification of LacI DNA-binding domain  

 Presumably, the recombinant production of the isolated DBD should be straightforward 

since there is no threat of hetero-oligomerization or co-purification. As described in Chapter 1, the 

DBD has been the subject of extensive study by solution NMR. Traditional methods for producing 

the DBD recombinantly have relied on a T7-promoter based system wherein the expression of T7 

RNA polymerase is regulated by temperature [124, 144, 174]. However, yields from such 

expression systems have been reported to be low and often high density fermentation is 

employed. Two alternative expression vectors were constructed for producing recombinant LacI 

DBD and compared: one utilizing the pASK/BLIM expression system and another using a pET15-
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b/BL21(DE3) expression system.  

     Because of its small molecular weight, the isolated DBD does not need to be 

expressed in deuterated growth medium (at least for the specific NMR resonance assignment 

applications for which this construct will be used). Initial attempts to over-express the isolated 

DBD using the pASK/BLIM expression system in rich medium (LB) failed. Changing the 

temperature and expression time had no noticeable effects on expression levels. The exact origin 

for the low expression yield is unclear, however, it may be due to mild toxicity. The average OD600 

value of induced cultures in stationary phase was 1.57 ± 0.17 (n = 4) following 4 hours of 

expression at 37˚C and 2.08 ± 0.61 (n = 4) following 16 hours of expression at 25˚C. This is 

considerably lower (~2.0x) than typical saturating OD600 values for LacI and RD over expressed in 

LB medium. Previous work had suggested that the DBD was prone to proteolysis in vivo, 

however the strain used in that particular study, HB101, was not protease deficient [144]. The 

BLIM strain used here, like most B-strain derivatives, is only devoid of lon and OmpT proteases, 

so the in vivo degradation hypothesis is still plausible. Regardless of the exact origin, it is 

apparent that the pASK/BLIM expression system is not optimal for producing isotopically-labeled 

DBD.  

 Similar expression tests were then performed for the pET15-b/BL21(DE3) expression 

system. Figure 2.9a shows that over-expression is readily detected in rich medium. Importantly, 

robust over-expression is also detected in H2O-M9 minimal medium, suggesting that isotopically-

labeled NMR samples of the DBD can be made. Though it should be noted that final OD600 

values for over-expression in H2O-M9 minimal medium were consistently ~1.0 which is about 2x 

lower than growths where transformed cells were left uninduced.  

 The purification of the isolated DBD was straightforward. Figure 2.9b-c shows SDS-

PAGE results for a typical preparation. While IMAC was generally sufficient for acceptable purity, 

faint bands at higher molecular weights (~30 kDA and ~100 kDa) were often observed. The 

contaminating species could subsequently be removed by gel filtration.  
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Figure 2.9 Expression and purification of LacI DBD (A) SDS-PAGE of whole cell pellets over- 
expressing LacI DBD in LB and M9 minimal medium. The units of time refer to expression 
duration following induction. (B) SDS-PAGE of eluted fractions from 1st IMAC column. (C) SDS-
PAGE of eluted fractions from 2nd IMAC column. (D) SDS-PAGE of eluted fractions following gel 
filtration. The red arrow corresponds to the expected molecular weight of the DBD (~7 kDa) and 
the green arrows indicate persistent contaminants.  
 
 
2.3.6 Recombinant LacI is structurally intact  

 One major concern that arises when producing and isolating LacI is the preservation of 

the DBD. Early limited proteolysis studies of tetrameric LacI revealed that a small N-terminal 

fragment, which we now know to be the DBD, is susceptible to proteolytic removal by trypsin. 

Based on the amino acid sequence and crystal structure, the trypsin cleavage site is located in 

the hinge region (K59) which explains why proteolyzed DBD fragments retain the ability to bind 

DNA, albeit weakly. This sensitivity to proteolysis has recently re-emerged as a key concern 

when producing LacI, so much so that care was taken to retain an N-terminal 6x His tag so as to 

prevent introducing proteases to the recombinant product [139]. This was an unusual decision 

since most proteases utilized for the removal of affinity tags are highly specific. While gel-shift 

assays revealed that the presence of the N-terminal tag did not interfere with DNA-binding, a 

conflicting report suggested the opposite [163]. Since tags are generally large and mobile, they 

often produce difficult to interpret NMR spectral signatures. As such, we have sought to remove 

all affinity tags prior to characterization.  

 Gel filtration elution profiles and SDS-PAGE suggest that recombinant LacI produced 

using our new expression system is indeed intact. In order to confirm this, LacI and the isolated 
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RD were subject to limited proteolysis by trypsin. Figure 2.10 shows that recombinant LacI 

produced using our expression and purification procedure is indeed intact. Within a minute, the 

DBD is readily cleaved, yielding the RD which is largely insensitive to trypsin digestion. These 

results are entirely consistent with the older literature [48, 50, 51].     

 

 

Figure 2.10 Limited proteolysis of LacI and LacI RD (A) SDS-PAGE of LacI samples incubated 
with trypsin as a function of time. (B) SDS-PAGE of LacI RD samples incubated with trypsin as a 
function of time. The red arrow corresponds to the molecular weight of full length LacI (~37 kDa). 
The black arrow corresponds to the molecular weight of the isolated RD (~29 kDa). 

 

2.3.7 Confirmation that Osym is duplexed  

 The preparation of duplex Osym followed conventional protocols, however, it has been 

noted that annealing single-stranded Osym can be problematic and inefficient (Liskin Swint-Kruse, 

personal communication). In order to confirm that annealing Osym resulted in the complete 

formation of properly duplexed DNA, 1H NMR was performed. Figure 2.11 shows the imino proton 

region of a 1H NMR spectrum of Osym prepared using the protocol outlined above. The spectrum 

is identical to the previously published spectrum of the duplexed operator [175], confirming that 

Osym is indeed properly duplexed in our preparations.     
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Figure 2.11 1H NMR spectrum of the imino protons of duplexed Osym. The spectrum is identical to 
previously published data and resonances assignments are indicated. The terminal base pairs 
are not observed due to rapid exchange with the solvent as a result of fraying [175]. 

 

2.3.8 Preliminary characterization of LacI structure and function by NMR  

 In order to gain a more detailed structural view of the recombinant products, NMR 

spectroscopy of isotopically labeled LacI and its constituent domains was performed. The 

simplest and most informative NMR experiment at this stage is 1H-15N heteronuclear single 

quantum coherence (HSQC). This spectrum is often referred to as the “fingerprint” of a protein 

because it yields a resonance for each amide H-N bond vector. However, the identity or 

“assignment” of each resonance cannot be determined without additional data collection. At the 

time of this study, resonance assignments were only available for the isolated DBD bound to Osym 

(via Prof. Rob Kaptein’s group deposited in the Biological Magnetic Resonance Bank (BMRB)). 

However, even without assignments, HSQC spectra can still be interpreted with respect to 

structure and function.  

 The frequency of an observed resonance, known as the chemical shift, is exquisitely 
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sensitive to changes in the local chemical environment. As such, it is an extremely valuable 

readout for conformational changes that may accompany binding events. The functionality of a 

protein can therefore be determined simply by visual inspection of chemical shift perturbations. 

With respect to LacI, we are interested in probing IPTG-binding and operator-binding.   
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Figure 2.12 1H-15N TROSY-HSQC spectra of LacI and LacI RD apo and IPTG-bound states (A) 
Apo LacI. (B) LacI bound to IPTG. (C) Apo RD. (D) RD bound to IPTG. All data were collected at 
750 MHz and 25˚C. Negative peaks are shown in red. 
 

 As described in Chapter 1, the operator we have chosen for this study is Osym because 

the perfectly symmetric DNA sequence simplifies NMR spectra. Moreover, the interaction 

between LacI and Osym has been characterized in the bulk of structural studies performed to date. 

Both IPTG and Osym bind LacI with sub-micromolar dissociation constants. High affinity binding is 

typically (though not always [176]) slow on the NMR-timescale, meaning that the rate of 
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exchange between free and bound states is slower than the difference between the free and 

bound resonance frequencies. In other words, apo and bound states yield unique peaks rather 

than one peak with a population-averaged frequency. This is beneficial at this preliminary stage of 

characterization because it allows for the rapid detection of non-functional or under-titrated 

samples.      

  

 

 
Figure 2.13 1H-15N TROSY-HSQC spectra of LacI operator-bound states (A) LacI-Osym binary 
complex. (B) LacI-Osym-IPTG ternary complex. All data were collected at 750 MHZ and 35˚C. 
Negative peaks are shown in red. 

 

 Figure 2.12 shows 1H-15N TROSY HSQC spectra for apo and IPTG-bound LacI (2.12a-b, 

respectively) and LacI RD (2.12c-d, respectively) collected at 25˚C. The temperature was chosen 

in accordance with previously reported thermal denaturation melting temperatures of dimeric 

LacI. The LacI RD and DBD have different melting temperatures: 55˚C (measured by us using 

fluorescence emission, data not shown) and 37˚C [177], respectively. As such, 25˚C was chosen 

to accommodate the less thermostable DBD. The dispersion of chemical shifts indicates that the 
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proteins are well folded. A single set of resonances is observed, which is to be expected for a 

symmetric dimer. Importantly, drastic changes in chemical shift are observed upon IPTG-binding 

which confirms that the proteins are functional. Qualitatively, it is clear that spectra of the RD are 

highly similar to those of LacI (to be discussed further in Chapter 3) which suggests that the 

constituent domains will be useful for chemical shift assignment.  

 Spectra of LacI bound to a duplexed 22-base pair Osym are shown in Figure 2.13. The 1H-

15N TROSY HSQC spectrum of the LacI-Osym binary complex is shown in 2.13a and the 1H-15N 

TROSY HSQC spectrum of the LacI-Osym-IPTG ternary complex is shown if 2.13b. Both were 

collected at 35˚C to improve molecular tumbling. To our knowledge, thermal denaturation studies 

have not been reported for the dimeric LacI-Osym binary or LacI-Osym-IPTG ternary complex. 

However, such studies have been reported for tetrameric LacI bound to non-operator DNA and 

indicate that DNA-binding increases the melting temperature of LacI [178]. Curiously, it was 

shown that IPTG-binding has no affect on the melting temperature of LacI, whether free or bound 

to DNA. As a control, spectra were also collected at 25˚C and no significant differences were 

observed (data not shown). The spectral quality is excellent. Again, both states yield spectra with 

a single set of resonances, consistent with a symmetric dimer. Importantly, we present (to our 

knowledge) the first high resolution view of the ternary LacI-Osym-IPTG complex which is 

recalcitrant to crystallization.   
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Figure 2.14 1H-15N HSQC spectra of the isolated LacI DBD (A) Apo DBD at pH = 4.5. (B) Apo 
DBD at pH = 7.4. (C) DBD-Osym complex. (A-B) were collected at 500MHz and 25˚C whereas (C) 
was collected at 500 MHz and 35˚C. All data were processed identically. 

  

 In order to assess the quality of the recombinant LacI DBD produced using the pET-

15b/BL21(DE3) expression system, 1H-15N HSQC spectra were collected at 25˚C. Initial NMR 

studies were performed at the same pH used in studies of LacI and LacI RD, pH = 7.4. However, 

it was apparent that many resonances were broadened beyond detection. While line broadening 

can arise for a variety of reasons, one plausible explanation is accelerated HX. In order to test 

this, a 1H-15N HSQC spectrum was also collected at pH = 4.5. Figure 2.14a-b shows spectra of 

the apo DBD at pH = 4.5 and pH = 7.4, respectively. It is clear that the peaks that were not 

observed at pH = 7.4 are observable at pH = 4.5.   

 In order to test the functionality of the isolated DBD, a 1H-15N HSQC spectrum of the DBD 

were collected in the presence of saturating amounts of Osym as shown in Figure 2.14c. The 

dramatic changes in chemical shift indicate that the isolated DBD is competent to bind Osym, thus 

confirming its functionality.  

2.4 Conclusions 

 This chapter sought to address several unique complications that are associated with the 

recombinant production of LacI and its constituent domains for high-resolution NMR studies. 
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Novel expression vectors and optimized purification methods were introduced which result in the 

following significant advantages over previous approaches:  

§ High yield, inducible over-expression of LacI without adding contaminating IPTG or high 
concentrations of metabolically active sugars. 
 

§ High yield over-expression of the isolated LacI RD without defects in cell viability and 
without the need for co-expression of full length LacI. 
 

§ Robust over-expression of LacI and the isolated LacI RD in highly deuterated growth 
medium. 
 

§ Recombinant production of sufficient amounts of the isolated LacI DBD without high 
density fermentation.  
 

§ Increased yield of recombinant LacI, RD, and DBD relative to previous reports.  
 
 

 In addition, suitable buffer conditions were identified for NMR studies of LacI, RD, and 

DBD which maximize sample lifetime and spectral quality. Importantly, the NMR buffer conditions 

for LacI are nearly physiological and largely match those used in the bulk of the basic biochemical 

characterization. This is in contrast to previous attempts to characterize dimeric LacI by high 

resolution NMR [139]. Our preliminary NMR-based characterization indicates that LacI, RD, and 

DBD are all well folded and functional. This suggests using NMR to study the structure and 

function of LacI is feasible.   
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CHAPTER 3: Resonance Assignment of Lac Repressor and its Constituent Domains 
	  
Much of the work presented in this chapter was done in collaboration with Marie Carter, 
undergraduate student in Cognitive Science and Joanna Giang, high school student at Julia R. 
Masterman Laboratory and Demonstration School. 

 

3.1 Introduction 

 In Chapter 2, preliminary 1H-15N TROSY-HSQC and 1H-15N HSQC spectra were 

presented for LacI and its constituent domains. These spectra revealed that the recombinant 

products obtained using our optimized expression and purification methods were folded and 

functional. Moreover, the dispersion of resonances was shown to be favorable, suggesting that 

high-resolution analysis of the changes in structure and changes in dynamics that accompany the 

allosteric transition of LacI could be performed. Unfortunately, because there had been no 

previous attempts to characterize dimeric constructs of wild type LacI, the identity of each 

resonance was unknown. Only the resonances for the spectrum of the isolated DBD bound to 

Osym [83] have been made available to the public (BMRB Entry: 4813).   

 Assigning amide 1H-15N NMR resonances entails identifying the unique 1H and 15N 

chemical shifts that arise due to the chemical environment of each amide bond vector. This can 

be done in many ways [179-185] but the conventional approach is to utilize so-called “triple 

resonance” experiments. These experiments exploit the bonded interactions among nuclei, 

usually 1H, 15N, and 13C [125]. Magnetically active nuclei that are bonded are coupled (referred to 

as “scalar-coupling” or “J-coupling”) and this coupling can be utilized to transfer magnetization 

from one nucleus to another. The efficiency of magnetization transfer through bonds depends on 

several factors, most notably: the total number of bonds, the magnitude of the “coupling constant” 

(J) which, in turn, depends on the interaction between nuclei and the electrons in the bond, and 

the relaxation properties of the nuclei involved in the transfer. Long-range transfers through many 

bonds are generally inefficient, so most triple resonance experiments involve a series of higher 

efficiency one-bond transfers. For the conventional assignment of amide 1H and 15N chemical 

shifts, magnetization is transferred first from the amide 1H nucleus, then to the amide 15N nucleus, 
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then to one of several 13C nuclei and then back to the amide 1H nucleus. This series of 

magnetization transfers can establish intra-residue and inter-residue connections which can be 

exploited for resonance assignment. Figure 3.1 shows the major through-bond connections used 

in the typical suite of triple resonance experiments and their respective coupling constants [125]. 

Larger values indicate more efficient transfer. Often, triple resonance experiments are designed 

to correlate a given residue (denoted as residue “i”) with the residue that precedes it in sequence 

(denoted as residue “i-1”), primarily via carbon nuclei. Since degeneracies in frequency are 

common, these connections are established redundantly from correlations of several different 

carbon nuclei: alpha, beta, and carbonyl. 

 

Figure 3.1 Resonance assignment strategy. Illustration of typical through-bond modes of 
magnetization transfer used in triple resonance experiments to assign amide 1H-15N resonances 
and their approximate coupling constants. Figure adapted from Sattler, M. et al., 1999 [125]  

 

 While Figure 3.1 illustrates the various couplings that can be exploited for establishing 

sequential connections between residues, such connections yield no information about amino 

acid type which is required for assigning an identity to a given observable frequency. Identifying 

amino acid type relies largely on the chemical properties of alpha and beta carbons [186]. A 

specific subset of residues yield unique alpha and beta carbon frequencies, and assignments are 

made by simply combining the amino acid sequence, list of sequentially connected frequencies, 

and alpha and beta carbon frequencies. Though some amino acids also yield unique nitrogen and 



66	  
	  

carbonyl carbon frequencies [181], it is much more difficult to make unambiguous assignments 

using these nuclei alone. Table 3.1 illustrates the unique frequencies commonly used for 

assigning amino acids types. A consequence of amino acid typing by alpha and beta carbon 

frequency is that these frequencies must absolutely be observed, meaning the signal must be 

reliably detectable above the noise floor of the spectrum. However, the experiments which detect 

these frequencies are highly insensitive due to the sheer number and nature of the magnetization 

transfer steps required as well as relaxation effects. Table 3.2 lists the relative sensitivities for a 

variety of experiments. As with nearly all NMR experiments, the sensitivity of triple-resonance 

experiments becomes limiting when the molecular weight of the molecule of interest increases 

due to unfavorable relaxation effects [187].  

 

Table 3.1 Unique carbon chemical shifts used for amino acid assignment 

Amino Acid Average Alpha Carbon Shift1 Average Beta Carbon Shift1 

Glycine 45.38 ± 2.39 N/A 

Alanine 53.18 ± 2.98 19.07 ± 3.29 

Serine 58.72 ± 2.95 63.72 ± 5.53 

Threonine 62.24 ± 2.73 69.60 ± 6.30 

  1 Average chemical shifts and standard deviations from BMRB 

 

 Once backbone resonance assignments have been obtained, a variety of experiments 

can be used to assign methyl 1H-13C resonances for methyl-bearing side chains. As discussed in 

Chapter 1, the methyl-bearing side chains are a crucial probe of protein dynamics and their 

motional properties contribute significantly to the residual conformational entropy of the folded 

state which may impact allosteric functionality. The assignment of methyl resonances is 

traditionally done using total correlation spectroscopy (TOCSY), which utilizes spin-lock 

sequences to generate correlations among coupled spins [188]. However, such methods are less 

effective for assigning the methyl resonances of large proteins due to relaxation effects, though 

some success has been found using modified implementations [189, 190]. Alternative 
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approaches using correlation spectroscopy (COSY)-like transfers have been introduced and 

shown to be successful for assigning large proteins in high concentration [128, 191].   

 

Table 3.2 Relative S/N of common triple resonance experiments 

Experiment Correlations Relative S/N (%) 

HNCO H(i), N(i), CO(i-1) 100 

HNCA H(i), N(i), CA(i), CA(i-1) 50/15, CA(i)/CA(i-1) 

HN(CO)CA H(i), N(i), CA(i-1) 71 

HNCACB H(i), N(i), CA(i), CA(i-1), CB(i), CB(i-1) 4/1.7, CA(i)/CB(i) 

1.3/0.5, CA(i-1)/CB(i-1) 

HN(CA)CO H(i), N(i), CO(i), CO(i-1) 13/4, CO(i)/CO(i-1) 

 

  

 Initial attempts to assign LacI started with the intact dimeric construct bound to Osym. The 

reasons for this were as follows: First, the LacI-Osym complex exhibited the highest molecular 

weight of all functional states and, as such, served as the limiting case for assessing the 

feasibility of obtaining assignments. Second, perhaps ironically, the LacI-Osym complex yielded 

the highest quality 1H-15N HSQC spectrum in terms of dispersion of resonances and uniformity of 

linewidths. A series of TROSY-based triple resonance experiments were attempted on the LacI-

Osym under different experimental conditions (such as temperature and salt concentration) and 

static field strength. The results are summarized in Table 3.3. Unfortunately, only the TROSY-

HNCO and TROSY-HNCA yielded reliably interpretable data. These data alone are insufficient for 

obtaining assignments.  
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Table 3.3 Summary of initial resonance assignment data for LacI-Osym complex 

Functional 
State 

Salt 
Conc. 

Temperature Static Field1 Experiment Number of 
Scans 

Observable 
Cross Peaks2 

LacI-Osym 200 mM 25˚C 750 MHz HNCO 40 80% 

LacI-Osym 200 mM 25˚C 750 MHz HNCA 40 < 10% 

LacI-Osym 200 mM 25˚C 900 MHz3 HNCA 40 < 10% 

LacI-Osym 20 mM 40˚C 750 MHz HNCO 24 97% 

LacI-Osym 20 mM 40˚C 750 MHz HNCA 40 70% 

LacI-Osym 20 mM 40˚C 750 MHz HNCACO 40 No Signal 

LacI-Osym 20 mM 40˚C 750 MHz HNCOCA4 40 No Signal 

 1Static field is shown as 1H Larmor frequency 
 2Expressed as % of total number of expected peaks based on primary sequence 
 3Data collected at the University of Colorado, Denver  
 4This experiment is known to exhibit very low sensitivity for large proteins at high field due to unfavorable   
  carbonyl carbon relaxation properties [187, 192] 
 

 Though the DNA-free states of LacI have lower molecular weights, they are unstable at 

temperatures above 25˚C and require high salt for solubilization (> 150 mM) as discussed in 

Chapter 2. Attempts to assign these states resulted in similar failures (data not shown).   

 The origin of why these experiments failed is simple: insufficient sensitivity. Low 

sensitivity arises from the slow molecular re-orientation time for the high molecular weight LacI, 

diminished performance of cyroprobes due to the use of physiological concentrations of salt in 

sample preparations, and inherently long data collection times associated with triple resonance 

experiments (vide infra). The latter issue limits signal averaging (shown in Table 3.3 as “number 

of scans”). While increasing the number of scans N-fold results in a gain of S/N by N , the 

maximum gain in S/N achievable by signal averaging is usually small due to the finite amount of 

time allowed for a single NMR experiment [193]. For our machines, the limit for a single 

experiment is 7 days in order to accommodate mandatory instrument maintenance.  

 This chapter introduces two strategies which maximize sensitivity and thus enable 

resonance assignments of LacI. The first strategy is an implementation of a so-called “divide and 

conquer” approach, wherein the individual isolated domains of a protein are assigned separately 
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then the resulting assignments are mapped onto spectra of the intact protein [194]. This strategy 

has been utilized to assign impressively large systems [195], however, it requires that isolated 

domains and intact proteins exhibit highly similar chemical shifts which is not always guaranteed 

[196]. The expression, purification, and preliminary NMR-based characterization of the isolated 

DBD and RD of LacI have already been introduced in Chapter 2. Since the dimerization interface 

is localized to the RD, the DBD is a mere 7 kDa while the RD is 58 kDa. At 58 kDa, the RD is still 

extremely challenging to assign using conventional methods [181] so this approach may not 

enable resonance assignment on its own.    

  The second strategy attempts to decrease the inherently long data collection times 

associated with triple resonance experiments using an alternative method of data sampling 

known as non-uniform sampling (NUS). While NUS methods have a rich history in biomolecular 

NMR [197], NUS-derived spectra have historically been plagued by spectral artifacts. Recent 

advances in methodology have dramatically improved the quality of NUS-derived data without the 

need for laborious post-processing procedures [198], suggesting that the use of NUS could be 

beneficial to the study of LacI. The next section introduces NUS in the context of conventional 

NMR data sampling. Because such methods were not previously employed in our laboratory, 

their introduction, validation, and implementation were a significant undertaking. Novel 

developments are described in technical detail in the Section 3.2 of this chapter and later in 

Chapter 6.   

3.1.1 Introduction to non-uniform sampling (NUS)  

 Before describing NUS, the origin of NMR signals should first be introduced. NMR signals 

are acquired in the time domain then converted to the frequency domain by use of the Fourier 

transform. In short, detectable NMR signals arise from precessing transverse (x-y plane) 

magnetization that is generated during the NMR experiment. The spectrometer detects this 

magnetization as a time-varying current and the amplitude of the signal is damped by the 

transverse relaxation rate of the nucleus being probed, hence relating rotational correlation time 

to signal intensity. Both orthogonal transverse components of the magnetization are detectable 
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and the measurement of each is typically done independently to facilitate frequency sign 

determination. The observable signal for a single frequency is the linear combination of both 

transverse components which yields a single complex number:  

 

2 2 2/ / /
0 0 0( ) cos( ) ( ) sin( ) ( ) ( )t T t T t Ti t

x yS t M t e t iM t e M t iM t M e eωω ω− − −= + = + =       (3.1) 

 

Where M0 represents the bulk magnetization and the x,y subscripts refer to the two orthogonal 

transverse components. The choice of the imaginary component is arbitrary. The resonance 

frequency is denoted by ω  and the transverse relaxation rate is given by 1/T2. While the signal is 

analog, it is digitized and thus sampled as a series of discrete points. Because the Fourier 

transform is used to obtain the frequency components of the signal, the spacing between points 

must be uniform. In conventional data sampling, the spacing between points is equal to 1/SW, 

where SW denotes the “spectral width.” SW can be thought of as the bandwidth or “window of 

frequencies” being probed. This is in accordance with the Nyquist-Shannon sampling theorem 

which (approximately) states8 that if all the frequency components of a given signal lie within a 

fixed range of SW, the entire signal can be characterized by any series of discrete samples 

collected with spacing less than 1/SW [193]. The resulting damped time series is referred to as 

the free induction decay or FID. If more than one frequency is observable, equation 3.1 becomes 

a summation over all individual frequencies. An example FID for two frequencies is shown in 

Figure 3.2.  

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
8 More formally, the Nyquist-Shannon theorem states that a continuous signal can be fully sampled if and only if that 
signal does not contain frequency components larger than ½ the sampling rate [199].  
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Figure 3.2 Example uniformly sampled FID and spectrum. The top panel shows a simulated FID 
consisting of 256 real points collected with a uniform spacing of 444 µs. The bottom panel shows 
the DFT of the top panel. Note that the first point of the FID has been scaled by a factor of 0.5 to 
prevent a baseline offset in the transformed spectrum [200].  

 

 In the case of 1D NMR, sampling of the FID is done directly and the duration of a given 

experiment is primarily limited by the number of signal averages. However, 1D NMR is limited by 

resolution which hinders its application to large protein systems that exhibit many observable 

(and often degenerate) frequencies. Resolution is improved by employing multidimensional 

methods which evolve couplings between different nuclei. The resulting observable signal is a 

cross peak defined by multiple chemical shifts thereby decreasing the probability of spectral 

degeneracy. Multidimensional experiments require so-called “evolution” and “mixing” periods 

wherein the chemical shift of one nucleus is first evolved then encoded onto another nucleus for 

detection. For this reason, evolved dimensions are referred to as “indirect” dimensions. Only a 

single nucleus is detected (for all experiments described in this work, 1H is the directly detected 

nucleus), however, the obtained signal contains information about all other nuclei whose chemical 
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shifts were allowed to evolve over the course of the experiment. A typical 3D experiment setup is 

shown in Figure 3.3.  

 

  

 

Figure 3.3 Example 3D NMR experiment. The typical multidimensional experiment features a 
preparation period where magnetization is transferred from nucleus to another.   

 

 In order to perform chemical shift evolution, a delay equal to 1/SW must be incremented 

discretely N times. The value of N is typically determined by the spectroscopist and contributes to 

the definition of the spectral resolution. Increasing the dimensionality of a given experiment 

requires increasing the number of evolution periods. For a 3D experiment, which is of interest 

here, two evolution periods are required and the resulting data is a grid of incremented data 

samples which are uniformly spaced along each orthogonal axis. Fourier transform of this data 

results in cross peaks whose positions are within a 3D cube, where the third axis corresponds to 

the directly detected dimension which is not incremented.       

 The requirement for uniformly spaced data samples results in protracted data collection  

times. For example, a 3D experiment consisting of 64 data samples in one indirect dimension and 

32 data samples in the other indirect dimension requires collection of 64 x 32 = 2048 FIDs. This 

number must also be multiplied by the number of signal averages including the duration of time 

between repetitions (called the recycle delay). The time restriction becomes particularly acute in 

the case for LacI for the reasons described above and two others: 
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§ The need for long (> 1 s) recycle delays due to amide 1H relaxation properties as 
 a consequence of high molecular weight, perdeuteration, and the use of high 
 static field strength [187]  
 

§ The need for large numbers of indirect dimension increments in order to resolve 
 higher density of peaks    
  

 We previously showed that the triple resonance experiments required for resonance 

assignment were too insensitive to be applied to LacI. One could, in principle, improve sensitivity 

by decreasing the total amount of time required for a given experiment then reinvest the time 

saved into signal averaging [201]. A general way of reducing the amount of time required for data 

collection is by bypassing the requirement for uniformly spaced data samples and collecting 

points non-uniformly. Such non-uniform sampling (NUS) methods have been employed in the 

context of biomolecular NMR for quite some time [197]. However, it was not until recently that 

such methods have found routine use. NUS data is intrinsically recalcitrant to the DFT and 

frequency domain data obtained from NUS time series are obscured by spectral artifacts. A 

variety of methods have been developed to “reconstruct” data points which were not collected 

during an NUS experiment, facilitating the use of the DFT [198]. Two critical facets of this 

approach must be considered:   

§ How to determine which data points to collect and which to skip 

§ How to reconstruct the skipped data prior to application of the DFT  

 Indeed, many methods for addressing the above have been introduced over the last 30 

years and the most successful and commonly used are reviewed elsewhere [198]. We favor the 

sine-weighted Poisson-gap method of data sampling [202] and iterative soft-thresholding (IST) 

[203, 204] method of reconstruction which will be introduced and discussed briefly below.     

3.1.2 Poisson-gap sampling  

 The quality of spectra obtained from NUS data depends largely on the distribution and 

intensity of spectral artifacts. While spectral artifacts are unavoidable when using NUS methods, 

they can be minimized by judicious choice of sampling schedules and reconstruction 
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methodology. The sampling schedule is the list of data samples which are to be collected. It has 

been shown that several key sampling schedule characteristics promote the minimization of 

spectral artifacts: (1) randomness in choice of data samples, (2) small gaps between data 

samples, (3) avoiding large gaps at the beginning or end of FID [202]. To accommodate these 

criteria, a sine-weighted Poisson distribution of gaps between sampled data points was 

introduced [202]. The performance of using such sampling schedules was shown to be superior 

to other sampling methods with respect to the fidelity of reconstructed spectra relative to a 

uniformly sampled reference. Moreover, the Poisson-gap method of sampling is highly 

insensitivity to the seed of the random number generator used to satisfy the randomness 

requirement which results in highly consistent performance across a variety of sampling 

schedules. It should be noted that schedule-specific performance has been observed in certain 

extreme cases (e.g. in the limit of very high sampling densities) [205].     

3.1.3 Iterative-soft thresholding reconstruction  

 The success of the DFT with respect to transforming NUS data depends critically on the 

quality of data reconstruction. Directly applying the DFT to NUS data without reconstruction 

results in artifact-ridden data which are a poor approximation of what would normally be obtained 

using uniformly sampled data (Figure 3.4). Typically, peak heights and lineshapes become 

distorted and noise-like artifacts that arise from the point-spread function contaminate NUS data 

[206].  
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Figure 3.4 Example non-uniformly sampled FID and spectrum. The top panel shows a simulated 
NUS FID consisting of 64 real points (25% of 256 real points, see Figure 3.2). The points were 
selected based on a sine-weighted Poisson distribution. The bottom panel shows the DFT of the 
top panel. The first point of the FID has been scaled by a factor of 0.5 to prevent a baseline offset 
in the transformed spectrum. The noise-like features in the bottom panel are spectral artifacts. 

 

 While many algorithms have been developed to reconstruct missing data points, the most 

successful have historically been the most computationally expensive. Given the required volume 

of data necessary for resonance assignment, such methodologies would not be very useful for 

our purposes. An algorithm recently introduced to the NMR community, Iterative Soft 

Thresholding (IST), reconstructs data using a series of forward and inverse Fourier transforms. 

Since computationally efficient or “fast” Fourier transform algorithms are well known [207], the 

total computational time required for IST reconstruction is minimal.  

 The general IST procedure is illustrated in Figure 3.5 using synthetic data devoid of 

instrument noise. The synthetic NUS time series is generated using two unique frequencies with 

variable amplitude and with variable transverse relaxation rates. The data used in the IST 



76	  
	  

simulation are the same as those presented in Figure 3.4—comprising 25% of 256 real points. 

The first step of the IST algorithm is DFT of the NUS data. This results in low quality data with 

prominent artifacts. A threshold is set as a percentage of the maximum intensity of the frequency 

domain spectrum. For the example used here, the threshold is 98.5%. Every value above the 

threshold is moved and stored in a buffer that has been initialized to zero. The remaining 

truncated frequency domain spectrum is then inverse Fourier transformed and the points that 

were originally skipped are set to zero. The process is then iterated as shown in the bottom four 

panels of Figure 3.5. In addition to the relative ease of computation, IST provides spectral 

reconstructions with minimal artifacts. In principle, a lack of high intensity spectral artifacts should 

benefit NMR studies of LacI which are inherently limited by sensitivity.   

 The number of iterations performed prior to termination is usually determined by a well-

defined convergence criterion. IST belongs to the “compressed sensing” (CS) family of signal 

reconstruction methods and these methods utilize the minimization of a regularization term such 

as the pl  -norm (for p∈ (0,1)), of the preferred solution as a termination criterion [208-210]. In 

simplistic terms, a regularization term is a constraint used to solve an underdetermined system of 

linear equations. The details of regularization are beyond the scope of this work and have been 

described thoroughly elsewhere [211]. In the case of IST, 1l -norm minimization can result in very 

high-fidelity reconstructions if the data are sufficiently sparse (meaning that only a few values in a 

given spectrum are non-zero). While NMR data and instrument noise are not formally sparse 

[212], IST has been demonstrated to produce high quality spectral reconstructions both with 

respect to peak frequency and height. The relationship between spectral sparseness and peak 

height is more closely examined in Chapter 6.  
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Figure 3.5 Illustration of the IST algorithm. The top panel shows a “Reference” spectrum derived 
from DFT of a FID sampled with 256 real points with uniform spacing (see Figure 3.2). The 
remaining panels show “Raw NUS data”, i.e. NUS frequency domain data derived using 25% 
sampling (see Figure 3.4) and the “Buffer” where the reconstructed spectrum is stored. The 
process follows the description provided in the main text. Following 400 iterations of IST, it is 
clear the reference spectrum is closely approximated by the buffer and the noise-like artifacts 
originally present in the raw NUS frequency domain data are eliminated. The simulation was 
generated in-house using Python and the procedure published by Hyberts SG, et al. [204]. The 
total computation time for this simulation was 10.06 sec using a 2.67 GHz Intel Core i7 desktop 
CPU. 

 

3.1.4 NUS improves the sensitivity of NMR   

 Sections 3.1.1-3.1.3 introduce and briefly describe an NUS sampling scheme and 

reconstruction algorithm that enable robust, computationally efficient, and largely artifact-free 

spectral reconstructions. However, the question at hand is whether the combination of these 

methods can be used to improve the sensitivity of triple resonance experiments required for 

assigning LacI.   

 In general, the impact of NUS on sensitivity or, more specifically, S/N, has not been 

documented thoroughly. This stems partly from inconsistencies with respect to how S/N is 

defined (particularly for reconstructed data where noise and spectral artifacts are convolved) as 

well as uncertainty regarding how to accurately quantify S/N for biological samples [201]. 

Previous work has shown that significant gains in S/N can be achieved when 1/k of the uniform 

grid is sampled using NUS and the number of scans is increased by k-fold. Accordingly, such an 

approach does not result in time savings. With respect to triple resonance experiments, it was 

shown that sampling 1/16th the number of indirect data samples and increasing the number of 

scans by 16-fold resulted in a 22-fold increase in the probability to detect weak peaks (S/N 

increases are not used as metrics here due to the non-Gaussian nature of noise in NUS-derived 

spectra) [201]. Even larger gains were demonstrated for more aggressive undersampling. These 

data suggest that NUS may provide the gain in sensitivity required to enable resonance 

assignment of LacI.  
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3.2 Materials and Methods  

3.2.1 NMR sample preparation  

 NMR samples were prepared as described in Chapter 2 and the buffers used to collect 

NMR data are listed in Table 2.1.  

3.2.2 NMR spectroscopy 

 For all experiments, the temperature was calibrated using methanol [213] prior to data 

collection and all chemical shifts were referenced using DSS [214].  

 Modification of pulse sequences for NUS. A variety of conventional and TROSY-triple 

resonance experiments (described below) were modified for NUS. Our laboratory utilizes TopSpin 

2.1 software which does not feature the latest automated NUS feature for data collection on 

Bruker machines. As such, pulse sequences were manually coded to utilize a non-uniform 

increment. This involved several core modifications to the pulse sequence code. Sampling 

schedules were read in as variable pulse (“VP”) or variable counter (“VC”) lists. Schedules were 

generated as lists of dwell multiples which describe the increment number. For example a 

number of “0” in the list corresponds to zero increments (i.e. the first point) whereas a number of 

“3” corresponds to three increments and so on. Phases for coherence and quadrature selection 

were calculated based on the increment multiple. All modified pulse sequences were verified by 

comparison with uniformly sampled data for the model protein ubiquitin (data not shown).    

 Many TROSY-triple resonance experiments had not been executed in our laboratory 

before and required development independent of the conversion to NUS. Pulse sequences for 

TROSY-triple resonance experiments from the Bruker pulse sequence library were highly 

unstable (< 24 hours) due to an incorrect implementation of 2H decoupling during carbon 

evolution periods. Corrected 2H decoupling schemes were introduced to all TROSY-triple 

resonance experiments based on previously published work [192, 215] which eliminated this 

problem.   

 Resonance assignment of apo LacI DBD. All NMR data were collected at 298 K on 
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Bruker Avance III operating at 750 MHz 1H Larmor frequency. Since the DBD is small (62 

residues) and can be concentrated > 1 mM, all triple resonance experiments were collected with 

uniform sampling. The following experiments were used for assignment of the backbone 1H-15N 

resonances: HNCO [216], HN(CA)CO [217], HNCA [216], HN(CO)CA [218], HNCACB [219], 

CBCACONH [220], and 3D 15N NOESY-HSQC [221]. Methyl 1H-13C resonances were assigned 

using HCCH-TOCSY [222] and HCC(CO)NH-TOCSY [223].  

 Resonance assignment of the LacI DBD-Osym complex. Though historically, LacI DBD-

Osym complexes were prepared with 2:1 stoichiometry [83], we decided to prepare our complexes 

in 2:1.5 stoichiometry to ensure saturation of the DBD. This was based on a ligand saturation 

calculation assuming an approximate binding affinity of ~1 µM which had been reported in the 

literature previously for DBD (residues 1-62) [87]. Analysis of the 1H-15N HSQC spectrum 

indicated that DBD was indeed fully saturated with Osym at this stoichiometry. All NMR data were 

collected at 303 K on Bruker Avance III operating at 500 MHz 1H Larmor frequency. Most triple 

resonance experiments were collected with uniform sampling with one exception described 

below. Backbone 1H-15N resonances were assigned using: HNCO, HN(CA)CO, HNCA, 

HN(CO)CA, HNCACB, CBCACONH, and 3D 15N NOESY-HSQC. Methyl 1H-13C resonances were 

assigned using a multiple quantum (MQ)-methyl TOCSY [190] optimized for high molecular 

weight systems. The MQ-methyl TOCSY was collected with 10% NUS and reconstructed with 

400 iterations of IST using a threshold of 98%.  

 Resonance assignment of the LacI RD-IPTG Complex. All NMR data were collected at 

298 K on Bruker Avance III operating at 750 MHz 1H Larmor frequency or 600 MHz 1H Larmor 

frequency. A suite of TROSY triple-resonance experiments [187] were collected: TROSY-HNCO, 

TROSY-HN(CA)CO, TROSY-HNCA, TROSY-HN(CA)CB, and 3D 15N NOESY-TROSY HSQC 

were collected at 750 MHz using 10%-15% NUS. Data were reconstructed with 400 iterations of 

IST using a threshold of 98%. TROSY-HN(CO)CA and TROSY-HN(COCA)CB were collected at 

600 MHz and reconstructed identically.  

 Resonance assignment of the apo LacI RD. All NMR data were collected at 298 K on 
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Bruker Avance III operating at 600 MHz 1H Larmor frequency. TROSY-HNCO and TROSY-HNCA 

were collected using 10% NUS. Data were reconstructed with 400 iterations of IST using a 

threshold of 98%.  

 Resonance assignment of the LacI-IPTG Complex. All NMR data were collected at 298 K 

on Bruker Avance III operating at 750 MHz 1H Larmor frequency or 600 MHz 1H Larmor 

frequency. TROSY-HNCO, TROSY-HNCA, and TROSY-HN(CA)CB were collected using 5%-

10% NUS. Data were reconstructed with 400 iterations of IST using a threshold of 98%.  

 Resonance assignment of the LacI-Osym Complex. All NMR data were collected at 303 K 

on Bruker Avance III operating at 750 MHz 1H Larmor frequency or 600 MHz 1H Larmor 

frequency. TROSY-HNCO, TROSY-HN(CA)CO, TROSY-HNCA, and TROSY-HN(CA)CB were 

collected at 750 MHz using 10% NUS. Data were reconstructed with 400 iterations of IST using a 

threshold of 98%. TROSY-HN(CO)CA and TROSY-HN(COCA)CB were collected at 600 MHz 

using 5-10% NUS and reconstructed identically.  

3.2.3 Data analysis  

 All data was processed using the NMRPipe/NMRDraw program [159]. Visualization was 

performed using SPARKY [224]. Cross peaks were manually picked for all data. Because of the 

relatively large number of cross peaks, special procedures were enacted to ensure that 

assignments were performed correctly. First, all assignments were performed independently by 

two separate people: me and another student. Upon completion of assignments, both of us 

convened to compare results. Inconsistencies were then investigated more closely and rectified. 

Once a preliminary set of assignments were established, they were verified using the program 

PINE [225] and its built-in module, PECAN [226], as well as the program TALOS-N [227]. PINE 

employs an exhaustive search algorithm for establishing assignments. Both PECAN and TALOS-

N use chemical shifts to determine secondary structure propensities using verified relationships. 

These programs will be introduced formally and described in more detail in the Results section of 

this chapter. The secondary structure predictions were then compared to the crystal structures (if 
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available). In general, inconsistencies between separate sets of resonance assignments were few 

and most originated from mistakes in peak annotations.  

3.3 Results and Discussion 

3.3.1 Assessment of the “divide and conquer” approach  

 Comparison of the apo DBD and apo RD 1H-15N HSQC spectra to the 1H-15N HSQC 

spectrum of apo LacI reveal that the spectra of the individual domains and the spectra of the 

intact protein are superimposable to high degree. The exact same result is observed when 

comparing the same spectra of the apo DBD, RD-IPTG complex, and LacI-IPTG complex. The 

spectral comparisons are shown in Figure 3.6a-b. The structural and functional implications of 

this analysis are discussed in depth in Chapter 4 and will not be addressed further here since 

resonance assignment is the focus of this chapter.  

 

 

 

Figure 3.6 Assessment of “divide and conquer” approach for operator-free states. (A) Overlay of 
1H-15N HSQC spectra of apo DBD (green), apo RD (red) and apo LacI. (B) Overlay of 1H-15N 
HSQC spectra of apo DBD (green), RD-IPTG complex (red), and LacI-IPTG complex (black). The 
1H and 15N chemical shifts of the DBD were corrected for TROSY-selection. Negative contours 
are shown in yellow. 
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 Less favorable results are obtained when comparing the operator-bound states. Figure 

3.7a shows an overlay of 1H-15N HSQC spectra of the LacI-Osym complex, apo RD, and DBD-Osym 

complex. Figure 3.7b shows an overlay of 1H-15N HSQC spectra of the LacI-Osym-IPTG complex, 

RD-IPTG complex, and DBD-Osym complex. Qualitatively, it is apparent the LacI-Osym-IPTG 

complex is recapitulated better than the LacI-Osym complex. The structural and functional 

implications of this are discussed in depth in Chapter 5 and will not be addressed here further 

since the focus of this chapter is resonance assignment.  

 

 

Figure 3.7 Assessment of “divide and conquer” approach for operator-bound states. (A) Overlay 
of 1H-15N HSQC spectra of DBD-Osym complex (green), apo RD (red) and LacI-Osym complex. (B) 
Overlay of 1H-15N HSQC spectra of DBD-Osym (green), RD-IPTG complex (red), and LacI-Osym-
IPTG complex (black). Negative contours are shown in yellow. 

 

 Based on the results above, it is clear that the divide and conquer approach will be more 

useful when assigning the operator-free states. Importantly, the ternary LacI-Osym-IPTG complex 

spectrum exhibits a higher degree of similarity to the spectra of its constituent domains than the 

binary LacI-Osym complex spectrum which suggests it may be amenable to a divide and conquer 
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approach as well. This is fortuitous considering that the ternary complex is poorly characterized 

with respect to structure. Therefore, we may be able—for the first time—to access the structural 

properties of the ternary complex at atomic resolution.  

3.3.2 Assignment of the apo LacI DBD  

 Backbone and methyl resonance assignment of apo DBD was straightforward. At ~7 kDa 

and ideal sample concentrations ~ 1 mM, data could be collected using uniform sampling without 

the need for additional signal averaging. However, the isolated DBD is not an idealized model 

system due to unfavorable chemical exchange-induced line broadening which has been 

characterized previously [90]. Despite this, 100% of 1H-15N amide resonance and 96% of 

(isoleucine, leucine, and valine) ILV methyl resonance were obtained. Resonance assignments 

are listed in Appendix 3. 

 

3.3.3 Assignment of the LacI DBD-Osym complex  

 Backbone and methyl resonances for the LacI DBD-Osym complex were available from 

the BMRB, however, these assignments were obtained from data collected at a much higher 

temperature, 42˚C and on a slightly different construct of DBD. Therefore, a full suite of triple 

resonance experiments were also collected for the LacI DBD-Osym complex. Though the complex 

is ~29 kDa, 98% of 1H-15N resonance assignments could be obtained using conventional pulse 

sequences collected with uniform sampling.  Methyl assignments were difficult to obtain using the 

same experiments performed on the apo DBD due to the substantially higher molecular weight of 

the complex. As such, a separate experiment optimized for high molecular weight proteins was 

performed to obtain methyl resonance assignments. Using this experiment, 100% of ILV 1H-13C 

methyl assignments were obtained. Resonance assignments are listed in Appendix 3. 

 
3.3.4 Assignment of the LacI RD-IPTG complex using NUS  

 While the spectra of both the apo and IPTG-bound RD are dispersed, the apo state 

exhibits only ~80% of the expected amide cross peaks based on analysis of the TROSY-HNCO 
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which accounts for degeneracies in amide 1H/15N frequencies. The origin and functional 

consequences of this observation are discussed in detail in Chapter 4. With such few 

resonances, assignment using sequential inter-residue connectivities would be difficult. Similar 

analysis of the IPTG-bound RD, however, revealed that it exhibited the expected number of 

resonances (within ~8%) and was therefore a good candidate for assignment.  

 At 58 kDa, the RD-IPTG complex was among one of the largest proteins to be assigned, 

particularly for data collected at 25˚C and at sample concentrations of ~100 µM. Indeed, low S/N 

was observed for most uniformly sampled triple-resonance experiments (data not shown). NUS 

experiments where time savings was reinvested into signal averaging were thus performed in 

order to improve the quality of data. Table 3.4 shows the specific experimental parameters used 

for each triple-resonance experiment performed on the RD-IPTG complex.  

 

Table 3.4 Summary of NUS triple-resonance experiments for RD-IPTG complex 

Experiment Static 
Field1 

Recycle 
Delay (s) 

Scans 15N 
Points 
(Real) 

13C 
Points 
(Real) 

NUS (%) Time Uniform 
Time2 

TROSY-
HNCO 

750 1.8 32 40 64 10.0 18 hours 7 days, 
12 hours 

TROSY-
HN(CA)CO 

750 1.8 176 40 64 10.0 4 days, 5 
hours 

42 days, 
2 hours 

TROSY-
HNCA 

750 1.8 80 40 72 10.0 2 days, 3 
hours 

21 days, 
6 hours 

TROSY-
HN(CO)CA 

600 1.5 128 32 56 10.3 1 day, 21 
hours 

18 days, 
5 hours 

TROSY-
HN(CA)CB 

750 1.8 160 40 88 8.97 4 days, 
18 hours 

52 days, 
17 hours 

TROSY-
HN(COCA)CB 

600 1.5 128 32 72 9.5 2 days, 6 
hours 

23 days, 
17 hours 

15N 3D 
NOESY-
TROSY 
HSQC 

750 1.5 32 56 72 (1H 
real 
points) 

15.0 1 day, 16 
hours 

11 days, 
2 hours 

1Static field strength shown as 1H Larmor frequency  
2Equivalent data collection time if performed using uniform sampling 

 

 We have previously shown failed attempts to assign the LacI-Osym complex using uniform 

sampling. Our strategy there involved maximizing the number of scans and minimizing the 

number of indirect increments. Even when the number of indirect dimension data samples was 

minimized, the maximum number of scans that could be performed within the allowable 
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instrument time was 40. As evidenced by Table 3.4, the total number of scans could be increased 

substantially using NUS with concomitant increases in the number of indirect dimension 

increments. Every single triple resonance experiment performed on the RD-IPTG complex would 

have exceeded the maximum allowable data collection time if uniform sampling had been 

implemented. Using NUS, a total data collection time of just 17.5 days was necessary for the 

entire suite of high sensitivity and high resolution triple resonance experiments. Had the same 

experiments been collect with uniform sampling, the total data collection time would have been 

177 days.  

 As mentioned previously, it is difficult to quantify a true S/N ratio for NUS data given the 

non-Gaussian nature of spectral noise which originates from reconstruction [201]. Moreover, such 

a comparison could not be done rigorously without a set of uniformly sampled reference data. 

However, knowledge of the total gain in S/N is not necessary for our purposes. By using NUS, we 

merely sought to obtain sufficient S/N to enable resonance assignment. The only way to 

determine if this condition was met was by assessing the extent of assignment that could be 

obtained with the data. Figure 3.7 shows an example strip-plot outlining the inter-residue 

connections obtained from analysis of a TROSY-HNCA experiment. These plots are commonly 

used to simplify visualization of the 3D-data objects obtained from triple-resonance experiments. 

Each strip is a 2D slice obtained from a given point along the third dimension (see figure legend 

for more details). Similar plots could be generated for other triple-resonance experiments but are 

not shown for brevity since their information content is redundant. It is clear that the quality of the 

NUS data is exceptional.  

 Overall, the NUS-derived triple-resonance data was indeed of sufficient quality to assign 

the 1H-15N resonances of the RD-IPTG complex because 90% of the expected resonances were 

assigned. As will be further explored in Chapter 4, the remaining ~10% were not assigned due to 

line broadening arising from conformational dynamics. Resonance assignments are listed in 

Appendix 3. 

 



87	  
	  

3.3.5 Verifying the assignments of the LacI RD-IPTG complex  

 The high quality data afforded by NUS enabled resonance assignment of the RD-IPTG 

complex. However, given the sheer quantity of cross peaks (> 2000) and lack of reference data in 

the BMRB, we sought a means of verifying the accuracy of the assignments. Previous studies 

have done this by combining triple resonance data with redundant but less ambiguous four 

dimensional data [192]. However, given LacI’s unfavorable properties, sensitivity was too limiting 

to employ such an approach. Other means of verification include site-directed mutagenesis or 

amino acid-specific labeling. While such methods can be highly effective, they are costly and 

laborious. We did not deem such methods necessary given the relatively clean dispersion of 

cross peaks. Therefore, a simpler means of verification was applied. First, the data was analyzed 

using a highly effective automatic assignment algorithm known as “Probabilistic Interaction 

Network of Evidence” or PINE [225]. Briefly, PINE identifies triplets of sequentially connected 

residues and ranks the assignment of many overlapping triplets based on an energy function. The 

algorithm essentially works as a computationally feasible exhaustive search. The results from 

PINE were in fantastic agreement with the manually assigned data. PINE was able to assign 211 

of the expected 240 manually assigned non-proline 1H-15N amide resonances with probabilistic 

confidences > 0.9. Though PINE also made additional assignments of lower probabilities they 

were excluded from this analysis. Of the 211 high-confidence assignments made by PINE, 206 

matched the manually assigned resonances yielding a correspondence of 97.6%. The few 

discrepancies were resolved by analyzing the 15N 3D NOESY-TROSY HSQC using the crystal 

structure (PDB: 2P9H) of the LacI RD-IPTG complex to define upper limits for inter-atomic 
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distances.      

    

Figure 3.8 Strip plot of NUS-TROSY HNCA collected on the RD-IPTG complex. The 1H-13C 2D 
planes are shown for a variety of 15N slices in order to illustrate the derivation of sequential 
connections between residues using alpha carbon chemical shifts which are shown by the black 
dotted line. Assignments are also shown as labels but formally require additional (though highly 
similar) data derived from triple-resonance experiments which evolve alternative 13C nuclei. 
Negative peaks are shown in green and are likely due to artifacts as a consequence of NUS 
reconstruction and/or a slight first order phase error in the carbon dimension. 

  

 A final means of verification utilized the well-characterized relationship between chemical 

shifts and secondary structure [228]. Two programs were used to analyze our resonance 

assignments in order to generate secondary structure models: “Protein Energetic Conformational 

Analysis from NMR chemical shifts” (PECAN) [226] and “Torsion Angle Likeliness Obtained from 

Shift” using Neural networks (TALOS-N) [227]. Both programs combine information from chemical 
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shifts and amino acid sequence. The PECAN algorithm defines an optimal set of limited chemical 

shifts for a specific residue type whereas the TALOS algorithm simultaneously considers all 

chemical shifts for each residue type using a knowledge-based approach. Though both programs 

provide essentially the same information, the primary differences between their outputs are 

expected to arise due to variations in side-chain conformations and tertiary structure. Using the 

crystal structure (PDB: 2P9H) of the LacI RD-IPTG complex as a reference, it was found that both 

PECAN and TALOS-N predicted the correct secondary structure distribution as shown in Figure 

3.9. This further confirms the validity of the chemical shift assignments.   
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Figure 3.9 Secondary structure prediction for RD-IPTG complex. Secondary structures are 
shown as a “probability score” where 1.0 indicates a totally helical conformation, -1.0 indicates a 
totally sheet conformation, and 0.0 indicates totally coil conformation. (A) Predicted secondary 
structure from resonance assignments derived from the PECAN algorithm. (B) Predicted 
secondary structure from resonance assignments derived from the TALOS-N algorithm. (C) 
Observed secondary structure from the crystal structure (PDB: 2P9H). (D) Overlay of A,B, and C. 
The residue numbering has been offset to start at 1.    

 

3.3.6 Mapping the assignments of the LacI RD-IPTG complex onto spectra of the LacI-IPTG 

complex  

 The divide and conquer approach to resonance assignment is only useful if the assigned 

chemical shifts of the individually parsed domains can be mapped back onto the spectra of the 

intact multi-domain protein successfully. We have demonstrated that the divide and conquer 

approach and NUS enabled assignment of both the DBD and RD-IPTG complex to an 

impressively high degree. Though Figure 3.6 shows an essential identity between the chemical 

shifts of the individual DBD and RD relative to those of intact LacI, a small set of triple resonance 
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data was collected on the LacI-IPTG complex for confirmation: TROSY-HNCO, TROSY-HNCA, 

and TROSY-HN(CA)CB: these experiments are the most sensitive with respect to other 

experiments that evolve the same carbon nuclei. Alone, these experiments would be insufficient 

for obtaining de novo assignments, however, they provide sufficient information for confirming 

mapped chemical shifts. Relative to the isolated RD, the quality of the data for LacI-IPTG 

complex is low—even when NUS is employed as illustrated by Figure 3.10. Despite this, of the 

expected 319 non-proline amide 1H-15N resonances based on the primary sequence, 281 or 88% 

could be assigned. Missing assignments entirely stemmed from missing DBD peaks, likely due to 

HX since data collection was performed at pH = 7.4.  

 
 

Figure 3.10 Mapping resonance assignments. 1H-13C 2D planes are shown for a single 15N 
frequency from NUS TROSY-HNCA experiments collect on RD+IPTG (left, black) and LacI+IPTG 
(right, red). This comparison illustrates the final step of the “divide and conquer” assignment 
method wherein assigned chemical shifts of an isolated domain are mapped onto spectra of the 
intact protein. Note the degradation in data quality for the LacI+IPTG complex due to increase 
salt concentration and molecular weight. Cross peaks that originate from the DBD are easily 
identifiable and indicated by black arrows. Negative contours are shown in green and arise from 
noise/NUS-related artifacts.    
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3.3.7 Assignment of the apo LacI RD  

 Assignment of the apo state of the RD was performed via assignment mapping. A sparse 

set of triple-resonance data was collected on the apo RD, analogous to the approach taken to 

assign the LacI-IPTG complex. Specifically, TROSY-HNCO and TROSY-HNCA experiments 

were collected at 600 MHz. Assignments were mapped from the RD-IPTG spectra via 

comparison of intra-reside alpha carbon chemical shifts, inter-residue alpha carbon chemical 

shifts, and inter-residue carbonyl carbon chemical shifts. In general, most carbon chemical shifts 

exhibited only slight deviations between the apo and IPTG-bound states (~0.2 ppm). This high 

degree of correspondence permitted definitive assignment of 92% of the observable amide cross 

peaks of the apo RD or about 74% of the total number of expected amide cross peaks base on 

amino acid sequence. Resonance assignments are listed in Appendix 3.  

 

 

 
Figure 3.11 Mapping resonance assignments for the apo state (A) Correlation between intra-
residue alpha carbon chemical shifts between the apo and IPTG-bound RD spectra. (B) 
Correlation between inter-residue carbonyl carbon chemical shifts between the apo and IPTG-
bound RD spectra. 
 

3.3.8 Assignment of operator-bound states  

 As previously discussed in this Section 3.3.1, spectra of the operator-bound states of 

LacI are poorly recapitulated by spectra of the individual RD and DBD. Moreover, since 

assignments of the apo RD were unobtainable due to its unfavorable relaxation properties, very 
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few assignments could be mapped. Therefore, a full suite of triple resonance experiments was 

collected on the LacI-Osym complex. The experiments collected included: TROSY-HNCO, 

TROSY-HN(CA)CO, TROSY-HNCA, TROSY-HN(CO)CA, TROSY-HN(CA)CB, and TROSY-

HN(COCA)CB. NUS was utilized in a manner analogous to that presented for assigning the RD-

IPTG complex. Unfortunately, the TROSY-HN(CA)CO yielded < 10% of the expected cross peaks 

and was of little utility. This is unsurprising considering that this experiment is notoriously 

inefficient for high molecular weight proteins due to unfavorable relaxation effects [187, 192]. 

Additionally, the TROSY-HN(CA)CB and TROSY-HN(COCA)CB only yielded 58% of the total 

number of expected cross peaks. Using this limited data set and the chemical shifts of the DBD-

Osym complex, and employing a similar chemical shift mapping procedure to the spectra of the 

other functional states of LacI, ~72% of the 1H-15N amide resonances of the LacI-Osym complex 

could be assigned. Importantly, of the 62 residues that comprise the DBD, 44 could be assigned, 

including several key residues in the hinge helix (to be discussed further in Chapter 5). Though 

this coverage may seem disappointingly low, it is actually entirely consistent with other published 

assignment statistics. As of 2013, of the 6 proteins with molecular weights > 65 kDa with 

assignments deposited in the BMRB, none had been assigned > 90% and half were assigned < 

60%.   

 The LacI-Osym-IPTG ternary complex exhibited spectra which were better recapitulated by 

the spectra of the RD-IPTG complex and the DBD-Osym complex. Therefore, assignments could 

be made on the basis of spectral comparison with reasonable confidence. Triple resonance 

experiments were not collected for the ternary complex since the data for the binary complex was 

of low quality. It will be shown in Chapter 5 that several of the assignments relevant for 

characterizing the structure and dynamics of  the LacI-Osym-IPTG complex could be confirmed 

simply by comparing the spectra of the LacI-Osym complex, RD-IPTG complex, and DBD-Osym 

complex. We refrain from assigning a percentage of assignments for this state at the moment.  
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3.4 Conclusions and Future Directions 

 The work presented in this chapter sought to assign the 1H-15N amide resonances of LacI 

in all of its functional states. Initial attempts to assign LacI were hindered due to the low sensitivity 

of triple-resonance experiments. This was largely overcome by employing the “divide and 

conquer” technique and NUS. NUS was required because the isolated RD, at 58 kDa and under 

the experimental conditions necessary for proper protein solubilization, was recalcitrant to 

conventional NMR experiments.   

 A complete suite of NUS TROSY-based triple resonance experiments including TROSY-

HNCO, TROSY-HN(CA)CO, TROSY-HNCA, TROSY-HN(CO)CA, TROSY-HN(COCA)CB, and 

3D 15N NOESY-TROSY HSQC were written (as well as all of the necessary data processing 

scripts), validated using a test protein with known assignments, and applied to LacI. Experiments 

which normally would have taken ~200 days to collect were performed in less than three weeks 

using NUS. The high quality of the NUS-derived triple-resonance data resulted in nearly complete 

assignments of the RD-IPTG complex. Combining the RD-IPTG complex assignments with the 

assignments of the DBD and DBD-Osym complex obtained using uniform sampling, enabled the 

assignment of LacI in all functional states bound to ITPG.  

 While the “divide and conquer” approach and NUS enabled immense progress toward 

the assignment of LacI, two restrictions could not be overcome. First, ~20% of all expected amide 

1H-15N cross peaks were missing for the apo state. Since chemical shifts change drastically upon 

binding IPTG and IPTG-binding is slow on the chemical shift timescale, a simple titration 

experiment could not be performed to follow chemical shift perturbations. Though ostensibly a 

nuisance, the functional implications of these missing peaks will be discussed further in Chapter 

4. Second, despite having very favorable spectral properties, the LacI-Osym complex could only be 

partially assigned (72% coverage). This may arise from its large size or unfavorable relaxation 

effects arising from the fully protonated DNA to which it is bound (at least for the sites within and 

near the DBD). Regardless, many functionally important sites within the LacI-Osym complex were 

still amenable to assignment as will be further explored in Chapter 5. A table summarizing the 



95	  
	  

extent of assignment for all functional states of LacI and its constituent domains is shown below 

in Table 3.5.    

Table 3.5 Summary of assignment coverage for various states of LacI 

Construct Functional State Resonance Type Extent of Assignment 

LacI DBD Apo Amide 100% 

LacI DBD Apo Methyl (ILV) 96% 

LacI DBD Osym-bound Amide 98% 

LacI DBD Osym-bound Methyl (ILV) 100% 

LacI RD Apo Amide 74% 

LacI RD IPTG-bound Amide 90% 

LacI IPTG-bound Amide 88% 

LacI Osym-bound Amide 72% 

 

 Absent from Table 3.5 is a description of methyl assignments for the RD and full length 

constructs of LacI. This is because initial methyl assignment studies utilizing the COSY-transfer 

approach performed on a relatively well-behaved 42 kDa protein indicated that CB assignments 

were absolutely necessary for unambiguous methyl 1H-13C assignments. Given the paucity of CB 

shifts obtained for most states of LacI, we decided to forgo methyl assignments for the time 

being. However, it will be shown in Chapters 5 that key assigned methyl cross peaks obtained 

from the isolated DBD constructs map unambiguously to those of intact LacI and provide 

meaningful insight into the changes in structure and changes in dynamics that accompany the 

IPTG-binding.   

 Further studies are currently planned to increase the coverage of backbone amide 

assignments and enable the assignment of methyl-bearing side chains. These include exploration 

of selective methyl labeling [229] to improve resolution and minimize spectral degeneracy 

(discussed further in Chapter 5) and the development of four dimensional NUS pulse sequences 

and processing macros (near completion) which reveal through-space interactions via the 

Nuclear Overhauser Effect (NOESY). A NOESY approach eliminates the reliance on relaxation-
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limited, through-bond magnetization transfers which have been shown to be inefficient for several 

functional states of LacI. Since the efficiency of NOESY experiments improves with increasing 

molecular weight and static magnetic field strength [230], this approach may be applicable to all 

functional states of LacI.   

  



97	  
	  

CHAPTER 4: Revisiting Allostery in Lac Repressor Part 1: Structural and Dynamical 
Changes in the Absence of Operator  

 

4.1 Introduction 

 To date, our understanding of allostery in LacI has been inferred from a synthesis of 

partial crystal structures [32, 75], NMR structures of an artificially cross-linked variant of the DBD 

[90], and low resolution SAXS data [95]. No one single study has provided a complete description 

of the allosteric mechanism [95]. In order to address this, we have performed a detailed 

characterization of the changes in structure and the changes in dynamics that underlie the 

allosteric transition of LacI using modern solution NMR techniques optimized for high molecular 

weight proteins. In this Chapter, we focus on just one part of LacI’s functional cycle, the transition 

between the apo state and the inducer-bound state in the absence of operator.  

 

 LacI  LacI+IPTGIPTG

IPTG

+

−
⎯⎯⎯→←⎯⎯⎯                        (4.1) 

 

As previously discussed, biochemical studies on purified LacI have demonstrated that IPTG-

binding greatly disrupts operator binding. Specifically, apo LacI binds operator with an affinity 3-5 

orders of magnitude higher than that of LacI pre-bound to IPTG. Similar behavior is also observed 

in vivo. Recent in-cell, single-molecule fluorescence studies have shown that LacI spends ~13% 

of its time dissociated from DNA—diffusing in the cytoplasm between DNA-binding events [231]. 

IPTG-binding has been shown to “sequester” cytoplasmic LacI from re-associating with operator 

which contributes to the bursts in gene expression that typify induction [232]. In principle, a 

detailed understanding of the changes in structure and changes in dynamics that accompany 

IPTG-binding could explain these phenomena and thus provide a mechanistic understanding of 

LacI functionality relevant in the cell.    

 To date, only incomplete structural information is available for apo and IPTG-bound LacI 

in the absence of operator. The crystal structures of both states lack electron density for the 
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entire DBD and hinge region [75] and the differences between the structures of the RD are slight 

as shown in Figure 4.1.The overall RMS deviation of the main-chain atoms was determined to be 

1.2 Å [75], with most of the change localized to the N-terminal subdomain. IPTG-binding was also 

shown to result in a ~10% increase in the total number of hydrogen bonds in the N-terminal 

subdomain which facilitates the formation of a stabilizing water-mediated hydrogen bonding 

network which was described in Chapter 1 [75].  

 But how do these changes affect the DBD? Unfortunately, since we lack structural 

information regarding the DBD there is not enough information currently available to answer this 

question. A previous SAXS study [95] provided a low-resolution structural description of the apo 

state with intact DBD, however, the IPTG-bound complex was not characterized due to sample 

instability. NMR studies of the isolated DBD suggest the hinge region is unfolded in the absence 

of operator DNA [82], however, this has yet to be observed definitively in the context of the full 

length protein and remains an issue of debate [233, 234]. Furthermore, studies of the isolated 

DBD lend no insight into changes that may occur as a consequence of IPTG binding.   

 The limited structural data have also been used to gain some insight into the dynamical 

properties of LacI through the use of targeted molecular dynamics (TMD) [94].   



99	  
	  

 

Figure 4.1 Comparison of the crystal structures of apo and IPTG-bound LacI (A) apo LacI PDB: 
1LBI (B) IPTG-bound LacI PDB: 2P9H (C) Overlay of the A and B. (D) Rotation of C by 90˚. Note 
that the IPTG-bound state exhibits a slightly more “closed” conformation in the N-terminal 
subdomain. 

 

In this simulation, the starting structure was the RD of a dimeric operator-bound complex (PDB: 

1EFA) and the target structure was a single dimer from the tetrameric IPTG-bound RD structure 

(PDB: 1LBH). TMD applies constraints to allow the transition between two states to be sampled in 

reasonable simulation times. This study suggested that three so-called “allosteric pathways” 

(described in detail in Chapter 1) exist in the RD which couple inducer-binding to DNA-binding. 

These pathways were shown to involve structural “alterations” that “move” from the inducer-

binding pocket to the monomer-monomer interface then toward the N-terminal subdomain of the 

RD. Presumably, these alterations also change the DBD but this was not demonstrated by the 

simulations since the isolated RD structures were used.  
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 Theoretically, solution NMR could illuminate the details inaccessible by other biophysical 

methods. However, the historical size limit associated with NMR has precluded high-resolution 

characterization of intact LacI. In Chapters 2 and 3, we presented methods which enabled NMR-

based characterization of the intact functional unit of wild type LacI. Here we provide a detailed 

structural characterization of the DBD in the apo and IPTG-bound states of LacI. We also show 

compelling evidence that slow timescale (µs-ms) dynamics may play a significant role in 

mediating allostery.    

4.2 Materials and Methods  

4.2.1 Site-directed mutagenesis  

 Two single point mutants of the LacI RD, K84M and K84L, were generated using the 

QuikChange (Agilent) mutagenesis kit according to standard operating procedures and using the 

primers listed in Appendix 2.     

 
4.2.2 NMR spectroscopy  

 NMR samples were prepared as described in Chapter 2 and the buffers used to collect 

NMR data are listed in Table 2.1. Mutants were prepared and characterized by NMR identically to 

wild type. NMR experiments were collected as described in Chapter 3. The same suite of 

resonance assignment experiments conducted on the LacI RD-IPTG complex were also 

performed on a fractionally deuterated sample of LacI RD K84M-IPTG with the exception of the 

3D 15N NOES-TROSY HSQC. Data were collected at 600 MHz and 500 MHz. This sample was 

grown as described in Chapter 2 but using ~85% D2O v/v as the growth medium solvent and 

protonated glucose as the sole carbon source. Even under fractionally deuterated conditions 

~20% of the expected amide resonances were either unobserved or too weak to characterize by 

triple resonance. In total, 75% of the expected amide cross peaks were assigned unambiguously. 

 Normalized 1H-15N chemical shift perturbations (CSPs) were calculated according to the 

equation: 

 2 2( ) ( )H H N NCSP ω ω= Δ + Δ            (4.2) 
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Where Δ terms are the difference in chemical shift observed between the two states being 

analyzed and the ω terms are weights which account for the differences in the gyromagnetic 

ratios of the two nuclei. While there is some variability in the literature as to the choice of these 

weights, we opted to adapt the approach from the Kay lab where ωH = 1.0 and ωN 

= 0.154 [235]. 
 
 
4.2.3 Determination of the free energy of unfolding for LacI and LacI RD   

 The free energy of unfolding was determined by monitoring native tryptophan 

fluorescence-emission at 340 nm of LacI or LacI RD as a function of urea concentration. Dimeric 

constructs of LacI possess two native tryptophan residues—both localized to the RD. The 

excitation wavelength for all fluorescence experiments was 280 nm and the protein concentration 

was ~5-10 µM in NMR buffer. The pH was checked at each denaturant concentration prior to data 

collection [236]. The temperature of the sample cell was maintained at 25˚C using a water bath 

and samples were left to equilibrate for ~15 minutes prior to each measurement. The free energy 

of unfolding was determined from the fluorescence data using both the classical linear 

extrapolation method [237] and a direct non-linear least squares fit [238] to the raw data with an 

in-house Python script written by me. In general, both methods yielded similar results (differences 

typically < kβT). Data were analyzed using a two-state model and assuming that unfolding is 

reversible which has been demonstrated previously for both tetrameric and dimeric constructs of 

LacI [239]. Though this simplified model does not take into account LacI’s oligomerization state 

[167], it is an accepted method of interpretation and has been used in previous unfolding studies 

[239]. For intact apo LacI, the ΔGunfolding = 7.2 kcal/mol•K and (urea)mid = 2.0 M. For apo LacI RD, 

the ΔGunfolding = 5.9 kcal/mol•K and (urea)mid = 1.8 M. 

 
4.2.4 In-vitro refolding of LacI and LacI RD  

 A variety of methods to refold purified LacI and LacI RD were assessed. Though refolding 

studies of LacI have been performed extensively over the course of the last two decades, 

considerable complications arose when classical approaches [239, 240] were scaled up to NMR 
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concentrations of protein. Since working under dilute protein conditions would have resulted in 

greatly protracted sample preparation times, an extensive survey of common refolding 

approaches used in structural studies where protein quantities are large was performed. Two 

methods were identified which were found to result in consistently high yields of refolded protein.  

 The first method involved refolding of LacI while immobilized on a chromatography 

column essentially as described in an application note from GE Healthcare [241]. His-tagged LacI 

or LacI RD was immobilized on a 3 mL Ni-IDA column then washed with 5 column volumes of 

equilibration buffer (50 mM sodium phosphate, 500 mM sodium chloride, 3 mM BME, pH = 8.0) at 

4˚C. Immobilized LacI was then further washed with 50 column volumes of denaturing buffer (50 

mM sodium phosphate, 500 mM sodium chloride, 3 mM BME, 2M urea pH = 8.0). Denaturant 

concentration was decreased slowly by application of a linear gradient of equilibration buffer over 

night. After a final wash with 50 column volumes of equilibration buffer, refolded LacI or LacI RD 

was eluted by washing with elution buffer (50 mM sodium phosphate, 500 mM sodium chloride, 3 

mM BME, 250 mM imidazole, pH = 8.0). Once eluted, the His-tag was removed and purification 

was continued as described in Chapter 2. 

 The second method was analogous to that described previously for refolding malate 

synthase G for NMR studies [148]. Briefly, purified LacI or LacI RD was diluted in denaturing 

buffer (200 mM TRIS, 500 mM sodium chloride, 3-6 M guanidine hydrochloride, 5 mM TCEP, pH 

= 8.5 measured at 25˚C) to a final concentration of < 50 µM. The protein solution was then 

incubated at room temperature for 1-2 hours before dropwise addition to refolding buffer (200 mM 

TRIS, 500 mM sodium chloride, 5 mM TCEP, pH = 8.5 measured at 25˚C) at 4˚C. The volume of 

refolding buffer was chosen such that the final concentration of denaturant after dilution was < 

0.01 M. The protein solution was left at 4˚C overnight. The next morning, the solution was 

concentrated using 10 kDa molecular weight cutoff spin concentrators (Amicon) and run over a 

size-exclusion column pre-equilibrated with NMR buffer.   

  

4.2.5 Structure generation using CS-ROSETTA  
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 Structures of the LacI DBD were calculated using CS-ROSETTA [242-244] as 

implemented by the server provided by the National Magnetic Resonance Facility at Madison 

(NMRFAM) resource. Typical calculations involved generation of 3000-10000 structures. Two 

approaches were implemented: the first involved calculation without the hinge region (the “Oliver 

Lange Method”) and the second involved calculation with the hinge region but excluding it from 

the energy calculation (the “Yang Shen Method”). All input files consisted of complete amide 1H 

and 15N chemical shifts as well as alpha 13C, beta 13C, carbonyl 13C, and alpha 1H chemical shifts. 

Alpha 1H chemical shifts were assigned via an HCCH-TOCSY unambiguously for 84% of the non-

proline residues. Typical calculations took several hours-overnight depending on the number of 

structures generated. All structures shown in this work are ensembles of the ten “best” structures 

identified by the CS-ROSETTA algorithm which ranks structures based on their absolute 

ROSETTA energy and RMSD from the lowest energy structure calculated.  

4.3 Results and Discussion 

4.3.1 The DBD is structured and the hinge is unfolded in the absence of DNA  

  

 In Chapter 3 (refer to Section 3.3.1 and Figure 3.6), it was shown that the backbone 

amide 1H and 15N chemical shifts of the isolated DBD were nearly identical to those of the DBD of 

intact LacI. This correspondence justified the use of the “divide and conquer” approach for 

obtaining resonance assignments but was not explored further. Here we characterize this 

correspondence quantitatively and show that it can be used to provide the first high-resolution 

view of the structure of the DBD of intact LacI.  

 The chemical shift is an exquisitely sensitive probe of local chemical environment and 

local structure in proteins. While 1H and 15N shifts are often used as the primary readout in 

biomolecular NMR studies, changes in these shifts that occur as a result of ligand binding or 

mutation may not necessarily reflect variations in local or even global structure [245]. Therefore, 

we used triple resonance data to supplement our analysis with chemical shifts of alpha carbons, 
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carbonyl carbons, and beta carbons which are accurate reporters of structure—particularly 

secondary structure [228].   

 Quantitative comparison of the backbone 13C chemical shifts observed in the isolated 

DBD to those observed in intact LacI bound to IPTG yielded universally strong correlations for all 

nuclei. The IPTG-bound state of LacI was chosen over the apo state for this initial analysis 

because it exhibited higher quality spectra and had a higher percentage of unambiguous 

resonance assignments. The correlations yielded R2 values of 0.997 for intra-residue CA shifts, 

1.0 for inter-residue CA shifts, 0.998 for intra-residue CB shifts, and 0.997 for inter-residue CO 

shifts. In total, 47 unique DBD residues could be compared which corresponds to ~80% of all 

DBD residues. The remaining ~20% of residues could not be analyzed because they were 

unobservable in 1H-15N spectra of LacI. This is likely due to rapid hydrogen exchange with solvent 

since the data were collected at pH = 7.4 and the unobservable resonances are primarily 

localized to the termini, regions at the ends of helices which are presumably subject to fraying, 

and loops which are highly solvent exposed. These data are also consistent with spectra of the 

isolated DBD at pH = 7.4 (see Figures 2.14a-b in Chapter 2) which exhibits a similar reduction in 

the number of observable cross peaks relative to data collected at pH = 4.5 where hydrogen 

exchange is slowed.   

 Since both amide and backbone carbon chemical shifts are nearly identical for the 

isolated DBD and the DBD of intact LacI, it follows that their structures are likely highly similar. 

Using the chemical shifts of the isolated DBD, an ensemble of structural models for the DBD was 

generated using CS-ROSETTA. CS-ROSETTA is a knowledge-based algorithm which uses a 

library of NMR chemical shifts from known elements of structure and the robust suite of 

ROSETTA protein structure prediction methods to generate structural models [242-244]. For 

proteins in the size regime of the isolated DBD, CS-ROSETTA has been shown to yield highly 

accurate structural models using chemical shifts as the only input [243]. Figure 4.2a shows an 

ensemble of the 10 best structures (ranked with respect to ROSETTA energy and alpha carbon 

RMSD from the lowest energy structure) identified by the CS-ROSETTA algorithm generated 
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using all available chemical shifts. Figure 4.2b shows another ensemble that was generated with 

the same data but excluding chemical shifts from the hinge region, residues 46-62. The inclusion 

of the hinge in CS-ROSETTA calculations was found to have no significant effects on the 

topology of the DBD (Figure 4.2c), although excluding the hinge region from the calculation did 

result in improved energy minimization profiles (Figure 4.2d-e). The model is consistent with a 

well folded DBD consisting of three helices and a completely unfolded hinge region that spans 

residues 47-62. These data are in good agreement (1.2 Å RMSD aligning residues 1-56, 1.1 Å 

RMSD aligning residues 1-46 only) with the earlier NMR structure of the apo wild type DBD [174], 

however, that construct was shorter by 6 residues and thus did not have a fully intact hinge.   

 In order to validate that the structural model derived from analysis of the chemical shifts 

of the isolated DBD was relevant to the intact protein, peak heights were quantified for the 1H-15N 

TROSY HSQC of intact LacI bound to IPTG. As discussed previously in Chapter 3, the intensity 

of an NMR signal is inversely proportionally to its rotational correlation time due to damping of the 

FID by the transverse relaxation rate. As a result, disordered regions typically exhibit very strong 

signals. Figure 4.3 shows that the resonances that arise from the hinge region exhibit very 

intense peak heights, suggesting that the hinge region exhibits intrinsic disorder in the context of 

the full length protein.  
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Figure 4.2 CS-ROSETTA modeling of the structure of LacI DBD. (A) Ensemble of the 10 best 
structures calculated with the hinge region intact. (B) Ensemble of the 10 best structures 
calculated with the hinge region removed. (C) Overlay of the best structure from A (cyan) and the 
best structure from B (green). (D) Energy minimization plot for 10000 ROSETTA structures used 
to generate the ensemble shown in A. (E) Energy minimization plot for 10000 ROSETTA 
structures used to generate the ensemble shown in B. For D and E the x-axis is RMSD from the 
best structure (in units of Å) and the y-axis is Relative Energy (in units of ROSETTA energy).	  

 

The structured elements of the DBD exhibit peak heights marginally larger than those of other 

structured regions of LacI. This suggests that the unfolded hinge region imparts additional 
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flexibility on the entire DBD. In other words, the DBD of each monomer is unlikely to dock against 

the RD or the DBD of the other monomer. This observation is consistent with previous NMR 

studies of multi-domain proteins where undocked domains tethered by long, unstructured linkers 

have been shown to tumble semi-independently [246]. These data are also entirely consistent 

with the structural model derived from CS-ROSETTA. This strongly suggests that in the absence 

of DNA, the DBD of LacI is mobile but well structured and the hinge region is completely 

unfolded.  

 

 

 

Figure 4.3 Motional properties of the intact LacI-IPTG complex. Peak height calculated at the 
center point for a given cross peak in the 1H-15N TROSY HSQC is plotted as a function of residue 
number for all assigned residues. Overlapped peaks are not included in the analysis. The hinge 
region (residues 46-62) is denoted by the blue bar. The average peak height is shown as a 
dashed red line.	  

   

4.3.2 The structure of the DBD is insensitive to IPTG-binding  

 The structural modeling and interpretation done in Section 4.3.1 utilized the LacI-IPTG 

complex rather than the apo state. This was because the LacI-IPTG complex exhibited higher 

quality spectra and a higher percentage of resonance assignments. In order to gain insight into 
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the structural features of the DBD in the apo state, 1H-15N TROSY HSQC spectra were 

compared. Interestingly, it was found that the DBD and hinge chemical shifts are identical in both 

the apo and IPTG-bound states. Figure 4.4 shows a subset of amide resonances from the DBD of 

the apo and IPTG-bound states of LacI to illustrate this point. Two meaningful conclusions can be 

drawn from these data: First, the DBD of the apo state is well structured and the hinge is unfolded 

in the absence of DNA. Second, the DBD does not undergo a conformational change upon DNA-

binding.   

 

 

 

Figure 4.4 The structure of the DBD is insensitive to IPTG-binding. Extracted regions of the 1H-
15N TROSY HSQC spectra of apo LacI (black) and IPTG-bound LacI (red). Cross peaks are 
shown for a subset of DBD and hinge residues. Note that L63, which is the first residue of the RD 
and part of the N-terminal subdomain, undergoes a change in chemical shift.	  

 

 These results are ostensibly problematic. As described previously, studies by several 

groups had demonstrated that apo LacI exists in an equilibrium between induced and repressed 

states [44, 97]. Since it is already known that the hinge helix is folded in the repressed state, 

previous NMR studies have suggested that the hinge of the apo state may sample both folded 

and unfolded states [234]. Our NMR data clearly indicate that the hinge and DBD of the apo state 

populates an average structure identical to that of the induced state which we have shown has an 

unfolded hinge. Moreover, a lack of conformational change in the DBD does not adequately 

explain the functional effect of IPTG-binding. LacI’s affinity for operator drops by 3-5 orders of 

magnitude upon binding IPTG and this is true whether LacI is pre-bound to operator or not [41, 

247]. The NMR data effectively rule out the possibility that IPTG-binding results in a change in 
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DBD structure that compromises operator binding. In order to address these issues and better 

understand the effect of IPTG-binding, the structure and dynamics of the RD were examined 

using solution NMR.         

 
4.3.3 The apo RD exhibits slow timescale dynamics   

 It was previously demonstrated in Chapter 3 that spectra of the isolated RD fully 

recapitulate spectra of the RD of intact LacI for both apo and IPTG-bound states. The isolated RD 

produces higher quality NMR spectra than intact LacI which promotes a more detailed analysis. 

As such, the vast majority of data presented in this Section was collected on the isolated RD.  

 Unlike the DBD, the RD of the apo state and the RD of the IPTG-bound state exhibited 

markedly different 1H-15N TROSY HSQC spectra. It was anticipated that IPTG-binding would 

result in chemical shift perturbations, particularly for residues in the IPTG-binding pocket. 

However, one unexpected observation was that IPTG-binding resulted in a drastic increase in the 

total number of observable cross peaks. An overlay of the two spectra is shown in Figure 4.5. 

One simple explanation is that many of the cross peaks in the spectrum of the apo state are 

simply overlapped and thus cannot be differentiated using a two dimensional experiment. 

However, this explanation was ruled out upon analysis of the higher-resolution three dimensional 

TROSY-HNCO and TROSY-HNCA experiments. Based on the triple resonance data, it was 

confirmed that the 1H-15N TROSY HSQC of apo LacI exhibits only ~80% (211/262) of the total 

number of expected amide cross peaks based on amino acid sequence. The corresponding 

spectrum of the IPTG-bound state exhibited ~92% of all expected amide cross peaks (240/262).  

 There are many potential explanations for why an amide cross peak might be rendered 

unobservable. One, which has already been discussed above in the context of the DBD, is fast 

HX with the solvent. Given that spectra of the IPTG-bound and apo states were collected under 

identical conditions (pH = 7.4 and 25˚C) and that the crystal structures of the two states are highly 

similar [75], this explanation is unlikely.  

 Another possible explanation is that not all amide deuterons were back exchanged during 

sample preparation. Because all LacI NMR samples are perdeuterated, there is some possibility 
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that stably hydrogen bonded amide groups could resist exchange with the protonated solvents 

used during purification and sample preparation.   

 

 

 

Figure 4.5 Overlay of the 1H-15N TROSY HSQC spectra of apo (black) and IPTG-bound RD (red) 
The number of observed cross peaks as confirmed via TROSY-HNCO and TROSY-HNCA 
experiments is listed for each spectrum. 

 

Moreover, since our construct of LacI forms a tight dimer (kd ~3 nm [240]) and protein 

concentrations are generally kept high (~100 µM), it is possible amides at the monomer-monomer 

interface might be resistant to exchange. In order to test this hypothesis, an in-vitro refolding 

protocol was developed for LacI RD. This was necessary because simply adapting refolding 

protocols from the classical literature on full length LacI failed. A variety of refolding protocols 

were screened based on previously published approaches and results from classical equilibrium 

unfolding experiments (see Materials and Methods, data not shown). It was eventually found that 

high yields of refolded LacI RD could be obtained using either an on-column approach or a rapid-

dilution approach. These procedures were also found to be applicable to intact LacI. 
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 1H-15N TROSY HSQC experiments revealed that refolded and non-refolded LacI RD 

exhibited the exact same number of cross peaks as shown in Figure 4.6a,c. An additional control 

1H-15N TROSY HSQC experiment was performed on a fully protonated RD sample (Figure 4.6b). 

The unfavorable relaxation properties of the fully protonated sample necessitated overnight data 

collection and resulted in a spectrum with rather broad lines due to the slow rotational correlation 

time of the 58 kDa dimeric RD. However, the data could still be analyzed. The control data 

showed unequivocally that the missing amide cross peaks did not arise from a lack of deuterium 

back exchange.  

 Another possible explanation is that the missing peaks are broadened due to “chemical 

exchange”. In a generic sense, chemical exchange can refer to any time-dependent process that 

exposes a particular NMR probe to at least two different chemical environments [248]. In the 

context of apo LacI, chemical exchange phenomena would likely result from a conformational 

exchange process—for example, transitions among structurally distinct functional states (the 

transition from monomer to dimer has already been ruled out abased on the previously published 

dimerization constant, the concentration of protein used in our studies, and the consistent 

presence of a single, narrow peak from size-exclusion chromatography (refer to Chapter 2, Figure 

2.6).    

 But how does conformational exchange render cross peaks unobservable? For simplicity, 

consider a single NMR exchanging between two distinct conformational states. The probe will 

exhibit a distinct resonance frequency determined by which state it populates. If the rate of 

exchange between states is much slower than the difference in resonance frequency, two 

separate peaks will be observed with intensities that reflect the respective populations of each 

state. This is known as the “slow exchange” regime. Conversely, if the rate of exchange is much 

faster than the difference in resonance frequency of the two states, the two peaks are averaged 

into one peak which will be observed at a population-weighted frequency. This is known as the 

“fast exchange” regime. However, if the rate of conformational exchange is roughly equivalent to 

the difference in resonance frequency between the two states, the two peaks will coalesce into a 
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single broadened signal. This is known as the “intermediate exchange” regime. Often, this 

broadened signal is not detectable, particularly in cases where sensitivity is limited (such as with 

LacI). This broadening is often described in the literature as “exchange broadening.” 

Conformational exchange typically takes place on the µs-ms timescale and is therefore classified 

as a slow timescale dynamic process [104].    

 

  

Figure 4.6 Comparison of refolded and fully protonated apo LacI RD. (A) 1H-15N TROSY-HSQC 
of refolded apo LacI RD. (B) 1H-15N TROSY-HSQC of fully protonated apo LacI RD. (C) 1H-15N 
TROSY-HSQC of non-refolded apo LacI RD. (D) Overlay of A-C. Negative peaks are shown in 
yellow. The peak labeled with the green asterisk is aliased in the 15N dimension in A and B. 

 

 This scenario is plausible for apo LacI as previous work has suggested that it exists in an 
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equilibrium between repressed and induced states [44, 97]. As discussed previously, our NMR 

data do not suggest the DBD is in an equilibrium between repressed and induced states based 

on the equivalence of DBD chemical shifts for both apo and IPTG-bound states. However, 

analysis of the TROSY HSQC spectrum of apo LacI show that an overwhelming majority of 

residues in the RD exhibit spectral signatures suggestive of two-state equilibria. Figure 4.7 shows 

extracts of an overlay of TROSY HSQC spectra of operator-bound, IPTG-bound, and apo LacI. 

The distinguishing feature of these data is that the resonances of the apo state appear at an 

intermediate frequency, sandwiched between the resonances of the operator-bound and inducer-

bound states. Resonances for all three states fall on an approximate line which indicates that the 

apo state is interconverting between the induced and repressed states in the fast exchange 

regime [129, 249, 250]. Some resonances from the apo state, however, show significant line 

broadening (see G297 and I289 in Figure 4.7) which suggests interconversion on a slower 

timescale and/or a large chemical shift difference between exchanging states. These data 

support the hypothesis that the missing cross peaks in spectra of the apo state arise due to 

exchange broadening, specifically interconversion between repressed and induced states. 
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Figure 4.7 The RD of apo LacI is in a two-state equilibrium (A) 1H-15N TROSY-HSQC of refolded 
apo LacI (purple), LacI-Osym (blue), and LacI-IPTG (red). Resonances for selected RD residues 
are shown. An asterisk denotes residues localized to the N-terminal subdomain. No asterisk 
indicates residues localized to the C-terminal subdomain. All data were collected at 25˚C and at 
the same pH.	  

 

 An interesting observation about the apparent two-state exchange process exhibited by 

the apo state is that it is heterogeneous. The variable line broadening observed suggests that 

multiple timescales of exchange are operative. Additionally, the residues that are in the fast 

exchange regime may populate the induced and repressed states to different degrees. Studies 

from the Lewis and Sharp labs suggest that the apo state favors the induced state by a ratio of 

~2:1 [97] whereas studies by the Matthews’ lab suggest a ratio of ~1:1 [44, 251]. Neither ratio is 

universally observed in the NMR data, however, it should be noted that changes in chemical shift 

will reflect any change in local chemical environment. For example, consider the resonance for 

N125 in Figure 4.7. N125 is in the IPTG-binding pocket, so the chemical shift change observed 

during the transition from the apo state to the induced state will also reflect changes due 

modulations in local chemical environment brought about by the IPTG molecule. Therefore, it is 

very difficult to quantify populations from frequencies alone and the data shown here should not 

be interpreted as a contradiction of previous work. 
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 Having established that the missing peaks likely arise from conformational exchange, we 

next sought to identify the particular regions of the RD that exhibit exchange. Figure 4.8a shows 

that broadened peaks stem from residues that line the monomer-monomer interface with the 

majority of them localized to the N-terminal subdomain. Interesting, there is also a small cluster of 

exchange-broadened residues in the C-terminal subdomain beneath the monomer-monomer 

interface. Historically, the C-terminal subdomain has been identified as a relatively rigid scaffold 

which remains static while the N-terminal subdomain translocates along the functional cycle of 

LacI [3, 75]. These data suggest that in the apo state, the C-terminal subdomain may be more 

flexible than originally thought.  

 Interestingly, the observed distribution of exchange broadened sites is also qualitatively 

similar to the areas identified by the TMD study as being salient to allosteric communication.  

It is important to note that the TMD approach employs specific constraints to enable observation 

of µs or slower timescale structural transitions on the ns timescale of conventional MD [94]. The 

simulation and NMR data are therefore qualitatively comparable. Indeed, comparison of the map 

of residues in Figure 4.8a to a map consisting of the “allosteric pathways” (shown in Figure 4.8b) 

reveals notable correspondence as well as some differences.  
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Figure 4.8 Slow timescale dynamics in apo LacI RD. (A) Residues which are broadened by slow 
timescale dynamics in NMR spectra of apo LacI RD are shown in red (B) Residues involved in 
the allosteric pathways identified by the TMD study are shown in red. (C) Zoom in on core-pivot 
region as defined by the Matthews group (shown in red) [251]. 

 

 In total, ~60% of all residues identified by the TMD study are exchange broadened as 

detected by NMR. These include all of the key residues at the monomer-monomer interface and 

most residues in the so-called “core pivot region” where the N- and C-terminal subdomains touch 

[251]. The most notable discrepancies between experiment and simulation occur at sites involved 
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in hydrophobic packing interactions. The TMD study identified 12 such residues as being dynamic 

whereas the NMR data show only 3 as being exchange broadened.  

 It should be noted that the TMD  study attempted to delineate a mechanism for how the 

repressed state transitioned to the induced state. Therefore, we do not expect the motions 

detected in the simulation to reflect the internal dynamics of the apo state detected by NMR. 

However, as discussed in Chapter 1, there has been precedent set in the literature that allosteric 

proteins often sample their various functional states in the absence of allosteric stimulus 

(consistent with an MWC model of allostery) and this sampling occurs on the slow timescale 

[105]. Therefore, we deem the comparison valuable.    

 Our NMR data have shown that the RD of the apo state is likely in a two-state equilibrium 

between induced and repressed conformations. The timescale of exchange is on the µs-ms 

timescale but is heterogeneous. Motions are detected in both N- and C-terminal subdomains 

along the monomer-monomer interface and core pivot region. We next examine the changes in 

structure and changes in dynamics that result as a consequence of IPTG-binding.     

 

4.3.4 IPTG-binding induces changes localized to the N-terminal subdomain   

 In order to characterize the changes in local chemical environment that accompany 

IPTG-binding, normalized 1H-15N chemical shift perturbations (CSPs) [235] were calculated for 

residues which could be observed and unambiguously assigned in the spectra of both apo and 

IPTG bound states. In total, 180/262 (~70%) residues from the RD could be compared. Unlike the 

DBD, which exhibited no changes in chemical shift upon IPTG-binding, the RD shows notable 

changes. Figure 4.9 shows the CSPs calculated for the RD. The largest changes are localized to 

the IPTG-binding pocket with R197 and N246 yielding CSPs > 3 standard deviations from the 

mean CSP. These residues hydrogen bond directly to the IPTG molecule and are essential for 

inducer binding [75]. A significant CSP is also observed for S77 which is near the IPTG binding 

pocket but does not contact the molecule. S77 is adjacent to Q78 (not observed in our NMR data) 

which was previously identified to be involved in a key monomer-monomer interaction that 
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stabilizes the repressed state. The TMD study suggested the cross-monomer interaction involving 

Q78 is disrupted as a consequence of inducer binding. The CSP of S77 may reflect this event. 

Large CSPs are also observed throughout the N-terminal subdomain, following an almost linear 

trajectory away from the IPTG-binding pocket. Overall, the CSP data are in good agreement with 

previous structural studies and confirm that most perturbations upon inducer binding are indeed 

localized to the N-terminal subdomain, likely the result of the structural re-arrangements that have 

been identified to occur there in previous studies [32, 75].   

  

 

 

Figure 4.9 Chemical shift perturbations in the RD due to IPTG-binding. (A) Plot of normalized 1H-
15N CSPs between apo and IPTG-bound states of LacI RD from 1H-15N TROSY HSQC spectra 
collected at 750 MHz and at 25˚C. (B) Plot of CSPs on a ribbon representation of the structure of 
LacI RD bound to IPTG (PDB: 2P9H). (C) Plot of CSPs on a surface representation of LacI RD 
bound to IPTG (PDB: 2P9H). The scale of CSPs ranges from 0.0 (white) to > 0.35 (dark red). 
IPTG is shown as yellow sticks. Sites in grey were not analyzable due to exchange broadening in 
the apo state spectrum.    
 

4.3.5 IPTG-binding only partially quenches slow timescale dynamics  

  The 1H-15N TROSY spectrum of IPTG-bound LacI RD exhibits nearly 40 additional cross 

peaks that were unobservable in the corresponding spectrum of the apo state. Since we have 

shown compelling evidence that apo LacI RD in an in equilibrium of states, we interpret the 
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increase in the number of observable cross peaks as confirmation that IPTG-binding drives the 

equilibrium toward the induced state.  

 Chemical shift assignments show the peaks that “appear” in the IPTG-bound state 

originate from residues at the monomer-monomer interface and the core pivot region. 

Conformational changes in these two regions have been implicated in the allosteric transition.  

 Interestingly, a subset of cross peaks was found to be missing from spectra of the IPTG-

bound state. Figure 4.10 shows a map of these residues. Similar to the apo state, the missing 

cross peaks arise from discrete clusters of residues, primarily localized to the monomer-monomer 

interface. Indeed, nearly all of the sites missing cross peaks in the IPTG-bound state are also 

missing cross peaks in the apo state. The three clusters of residues consist of S70-Q78, V96-

S102, and D275-D278.   

 

 

 

Figure 4.10 Map of residues for which cross peaks could not be identified in the 1H-15N TROSY 
spectrum of LacI+IPTG RD. Three clusters are localized to the monomer-monomer interface and 
consist of S70-Q78, V96-S102, and D275-D278.  IPTG is shown in stick representation and is 
colored yellow. PDB code: 2P9H.  
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 Since the clusters consisting of S70-Q78 and D275-D278 are near the IPTG molecule, 

one possible explanation for the observed line broadening is that the protons of IPTG are 

accelerating relaxation through a dipolar effect. An alternative explanation is that the line 

broadening arises from a conformational exchange mechanism like that observed for the apo 

state. One exciting possibility is that IPTG-binding may fail to quench all slow timescale dynamics 

in the RD which would further implicate the role of dynamics in the allosteric regulation of LacI. 

Indeed, all three clusters consist of residues that have been identified by the TMD study as 

important for allosteric communication. In the next section we show that the line broadening does 

indeed arise from conformational exchange rather than dipolar relaxation induced by the IPTG 

molecule and is correlated directly with allosteric functionality.  

       

4.3.6 Mutants with disrupted allostery exhibit totally quenched slow timescale dynamics  

 A common approach adopted for investigating the relationship between protein dynamics 

and allostery is the characterization of non-allosteric mutants [117, 120]. This approach posits 

that mutants which exhibit aberrant functionality will also exhibit aberrant dynamics. We have 

decided to adopt this approach here by examining mutants of LacI which exhibit disrupted 

allostery but maintain high-affinity operator binding and inducer binding.  

 Fortunately, the vast wealth of mutagenesis data on LacI collected by the Miller, Müller-

Hill, Matthews, and Swint-Kruse labs made phenotypic screening of non-allosteric mutants 

unnecessary. Upon thorough examination of the literature, two single point mutants, K84L [171] 

and K84M [234, 252], were identified as promising subjects. The K84L mutant exhibits slightly 

diminished affinity for operator, wild-type affinity for IPTG (but with altered kinetics), and severely 

diminished allostery. The K84M mutant has not been characterized as thoroughly in vitro as K84L 

but has been shown to bind operator with slightly diminished affinity while still exhibiting 

compromised allostery to about the same degree as K84L. Table 4.1 summarizes data on dimeric 

constructs of the K84L [247] and K84M [234] mutants as compared to wild type.   
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Table 4.1 Properties of LacI mutants with hydrophobic substitutions at K84 

Mutation Operator Affinity IPTG Affinity Operator Affinity, IPTG-bound 

WT 0.63 ± 0.1 nM 1.3 ± 0.1 µM > 10000 nM 

K84L 1.1 ± 0.3 nM 1.4 ± 0.4 µM 4.8 ± 0.2 nM 

K84M 2.9 ± 1.0 nM Same as WT1 10.3 ± 3.1 nM 

 1Based on 14C-IPTG binding activity studies which are described relative to WT activity for tetrameric LacI [252] 

 

 The K84 site is an attractive option for our study because it is located in the N-terminal 

subdomain, removed from both the DBD and IPTG-binding pocket. Moreover, K84 had long been 

recognized as a key mediator of allostery and is often described as a “toggle” [247]. In the 

repressed state, the charged side chain of K84 is buried in a hydrophobic pocket where it is 

neutralized by an anion. In the induced state, the sidechain flips out of the hydrophobic pocket 

and interacts with E100 and D88 (Figure 4.11a). This transition had been identified by the TMD 

study as being the “juncture” of the various allosteric pathways identified in the RD.  

 

 

 
Figure 4.11 Comparison of K84 position in repressed and induced states. (A) Zoom-in of K84 
sidechain in the induced state structure (red, PDB: 2P9H), and the repressed state (blue, PDB: 
1EFA). K84 is shown in stick representation. (B) Monomer-monomer interface near the K84 site 
for the wild type protein bound to glycerol. (C) Monomer-monomer interface near the L84 site for 
the K84L protein bound to glycerol. Figures B and C are reproduced from [253]  
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 Substitution of K84 with hydrophobic amino acids has been shown to dramatically 

increase the stability of the protein [171, 252]. Indeed, K84L and K84M are resistant to chemical 

denaturant and exhibit melting temperatures 40˚C higher than that of wildtype. The crystal 

structure of the free state of K84L mutant suggests that the increased stabilization originates from 

more efficient packing at the monomer-monomer interface [253] as illustrated in Figure 4.11b-c. 

Interestingly, the structure of the individual monomers of K84L bears similarity to both apo (with 

respect to the N-terminal subdomain interface) and repressed structures of LacI (with respect to 

the N-terminal subdomain orientations) [247]. This is perhaps surprising considering the K84L 

mutant binds operator with slightly lower affinity than wildtype, despite bearing structural similarity 

to the repressed state. Unfortunately, while the K84L variant was not crystallized in the presence 

of IPTG or operator DNA, it was shown to be bound to glycerol which was added in high 

concentrations as a cryoprotectant. Control operator-binding experiments later showed that the 

apparent structural bias did not result from glycerol [247].      

 It is important to note that the hydrophobic K84 variants still exhibit an allosteric response 

to IPTG-binding, albeit one that is greatly attenuated. A series of biochemical experiments were 

performed to see if allosteric communication in the K84 variants was a muted version of that 

exhibited by the wildtype or a completely distinct mechanism [247]. Operator release studies 

which probe the impact inducer binding has on operator binding clearly indicated that allosteric 

communication in the hydrophobic K84 variants is damped and not redefined. In other words, the 

K84 variants undergo the same structural transition from repressed to induced states but exhibit 

some unique property which damps the functional effect.  

 Based on the NMR data which indicated that both apo and IPTG-bound LacI exhibit slow 

dynamics in the RD, we reasoned that the functional damping observed in the K84 variants could 

arise from a quenching of slow dynamics in the RD.   

 First, the apo state of the K84 variants was characterized using 1H-15N TROSY HSQC 

experiments. Samples of perdeuterated K84L RD yielded spectra which exhibited 172/262 
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expected amide cross peaks which is even less than that observed for wildtype (211/262). 

However, unlike spectra of the wildtype which exhibited heterogeneous degrees of line 

broadening, the spectra of K84L samples consistently exhibited uniform linewidths which 

suggested that the missing peaks did not originate from conformational exchange. A control 

spectrum was then collected on fully protonated samples of K84L RD since the K84L mutant is 

resistant to chemical denaturation and therefore cannot be back exchanged via refolding. This 

spectrum exhibited over 95% of all expected amide cross peaks which confirmed our hypothesis 

that the slow timescale dynamics (conformational exchange) exhibited by the apo state of the 

wildtype protein would be quenched in the K84L mutant. The residual 5% of peaks may still be 

exchanged broadened and may provide a threshold amount of flexibility in order to maintain 

functionality. However, further studies are required to confirm this hypothesis. To verify that the 

quenching was not just an anomaly specific to the K84L mutant, the same experiments were 

performed on the K84M variant. Impressively, the same observation was made. The apo state of 

K84M exhibited thoroughly quenched slow timescale dynamics. This provides strong evidence 

that the conformational dynamics observed in the apo state of LacI are indeed quenched in the 

hydrophobic K84 variants. These data are summarized in Figure 4.12.   
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Figure 4.12 Comparison of 1H-15N TROSY HSQC spectra of K84 variants. (A) Apo wild type RD 
(black), (B) perdeuterated apo K84L RD (blue), (C) fully protonated apo K84M RD (red), (D) full 
protonated K84L (green). The total number of points sampled in the indirect dimension for D is ½ 
of that for C. A and B were collected at 750 MHz and 25˚C and C and D were collected at 500 
MHz and 40˚C. Control experiments on K84L showed that the number of peaks did not change 
significantly with increasing temperature (data not shown). 
 

 We next investigated the IPTG-bound state. Of interest here is whether the three clusters 

of missing peaks presented in the previous section arose from conformational exchange or simply 

from accelerated relaxation due to the close proximity to protonated IPTG molecular. In order to 

address this we performed a full suite of backbone assignment experiments on a fractionally 

deuterated K84M sample. Assignments of the K84M mutant were easily transferable to spectra of 

the K84L mutant by visual inspection due to the high degree of similarity between the two. 

Comparison of 1H-15N HSQC spectra indicated that both the IPTG-bound K84M and IPTG-bound 

K84L exhibited cross peaks corresponding to residues that were missing in spectra of the wild 

type. This confirms that the line broadening observed in the spectra of the IPTG-bound wild-type 

RD was due to conformational dynamics and not enhanced relaxation effects from IPTG. These 
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data are summarized in Figure 4.13. It should be noted that while differences in the monomer-

monomer interface induced by hydrophobic substitutions at position 84 may produce chemical 

shift changes larger than the small windows shown in Figure 4.13, analysis of the entire spectrum 

and triple resonance data indicate that they are indeed broadened beyond detection.   

 

 

Figure 4.13 K84L and K84M exhibit quenched slow timescale dynamics in the IPTG-bound 
states. (A) The 1H-15N TROSY HSQC spectrum of WT (black), (B) The 1H-15N TROSY HSQC 
spectrum of K84L (blue), and The 1H-15N TROSY HSQC spectrum of (C) K84M (red). K84 
variants were perdeuterated and non-observable cross peaks originate from a lack of deuterium 
back exchange as discussed in the main text. (D) Structure of the IPTG-bound wild type LacI RD 
with several key residues highlighted in red. L71 and V99 are representatives from the clusters of 
exchange broadened residues exhibited by the wild type protein. Bold lines point to one 
monomer, dashed lines points to the other. Highlighted cross peaks become observable in 
spectra of the K84 variants which indicate exchange is quenched. D129 and E259 are sites that 
did not exhibit exchange broadening in the wild type protein. These sites are also visible in the 
K84 variants. 
 

4.3.7 Implications for allosteric regulation of LacI   

 Based on the data presented in the previous section, there is a clear correlation between 
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the presence of residual conformational dynamics in the IPTG-bound state and the magnitude of 

allosteric response. To reiterate, the wildtype protein exhibits a robust allosteric response to 

IPTG-binding and also exhibits conformational exchange in three discrete clusters of residues 

near the monomer-monomer interface: S70-Q78, V96-S102, and D275-D278 in the induced 

state. Two mutants which exhibit a detectable but greatly diminished allosteric response to IPTG-

binding do not exhibit conformational exchange. But why should the presence (or absence) of 

dynamics at these three clusters have any kind of functional effect on LacI? In order to elucidate 

this connection, a detailed analysis of the existing structural and biochemical data was performed.  

  Investigation of the crystal structure of induced LacI reveal that two of these three 

clusters of residues are structurally connected. Figure 4.14 shows a LIGPLOT/DIMPLOT [254] 

analysis of the structure. In this representation green dotted lines represent hydrogen bonds and 

the spoked arcs (eyelash-like figures) represent non-bonded interactions. Red arcs are derived 

from residues on one monomer while pink arcs are derived from residues on the other monomer. 

It is striking that a key hydrogen bond interaction is observed between the side chain of H74 of 

one monomer to side chain of D278 of another monomer. This interaction is abolished in the 

repressed state [86].  
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Figure 4.14 LIGPLOT/DIMPLOT diagram illustrating the monomer-monomer interface and cross-
monomer interactions in the crystal structure of IPTG-bound LacI RD (PDB: 2P9H). Figures in 
pink are residues from one monomer and figures in red are residues from the other monomer. 
Spoked arcs represent non-bonded interactions and green dotted lines represent hydrogen 
bonds.  
 

 The role of the H74-D278 interaction in allostery has been well characterized 

biochemically [255]. Neither residue is involved in IPTG-binding but mutagenesis of either of the 

two sites results in disrupted allostery. The nature of the disruption was shown to depend on the 

nature of the mutation. For example, substitutions of H74 with large, bulky amino acids resulted in 

a decrease in inducer affinity but increase in operator affinity whereas substitutions with smaller 

amino acids produced the opposite effect. Mutations at D278 enhance operator binding but 

diminish IPTG-binding with no apparent size or chemical dependence. Since the mutants produce 

variable phenotypes, preservation of the actual H74-D278 interaction itself was declared 

unimportant. 

 These results can be rationalized in terms of our data. The variable phenotypes may 

simply reflect how each mutation affects the local motional properties of the protein. A simple 

interpretation, for example, is that bulky amino acids at position 74 restrict motion more than 

small amino acids and hence the equilibrium is shifted toward the repressed state for bulky 

substitutions and toward the induced state for small substitutions. Moreover, networks of spatially 

separated dynamic residues do not require direct structural connections [256] and hence the 
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actual H74-D278 hydrogen bond would be expected to be of little importance. In order to test this 

hypothesis, line broadening would have to be measured for the same series of mutants. 

 The final dynamic cluster V96-S102 features three amino acids (M98, R101, and E100) 

which interact with the K84 toggle residue in the induced state. It is plausible that flexibility in this 

cluster may be required to accommodate the flipping motion of the K84 side chain which is 

abolished when it is replaced with a hydrophobic residue. Since hydrophobic residues at position 

84 pack more efficiently with the neighboring apolar residues, motion becomes more restricted.  

 

4.3.8 Model for allosteric regulation   

 From the NMR data, a simple model for the allosteric mechanism of LacI can be 

constructed. In the absence of DNA, the apo state of the protein exhibits a well structured DBD, 

an unfolded hinge, and a RD that exchanges between induced and repressed states. The DBD 

does not undergo exchange, at least not on the timescale detectable by our measurements. The 

exchange in the RD is mostly quenched upon binding IPTG as the equilibrium is shifted to the 

induced state. No structural changes in the hinge or DBD occur upon binding IPTG. We argue 

that the residual dynamics present in residues S70-Q78, V96-S102, and D275-D278 are a 

hallmark of the induced state, since mutants that exhibit damped (yet functional) allosteric-

responses to IPTG-binding also exhibit quenched dynamics in these regions. Because these 

mutants are still capable of being induced, they must still be capable of undergoing the transition 

from the repressed state to the induced state as argued previously [247]. This implicates 

dynamics may be a key mediator of the magnitude of the allosteric response in LacI.   

4.4 Conclusions and Future Directions  

 

 In this Chapter, several major conclusions were drawn which either corroborate previous 

studies or provide new insight into the mechanistic details of LacI functionality.  

§ In the absence of DNA, the DBD is well structured and the hinge is unfolded 
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§ The structure of the DBD and hinge are both insensitive to IPTG-binding 
 

§ The RD is in an equilibrium between repressed and induced states and 
interconversion takes place on the µs-ms timescale 
 

§ Exchange rates of interconversion are heterogeneous across the RD  
 

§ Induced LacI exhibits three discrete clusters of residues that are dynamic on the 
µs-ms timescale:  S70-Q78, V96-S102, and D275-D278 
 

§ Most residues in these clusters have been identified previously in both 
biochemical and theoretical studies as being critical to allostery 
 

§ Mutants that exhibit greatly diminished allostery also exhibit quenched µs-ms 
dynamics in the S70-Q78, V96-S102, and D275-D278 clusters 

 

 Throughout this Chapter, the number of cross peaks was used as the primary read-out of 

conformational exchange. While this is a perfectly acceptable readout for the presence of µs-ms 

timescale dynamics [257, 258], there are NMR methods which quantitatively measure exchange 

rates for large proteins such as LacI [259, 260]. Of course, these approaches are only applicable 

to peaks which are observable. Such methods may be useful in the case of IPTG-bound LacI 

which exhibits only a few missing cross peaks. By having a quantitative measure of exchange 

rates, one can identify so called synchronous motions [258, 261] which may indicate concerted 

dynamics across the protein. Such behavior is perhaps anticipated for an MWC model of 

allostery. At the time this data was collected, the experiments for measuring slow time scale 

dynamics in large proteins did not exist in our laboratory. We have recently implemented and 

verified a TROSY-Hahn echo experiment which allows for characterization of dynamics over the 

µs-ms window and is optimized for large proteins [260]. This will be applied to the various 

functional states of LacI in the near future.  

 We have also ignored the role of fast timescale dynamics in this Chapter. As introduced 

in Chapter 1, both slow and fast time scale dynamics have been implicated in allostery. At the 

time of data collection, the experiments [262] which quantify fast time scale dynamics were 

attempted on apo and IPTG-bound LacI. However, the sensitivity of the experiments was 

severely limited and the data could not be interpreted. In Chapter 6, we introduce a novel 
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approach to collecting these experiments utilizing NUS which permit a 4-fold gain in the number 

of signal averages. These new experiments may illuminate the role of fast time scale motion and 

conformational entropy in the allosteric regulation of LacI. 

  



131	  
	  

CHAPTER 5: Revisiting Allostery in Lac Repressor Part 2: Structural and Dynamical 
Changes in the Presence of Operator  

 

5.1 Introduction 

 In Chapter 4, the changes in structure and changes in dynamics that underlie the 

transition between apo LacI to IPTG-bound LacI were presented. These studies were done in the 

absence of operator. While operator-free states of LacI are populated in vivo, these states 

represent a minority of the total ensemble. The majority of LacI is associated with some type of 

DNA—either diffusing along non-specific sequences in search of operators or specifically bound 

to operators [37, 231]. LacI-operator complexes are disrupted by inducer binding which lowers 

LacI’s affinity for operator by three to five orders of magnitude. Induced LacI binds operator and 

non-specific DNA with comparable affinity, so LacI is easily competed off the operator by 

stoichiometry. This can occur either via stochastic hopping or sliding mechanisms as discussed 

previously. In this Chapter, we focus on the changes in structure and changes in dynamics that 

occur upon binding IPTG in the presence of the symmetric lac operator, Osym:  

 

 LacI +   LacI +  IPTGIPTG
sym symIPTG
O O+

−
⎯⎯⎯→ +←⎯⎯⎯                                  (5.1) 

 

Throughout this chapter, the LacI+Osym complex will be referred to as the ‘binary’ complex and 

the LacI+Osym+IPTG complex will be referred to as the ‘ternary’ complex.   

  

 While several high-resolution structures of both tetrameric and dimeric LacI bound to 

Osym exist [32, 75, 86], there is almost no structural information available for the ternary complex. 

As such, the mechanistic details underlying induction have remained elusive. To date, two 

dominant models have arisen to explain how IPTG induces such a drastic decrease in operator 

affinity. In the first model, IPTG-binding causes the N-terminal subdomains of the RD to 

translocate which, in turn, triggers unfolding of the hinge helix [95, 263]. Since the hinge helix 
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intercalates specifically into the minor groove of the operator, this event would abolish key 

protein-DNA interactions and result in a lower affinity. An alternative model simply posits that 

IPTG-binding results in a more subtle destabilization of the repressed state [86], likely through 

some distortion in the positioning of hinge helices and/or DBD. Unfortunately, it is unclear what 

the nature of these distortions might be and how only subtle alterations in structure could produce 

a three-five order of magnitude decrease in operator affinity.   

 Despite valiant efforts [75], the ternary complex has proven recalcitrant to crystallization. 

The most detailed structural characterization of the ternary complex to date has come from a low-

resolution SAXS study which showed that the binary and ternary complexes had the same radii of 

gyration [95]. This ostensibly invalidates the model in which the hinge helix unfolds. The reason 

being that unfolding of the hinge helix would elongate the molecule. While greatly informative, the 

resolution limitations of SAXS preclude this study from providing mechanistic information.  

 We have sought to address this dearth of high-resolution structural information by 

characterizing the binary and ternary complex by solution-state NMR. Unlike the operator-free 

states of LacI, these complexes exhibit a molecular weight of 85 kDa. This presents an extreme 

challenge for NMR data collection, even with TROSY methodologies [264]. Here we show that, 

despite their high molecular weights, both the binary and ternary complexes are amenable to 

structural characterization by NMR. Compelling evidence is presented that the hinge helix 

remains folded in the ternary complex, in fantastic agreement with the SAXS data. It is also 

demonstrated that slow timescale dynamics are likely present in the ternary complex. The 

potential implications of these observations for the mechanism of induction are also discussed.  

5.2 Materials and Methods  

5.2.1 NMR spectroscopy  

 NMR samples were prepared as described in Chapter 2 and the buffers used to collect 

NMR data are listed in Table 2.1. Data were collected at 750 MHz at either 25˚C, 35˚C or 40˚C.  
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5.2.2 Isotope labeling of isoleucine, leucine, and valine (ILV) sidechain methyl groups 

 In order to specifically label isoleucine, leucine, and valine (ILV) sidechain methyl groups, 

specific metabolic precursor compounds were added to the growth medium following a protocol 

similar to that previously published for methyl labeling of malate synthase G [148]. Briefly, cells 

transformed with plasmid harboring the gene for intact dimeric LacI were grown under highly 

deuterated conditions as described in Chapter 2. When cultures reached an optical density of 

OD600 ~0.3, 70 mg/L of 2-keto-3-d2-4-13C,-butyrate (Isotec) and 120 mg/L of 2-keto-3-methyl-d3-3-

d1-4-13C-butyrate (Isotec) were added to the growth medium under sterile conditions. These 

precursors label isoleucine δ1 methyl groups as 13C-H3 and valine and leucine methyl groups as 

(13C-H3, 12C-D3), respectively. This means only one methyl per isopropyl group is labeled. 

However, there is equal probability of labeling each stereoisomer so both pro-R and pro-S methyl 

groups are observable. Cells were allowed to grow to OD600 ~0.4 which typically took about 1 

hour following introduction of precursors. At this point, cells were induced as described in Chapter 

2. Protein purification and NMR sample preparation procedures were identical to those described 

in Chapter 2.            

 
5.2.3 Carbon relaxation experiments  

 Samples for carbon relaxation experiments were specifically labeled at LV sidechains as 

described in Section 5.2.2 but using 2-(13C)methyl-4-(HD2)-acetolactate (nmr-bio Technologies). 

The product is sold as a “single dose” for 1 L of growth medium which upon addition yields a final 

concentration of (300 mg / L). This precursor specifically labels valine γ2 and leucine δ2 methyl 

groups as (13C-HD2).This enables isolation of a single 13C-H bond vector which simplifies analysis 

of relaxation data. 13C T1 and T1ρ experiments [262] were collected on both binary and ternary 

complexes at 17.6T and 40˚C. The spectral widths were 10504.202 Hz (F2, 1H) and 2261.920 

(F1, 13C), corresponding to 14 ppm and 12 ppm, respectively. The acquisition time was 97.5.0 ms 

in F2 and 21.2 ms in F1. 13C T1 delay durations were 0.002 s (twice), 0.160 s, 0.290 s, 0.440 s, 

0.620 s (twice), 0.820 s, 1.03 s, 1.26 s (twice), 1.50 s. 13C T1ρ delay durations were 2.00 ms 
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(twice), 6.29 ms, 11.55 ms, 17.78 ms, 24.85 ms (twice), 32.66 ms, 41.16 ms, 50.28 ms (twice), 

60.0 ms. For the 13C T1 experiment, 64 transients/FID were collected and the recycle delay was 

1.5 s. For the 13C T1ρ experiment, 64 transients/FID were collected and the recycle delay was 2.2 

s. The 13C T1ρ spin lock strength was 3.7 kHz.  

 Rates were fitted using in-house software written in Python to a two-parameter single 

exponential decay:  

 

 0( ) exp( )I t I Rt= −                          (5.2) 

Where ( )I t is the cross peak height at relaxation delay time, t , and 0I is the initial cross 

peak height. Best-fit parameters for rates, R , were determined using a Levenberg-Marquardt 

weighted non-linear least squares algorithm which minimizes 2χ , the sum of the square of the 

residuals: 

2
exp2

2
1

( ( ) ( ))N
calc

n

I t I t
χ

σ=

−
=∑             (5.3) 

               

Where ( )calcI t  is the peak height at time t calculated from the fit, exp ( )I t is the experimentally 

measured peak height at time t , σ is the uncertainty in the peak height and N is the number of 

planes comprising the relaxation series. The uncertainty was taken to be the standard deviation 

of the differences in peak height based on replicate measurements scaled by 2  [265]. In cases 

where the data were collected with exceptional S/N, σ  was increased by a factor of 2. Errors in 

the fitted parameters were obtained from the covariance matrix of the fitting routine or from 250-

500 Monte Carlo simulations [266] where the sampling bounds were defined by the uncertainty in 

peak height. Errors obtained from both methods were generally in good agreement.  
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5.3 Results and Discussion 

5.3.1 Operator binding quenches slow timescale dynamics  

 In Chapter 4, the apo state of LacI was shown to exhibit slow time scale dynamics in 

areas previously identified as being critical to allosteric communication:  the monomer-monomer 

interface and the core-pivot region. It was shown that these dynamics were consistent with an 

apo state that exchanges between induced and repressed states on the µs-ms timescale. 

Comparison of the 1H-15N TROSY HSQC spectra of apo LacI and the binary complex reveal that 

operator binding also quenches slow timescale dynamics. This is consistent with operator-binding 

driving the equilibrium toward the repressed state. Of the 319 expected observable amide cross 

peaks, 310 could be identified based on analysis of triple resonance data. At 97%, this is the 

highest number of peaks observed for any functional state of LacI. In other words, spectra of the 

binary complex indicate that LacI does not undergo significant conformational exchange once 

bound to operator.    

      

5.3.2 The hinge helix of the ternary complex is folded  

 Since chemical shifts are sensitive reporters of local chemical environment and local 

structure, they can be used to determine the structural state of the hinge helix in the ternary 

complex. Unfortunately, the high molecular weight of both LacI-operator complexes precluded 

comprehensive chemical shift assignment—even with TROSY methodologies and NUS at the 

limit of sparseness (5% sampling). As described in Chapter 3, only 72% of all expect amide cross 

peaks could be assigned for the 1H-15N TROSY HSQC of the binary complex. Though this 

coverage is quite limited, it was sufficient to identify resonances of critical residues in the DBD 

and hinge helix.   
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Figure 5.1 Overlay of 1H-15N TROSY HSQC spectra of the LacI-Osym binary complex (black) and 
LacI-Osym-IPTG, ternary complex (red). All of the data were collected at 750 MHz and 35˚C. 

 

 IPTG-binding to the binary complex induces significant perturbations in chemical shift as 

illustrated in Figure 5.1. Mapping resonance assignments of the binary complex spectrum to the 

ternary complex spectrum was difficult to do unequivocally. Fortunately, the 1H-15N TROSY 

HSQC of the ternary complex yielded nearly identical chemical shifts to the corresponding 

spectrum of the isolated RD bound to IPTG. This indicates that the RD of the ternary complex is 

structurally identical to that of the isolated RD bound to IPTG. This offers a significant advantage 

with respect to spectral analysis. Resonances that arise from the RD can be identified 

immediately and the remaining resonances are likely to arise from the DBD.   

 In order to facilitate identification of DBD resonances in the spectrum of the ternary 

complex, additional reference spectra of different constructs of LacI were included in the analysis. 

Figure 5.2 illustrates how spectra of the RD-IPTG and DBD-Osym complexes could be used to 

unambiguously identify ternary complex DBD resonances.     
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Figure 5.2 Strategy for assigning DBD resonances in the 1H-15N TROSY HSQC spectrum of the 
ternary complex (black). DBD resonances are identified by comparison of 1H-15N TROSY HSQC 
spectrum of the RD-IPTG complex (green) and the 1H-15N TROSY HSQC spectrum of the DBD-
Osym complex (cyan). Black peaks that overlay with green peaks arise from the RD whereas black 
peaks that overlay with cyan peaks arise from the DBD. All of the data were collected at 750 MHz 
and 25˚C. Negative peaks are shown in yellow.  

 

 The above strategy enabled identification of DBD resonances in the spectrum of the 

ternary complex. But it is the hinge region that is of interest here. In order to identify hinge 

residues and discern secondary structure, chemical shifts of the ternary complex were also 

compared to those of the LacI-IPTG complex in the absence of operator. In Chapter 4, it was 

shown that an overwhelming majority of DBD and hinge resonances could be assigned for the 

1H-15N TROSY HSQC spectrum of the LacI-IPTG complex. The structural modeling presented in 

that chapter confirmed that the hinge of the LacI-IPTG complex is unfolded. Therefore, hinge 

resonances of the LacI-IPTG complex are indicative of an unfolded conformation. If the ternary 
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complex exhibits an unfolded hinge, it should yield resonances consistent with those of the LacI-

IPTG complex. If not, it should yield resonances more consistent with the LacI-Osym complex or 

DBD-Osym complex, where the hinge is known to be folded from previous structural 

characterization [32, 75, 82, 86].   

 When comparing spectra of proteins with and without DNA, one potential variable that 

must be considered is the effect that DNA has on chemical shifts. For example, if a hinge 

resonance happens to be in close proximity to the operator, it may exhibit a unique chemical shift 

that is dominated by the chemical properties of the DNA rather than protein secondary structure. 

This would render the resonance incomparable to those from the spectra of the LacI-IPTG 

complex. Fortunately, this issue has been addressed by the Kaptein group who characterized the 

isolated LacI DBD bound to a variant operator in which the hinge helix only formed on one of the 

two half-sites [87]. It should be clarified that in this complex both half-sites are still bound to 

protein [87]. The 1H-15N HSQC spectrum of that complex indicated that the unfolded hinge 

resonances were nearly identical to those from the apo DBD. These data validate our approach. 

Figure 5.3 shows the amino acid sequence of the hinge helix and Figure 5.4 shows a comparison 

of 1H-15N HSQC spectra of the ternary complex, LacI-IPTG, RD-IPTG, and DBD-Osym. Note that 

hinge residues G58 and the strictly conserved A53 of the ternary complex clearly exhibit a 

resonance frequency more consistent with those from the spectrum of DBD-Osym (folded hinge) 

rather than those from the spectrum of LacI-IPTG (unfolded hinge). This indicates that the ternary 

complex exhibits a folded hinge.  
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Figure 5.3 Amino acid sequence of the hinge region of LacI (residues 46-62). The hinge helix is 
shown as a blue bar and the corresponding residues involved in helix formation are shown 
beneath it. Residues in red and marked with asterisks are strictly conserved across the ten 
nearest relatives of LacI from LacI/GalR family based on sequence alignment using ClustalW 
[267].   
 

 

 

 
Figure 5.4 Strategy for determining the conformation of the hinge helix of the ternary complex. 
The 1H-15N TROSY HSQC spectrum of the ternary complex (black) is overlaid with the 
corresponding spectra for the RD-IPTG complex (green), DBD-Osym complex (cyan), and the 
LacI-IPTG complex (red). (A) Shift for folded conformation of G58. (B) Shift for unfolded 
conformation of G58. (C) Shift for folded conformation for A53. (D) Shift for unfolded conformation 
of A53. All of the data were collected at 750 MHz and 25˚C.   
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 The data above suggest that the hinge helix remains folded in the ternary complex. Like 

the previous SAXS study, this suggests that the mechanism of induction does not involve local 

unfolding of the hinge helix.   

 In order to further characterize the nature of the interaction between the hinge helix and 

operator in the ternary complex, we focused our attention to L56. As described in Chapter 1, the 

side chain of L56 intercalates directly into the minor groove of the operator. This interaction is 

essential for high affinity binding [268] and L56 is strictly conserved across the LacI/GalR family 

(Figure 5.3). The resonance of L56 could not be assigned unambiguously in the 1H-15N TROSY 

HSQC of either the binary or ternary complexes. Therefore, NMR experiments which probe the 

1H-13C resonances of methyl-bearing side chains were employed to characterize L56. These 

experiments are advantageous because the side chain of L56 mediates the interaction with 

operator. The resonances of both methyl groups of L56 were identified from comparison of the 

stereo-specifically assigned 1H-13C HSQC spectrum of the DBD-Osym complex as shown in Figure 

5.5a. In the methyl spectrum of the ternary complex, both resonances are well resolved. 

Importantly, the resonances exhibit notable line broadening, suggesting that the L56 side chain is 

indeed in very close proximity to the protonated operator DNA, further corroborating that the 

assignments are correct.  
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Figure 5.5 L56 is intercalated into the operator in the ternary complex. (A) Crystal structure of 
Lac-Osym complex (PDB: 1EFA). L56 is shown as red sticks. (B) Assignments of the 1H-13C 
HMQC spectrum of the ternary complex (black) were made via comparison with the assigned 1H-
13C HSQC of the DBD-Osym complex (red). L56 assignments are shown in red type. (C-D) 13C R1ρ 
measurements of the well resolved and unambiguously assigned L56 δ2 side chain resonance for 
the binary (C) and ternary complex (D). 

 

 In order to probe the dynamics properties of the L56 side chain in the binary and ternary 

complexes, carbon T1ρ relaxation experiments were performed. Relaxation samples were labeled 

such that only δ2 and γ2 methyl groups of leucine and valine, respectively, were observable. 
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Experiments were performed in D2O in order to minimize remote protons. This was found to result 

in stronger peak intensities for L56 relative to samples in H2O (data not shown) which permitted 

more quantitatively accurate characterization.   

 These relaxation measurements are sensitive to the local mobility of the probe (higher 

mobility probes yield slower relaxation rates) as well as the density of remote proteins nearby. 

Since our LacI NMR samples are perdeuterated, the vast majority of remote protons that could 

influence these measurements arise from non-exchangeable sites of the operator. Therefore, it is 

reasonable to expect that any significant IPTG-induced distortions in the orientation or mobility of 

the L56 side chain would be detectable. Figure 5.5b shows that the 13C R1ρ rates of L56 in the 

binary and ternary complexes are within error (24.946 ± 0.403 s-1 for binary and 25.906 ± 1.264 s-

1 for ternary). This suggests that the L56 side chain is not changed significantly as a result of 

IPTG-binding and further confirms that the hinge helix is folded.  

       

5.3.3 IPTG-binding results in a reduction of observable cross peaks  

 The data above unambiguously demonstrate that the hinge helix remains folded in the 

ternary complex. This rules out the possibility that IPTG-binding triggers local unfolding of the 

hinge helix and thus argues against one of the two potential models for induction. The remaining 

model posits that IPTG-binding destabilizes the repressed state by a more subtle mechanism. 

However, even with high-resolution data from NMR, the lack of total resonance assignments 

precludes the delineation of what may be the subtle distortions and rearrangements that might 

occur upon IPTG-binding.  

 One notable difference between the 1H-15N TROSY HSQC spectra of the binary and 

ternary complexes is that the binary complex spectrum exhibits more cross peaks than the 

ternary complex spectrum. Unfortunately, no triple-resonance data was obtained on the ternary 

complex so the possibility of widespread peak degeneracy is still open. However, since there is 

excellent correspondence between the ternary complex spectrum and the corresponding 

spectrum of the RD-IPTG complex, it is reasonable to assume the few degeneracies observed in 
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the RD-IPTG spectrum are also observed in ternary complex. Based on this comparison, a 

conservative estimate of the number of observed 1H-15N cross peaks for the ternary complex is 

~280.  

 To provide a more quantitative confirmation of slow dynamics, 1H line widths were 

analyzed [257]. Line widths were fitted using the program SPARKY for all resolved peaks in the 

1H-15N TROSY spectra of the binary and ternary complexes. A histogram of the trimmed data 

sets (smallest and largest 5% removed) is shown in Figure 5.6. The binary complex exhibited a 

trimmed mean 1H line width of 25.0 ± 2.8 Hz where as the ternary complex exhibited a trimmed 

mean 1H line width of 28.6 ± 8.0 Hz. The ternary complex exhibits a larger mean 1H line width and 

a much larger standard deviation relative to the binary complex (p-value = 1.54 x 10-9). These 

data strongly suggest that IPTG-binding may activate slow timescale dynamics, analogous to 

what was shown in the absence of DNA. However, further studies are necessary in order to 

understand the spatial distribution and nature of these dynamics. An alternative explanation for 

the observed line broadening may be that in the induced state LacI is merely sliding along the 

operator. However, given the short length of the operator used in these studies (22 bp) and 

analysis of the crystal structure (PDB: 1EFA), this is unlikely.  
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Figure 5.6 Histogram of 1H line widths from spectra of binary and ternary complexes. The 
smallest 5% and largest 5% values were excluded from analysis. The mean 1H line width for the 
binary complex is 25.0 ± 2.8 Hz and the mean 1H line width for the ternary complex is 28.6 ± 8.0 
Hz.  
      

5.3.4 Implications for allosteric regulation of LacI  

  

 These data definitively show that the hinge helix does not unfold upon IPTG-binding. 

Preliminary analysis suggests the exciting possibility that slow timescale dynamics may also be 

operative in the ternary complex as was observed in the LacI-IPTG complex in the absence of 

operator. Though more data is required to confirm this possibility one could envisage that 

inducer-binding in the presence of operator functions similarly to inducer-binding in the absence 

of operator.   

 In the binary complex, LacI does not exhibit significant slow timescale dynamics which 

suggests that it is not transitioning between functional states. This is consistent with operator-

binding driving the LacI equilibrium to the repressed state. Once inducer-binds, little structural 

perturbation occurs in the DBD and hinge, similar to what was observed in the absence of 

operator. The RD, however, is shifted toward the induced state which exhibits slow timescale 

dynamics. It is unclear how dynamic activation of the RD would result in decreased operator 
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affinity. One possible mechanism which has been shown to be operative in Catabolite Activator 

Protein (CAP) [120] is that the presence of slow timescale dynamics indicate exchange with a 

functionally distinct, lowly populated state that cannot be detected by 1H-15N HSQC experiments. 

In the case of LacI, this lowly populated state may exhibit structural features incompatible with 

high affinity operator binding analogous to what was shown for CAP.  

 Furthermore, our data do not dismiss a mechanism in which allostery is mediated by 

modulations in conformational entropy (without structure change) as described in Chapter 1 [118]. 

While our data indicate that the DBD does not undergo a change in average structure upon IPTG-

binding, the changes in conformational entropy are unknown. As previously described in Chapter 

4, the necessary experiments required for quantification of conformational entropy could not be 

performed on LacI in the absence of operator due to low S/N. This was likely due to the 

requirement for low temperature data collection (25˚C) and high salt in the buffer which degrades 

the sensitivity of our NMR instruments. However, preliminary methyl carbon relaxation 

experiments were able to be collected on the binary and ternary complexes. The obtained data 

show that heterogeneous changes in the fast timescale motion of methyl-bearing side chains 

accompany IPTG binding (Figure 5.7). However, due to S/N limitations and a lack of 

assignments, only a small subset (~20%) of all methyl groups were amenable to measurement 

and analysis. In Chapter 6, we introduce a novel approach to collecting these experiments 

utilizing NUS which permit a theoretical gain in S/N of at least a factor of 2. These new 

experiments may illuminate the role of fast time scale motion and conformational entropy in the 

allosteric regulation of LacI.  
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Figure 5.7 Comparison of carbon relaxation times of binary and ternary complexes. (A) 13C T1 
and (B) 13C T1ρ. Only ~20% of all methyl groups were analyzable due to the unfavorable 
properties of the LacI sample and a lack of assignments. Data were collected at 750 MHz and 
40˚C. The red dotted line is y=x. 

 

5.4 Conclusions and Future Directions  

 

 In this Chapter, we presented compelling evidence that the hinge helix is folded in the 

LacI-Osym-IPTG ternary complex. These data fully rationalize the data obtained in the previous 

SAXS study [95]. Moreover, these data support the model that induction likely occurs through a 

more subtle destabilization of the repressed state rather than a large scale conformational 

change. It is therefore conceivable that allostery in LacI has a dynamic origin, or at the very least, 

component.   

 Like Chapter 4, this Chapter relied heavily on chemical shift assignments and mapping to 

make inferences about changes in structure and changes in dynamics rather than some sort of 

quantitative measurement. This is largely derived from the strict limitations imposed on what 

types of experiments we can reliably perform on LacI due to its high molecular weight and various 

unfavorable properties. While the operator-bound samples do not require high salt or low 

temperature data collection, the concomitant increase in molecular weight limited more 
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quantitative experiments to a very small number of observable nuclei. As such, new methodology 

must be introduced to enable these studies in the future. We address this need in Chapter 6. 

 Future directions should likely be focused on characterizing the ternary complex for which 

there is very little structural information. Our data show that this state is stable and yields 

interpretable NMR spectra. The first priority would have to be expanding resonance assignment 

of ternary complex spectra by the use of triple resonance and NOESY-type experiments as 

described in previous chapters. NOESY-type experiments may even be useful in expanding the 

set of assignments available for the binary complex.   

 The preliminary dynamics characterization presented here suggest that these 

measurements will likely be feasible for all available methyl groups (not just the 20% we had 

access to) via the new methodological development introduced in Chapter 6.  
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CHAPTER 6: Accurate determination of rates from non-uniformly sampled relaxation data 

 

The majority of this chapter was published in Stetz MA and Wand AJ, Journal of Biomolecular 
NMR 65 (2016) 157-70. 

 

6.1 Introduction 

 In Chapters 4 and 5, we presented compelling data which suggests that IPTG-binding 

results in minimal structural rearrangement of the DBD of LacI. Moreover, slow timescale 

dynamics were shown to be correlated with allosteric communication in the induced state of LacI. 

These observations open the door to the exciting possibility that the allosteric mechanism of LacI 

may have a largely dynamic component. Unfortunately, the role of fast timescale dynamics was 

largely ignored in our studies. This was primarily because the high molecular weight of LacI 

coupled with its other unfavorable spectroscopic properties rendered the necessary classical spin 

relaxation experiments too insensitive. In principle, these experiments could also be collected 

with NUS much like the triple-resonance data presented throughout this work. However, NUS 

relaxation experiments have historically suffered from a loss of quantitative accuracy for largely 

unknown reasons [269]. Here we identify the origin of errors in NUS-derived relaxation 

parameters and introduce a simple procedure for guaranteeing that quantitative accuracy is 

maintained. We show that reductions in data collection time can be as high as 75% while 

maintaining accuracy within the inherent reproducibility of the uniformly sampled experiment. This 

offers the potential for a 4-fold increase in signal averaging with no penalty in total experiment 

time.   

 Classical NMR spin relaxation can provide site-resolved, quantitative measures of the 

amplitudes and timescales of protein motions [256, 270]. These experiments are sensitive to 

equilibrium fluctuations of interaction (bond) vectors that occur on the ps-ns timescale. The 

characterization of motions on this “fast” timescale can potentially reveal critical aspects of the 

thermodynamics and kinetics of molecular recognition and other aspects of protein function such 

as allostery [109, 271-280]. In structured proteins, relaxation rates are dominated by the 
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molecular tumbling and complete interpretation requires separation of the overall correlation time 

from internal motions. This is commonly done using the ‘model-free’ formalism [281, 282] and 

variations thereof [283, 284] wherein internal motion is described with a local correlation time and 

an amplitude metric called the square of the generalized order parameter. This type of analysis 

requires collecting multiple relaxation experiments often at more than one static field strength. 

Traditionally, relaxation phenomena are resolved using two dimensional experiments where cross 

peak intensity or volume is quantified as a function of an incremented delay period creating a 

pseudo-three dimensional (pseudo-3D) spectrum. High S/N and high spectral resolution are 

therefore required to ensure reliable cross peak quantification. As a result, data collection is 

usually very instrument time intensive and often prohibitively so for unstable or dilute protein 

preparations. The need to accelerate NMR relaxation experiments has promoted several 

approaches over the years including reducing the number of relaxation delays [285], reducing the 

number of NMR observables used for downstream analysis [286], and the recent revival of 

‘accordion’ spectroscopy [287, 288].  

 A potentially more general method for accelerating multidimensional NMR experiments is 

the use of non-uniform sampling (NUS) strategies in one or more indirectly sampled time 

domains. Regular sequential sampling (RSS) with uniform increments, which is required for the 

successful application of the discrete Fourier transform (DFT), has been the dominant approach 

for decades. However, application of this strategy to multidimensional data acquisition is 

inherently time intensive. So-called ‘on-grid’ NUS schemes capture only a subset of the uniform-

grid and omitted data points are typically reconstructed in processing prior to application of the 

DFT. NUS methods have existed for quite some time in the context of biomolecular NMR [197] 

and many different implementations of data sampling and reconstruction exist [198]. To date, 

these methods have found the widest applicability in contexts where only the resonance 

frequency is of interest or where peak heights are treated in a semi-quantitative manner. This is 

largely due to uncertainty regarding the fidelity of reconstructed peak heights and the relationship 

between sampling density, spectral sparseness, and spectral complexity. The later issues are 
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particularly important for experiments of lower dimensionality such as those typically collected for 

NMR relaxation. Indeed, among the recent quantitative applications of NUS to date, many have 

involved the serial collection of higher dimensional 3D (pseudo-4D) experiments [289-291].   

 To our knowledge, only a few studies have applied NUS to a quantitative pseudo-3D 

experiment. In the earliest study, 15N R1 rates were obtained using a variation of maximum 

entropy (Max-Ent) reconstruction [292-294] where in situ calibration was employed to correct for 

the inherent non-linearity of Max-Ent [295]. Though spectra reconstructed using calibrated Max-

Ent were of high quality and largely devoid of artifacts, the resulting relaxation rates were 

inaccurate relative to reference data. A more recent study demonstrated that the Spectroscopy by 

Integration of Frequency and Time domain information (SIFT) method [296, 297] is capable of 

determining accurate 15N relaxation dispersion parameters using 40% random sampling [298]. 

However, the generality and limitations of this method were not quantitatively explored. A third 

study has analyzed the relationship between sampling density, accuracy in peak height, and 

accuracy in NUS-derived 15N relaxation dispersion parameters for exponentially biased sampling 

[269]. Various implementations of multi-dimensional decomposition (MDD) [290, 299-301] and 

iterative re-weighted least squares (IRLS) reconstruction [302] were evaluated and it was shown 

that incorporation of a single uniformly sampled spectrum in a series of NUS spectra can facilitate 

the accurate determination of relaxation dispersion parameters from data sampled at impressively 

low densities (12.5-20%). However, high quality data at such low sampling densities were only 

obtained for highly resolved spectra of modest complexity and only using recursive MDD 

reconstruction with co-processing. An additional NUS 15N relaxation dispersion study utilizing 

MDD reconstruction has also been recently presented, but the fidelity of the NUS-derived 

relaxation parameters was not discussed [303].  

 To provide a quantitative evaluation of classical spin relaxation rates derived from 

pseudo-3D data, a large-scale experimental study comprised of over 60 relaxation experiments 

(over 30 RSS & NUS pairs) has been undertaken here. The sinusoidally-weighted Poisson-gap 

sampling method was used for NUS [202] and iterative soft thresholding (IST) [202-204, 208, 
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304] was used as the primary reconstruction method. Poisson-gap sampling has the advantage 

of being relatively insensitive to the seed of the random number generator used during schedule 

generation; though schedule-specific performance has been shown to vary [205]. IST-

reconstructed frequency domain data has been shown to exhibit highly linear peak heights with 

respect to RSS references, even in 2D at lower sampling densities (25-32%) [204]. Finally, these 

methods are widely used within the NMR community. Here, these approaches are evaluated with 

respect to their performance in a quantitative context. First, ubiquitin is used as a model system 

to examine the relationship between the total number of NUS points collected at a fixed sampling 

density and the accuracy of NUS-derived relaxation rates. Then a comprehensive error analysis 

is performed to characterize the nature of the inaccuracy of NUS-derived relaxation rates. Finally, 

the generality of the error analysis is assessed using three alternative reconstruction methods: 

IRLS as implemented in the MddNMR software package [301, 302], 1l -norm regularization using 

the NESTA algorithm (NESTA-L1) [305, 306] as implemented in the NESTA-NMR software 

package [307], and iterative re-weighted 1l -norm regularization using the NESTA algorithm 

(NESTA-IRL1) [210] as implemented in the NESTA-NMR software package [307], three 

additional proteins, and eight different relaxation experiments. The protein samples and 

experiments were chosen to span a wide range of concentrations, feature different numbers of 

observable cross peaks, and exhibit varying degrees of spectral complexity. 

6.2 Materials and Methods  

6.2.1 Protein expression and purification  

 Four different proteins were recombinantly expressed from T7 promoters in the E. coli 

strain BL21(DE3) or derivatives thereof. 15N human ubiquitin was expressed in H2O-M9 minimal 

medium and purified as described [308]. Random fractionally deuterated 2H, U-(15N,13C)-ubiquitin 

was prepared similarly using 55% v/v D2O-M9 minimal medium. Ubiquitin NMR samples were ~1 

mM in protein in 50 mM d3-acetate, pH 5.0, and 0.02% w/v NaN3. An additional U-(2H,15N) 

ubiquitin sample was prepared in the same way using 99.9% v/v D2O-M9 minimal medium. The 
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NMR buffer was the same except with 30% glycerol v/v added to simulate the effect of slow 

tumbling. 15N vertebrate calmodulin (CaM) was prepared as described using H2O-M9 minimal 

medium [309]. The NMR sample was ~1 mM in protein in 20 mM imidazole, pH 6.5, 100 mM KCl, 

6 mM CaCl2, and 0.02% w/v NaN3. U-(2H,15N), (ILV-13CHD2) crab arginine kinase (AK) was 

prepared as described [310] using 99.9% v/v D2O-M9 minimal medium. Isoleucine, leucine, and 

valine methyl groups were specifically labeled as (U-2H, Ile-δ1-13CHD2), (U-2H, Val -

13CHD2/12CHD2), and (U-2H, Leu-13CHD2/12CHD2) using the precursors and protocol previously 

described [311]. The NMR sample was ~75 µM in protein in 10 mM sodium citrate, 50 mM 

sodium chloride, pH 6.0. U-(2H,15N) maltose binding protein (MBP) was prepared as described 

using 99.9% v/v D2O-M9 minimal medium [312]. The NMR sample was ~700 µM in protein in 20 

mM sodium phosphate, pH 7.5, and 5 mM EDTA. 

      
6.2.2 NMR spectroscopy  

 All data were recorded on Bruker AVANCE III spectrometers equipped with TXI 

cryoprobes and z-axis pulse field gradients. TopSpin 2.1 or 3.0 software was used for data 

collection. The temperature was calibrated prior to data collection using a sample of 99.8% d4-

methanol [313]. All relaxation experiments were collected as interleaved, pseudo-3D datasets 

where 1/3 of the total number of planes was duplicated for estimating uncertainties in peak 

height. NUS pulse programs were hardcoded to utilize a non-uniform dwell in TopSpin 2.1 syntax 

but were otherwise identical to the RSS versions with the exception of 2H relaxation experiments 

which required a receiver phase flip in the NUS versions for proper quadrature selection. NUS 

sampling schedules were generated using the PoissonGap2 program [204]. The sinusoidal 

weight was set to 2. The seed value for generating all schedules was 12321. Sampling schedules 

were not optimized or ranked prior to use. Experiment-specific parameters and delays for the 

RSS experiments are shown below. NUS experiments were setup identically to the RSS 

experiments but utilized 25% sampling in the indirect dimension.  

 15N T1 experiments [314] collected on ubiquitin were performed at 11.7 T at 25˚C. The 

spectral widths were 10504.20 Hz (F2, 1H) and 1417.64 Hz (F1, 15N), corresponding to 21 ppm 
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and 28 ppm, respectively. The acquisition time in F2 was 97.5 ms while the acquisition time in F1 

was varied between 33.9 ms and 141.0 ms. The delay durations were: 0.030 s (twice), 0.800 s, 

0.084 s, 0.670 s (twice), 0.154 s, 0.549 s, 0.237 s, 0.435 s, 0.331 s (twice). 8 transients/FID were 

collected and the recycle delay was 2.0 s. 15N T1 experiments collected on CaM were performed 

at 14.1 T at 35˚C. The spectral widths were 13157.90 Hz (F2, 1H) and 1700.91 (F1, 15N), 

corresponding to 22 ppm and 28 ppm, respectively. The acquisition time was 77.9 ms in F2 and 

75.3 ms or 108.2 ms in F1. The delay durations were: 0.026 s (twice), 0.700 s, 0.073 s (twice), 

0.587 s, 0.135 s, 0.480 s, 0.207 s, 0.381 s, 0.290 s (twice). 8 transients/FID were collected and 

the recycle delay was 2.0 s.   

 15N T2 experiments [314] collected on ubiquitin were performed at 11.7 T at 25˚C. The 

spectral widths were 10504.20 Hz (F2, 1H) and 1417.64 Hz (F1, 15N), corresponding to 21 ppm 

and 28 ppm, respectively. The acquisition time in F2 was kept constant at 97.5 ms while the 

acquisition time in F1 was either 33.9 ms or 84.7 ms. The delay durations were: 0.016 s (twice), 

0.164 s, 0.033 s, 0.145 s (twice), 0.049 s, 0.131 s, 0.066 s, 0.099 s, 0.082 s (twice). 8 

transients/FID were collected and the recycle delay was 2.0 s. The effective CPMG field was 4.0 

kHz.  

 2H IZCZ compensated RQ(Dz) and RQ(D+) experiments [315] collected on ubiquitin were 

performed at 17.6 T at 25˚C. The spectral widths were 15756.303 Hz (F2, 1H) and 3713.302 (F1, 

13C), corresponding to 21 ppm and 19.7 ppm, respectively. The acquisition time was 65.0 ms in 

F2 and 17.2 ms in F1. RQ(Dz) delay durations were: 0.2 ms (twice), 20.0 ms, 2.1 ms, 16.8 ms 

(twice), 3.9 ms, 13.7 ms, 5.9 ms, 10.9 ms, 8.3 ms (twice). RQ(D+) delay durations were: 3.0 ms 

(twice), 75.0 ms, 8.0 ms, 63.0 ms (twice), 14.0 ms, 51.0 ms , 22.0 ms, 41.0 ms, 31.0 ms (twice). 

48 transients/FID were collected and the recycle delay was 2.0 s. The RQ(D+) spin lock strength 

was 1.0 kHz.  

 13C T1 and T1ρ experiments [262] collected on AK were performed at 17.6T at 25˚C. The 

spectral widths were 15756.303 Hz (F2, 1H) and 3015.885 (F1, 13C), corresponding to 21 ppm 

and 16 ppm, respectively. The acquisition time was 65.0 ms in F2 and 33.1 ms in F1. 13C T1 delay 
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durations were 0.044 s, 1.200 s, 0.126 s (twice), 1.000 s (twice), 0.231 s, 0.823 s, 0.356 s, 0.653 

s, 0.497 s (twice). 13C T1ρ delay durations were 2.00 ms, 100.00 ms, 10.48 ms (twice), 83.81 ms 

(twice), 19.25 ms, 68.59 ms, 29.63 ms, 54.43 ms, 41.41 ms (twice). For the 13C T1 experiment, 48 

transients/FID were collected and the recycle delay was 2.5 s. For the 13C T1ρ experiment, 64 

transients/FID were collected and the recycle delay was 2.5 s. The 13C T1ρ spin lock strength was 

3.7 kHz.  

 TROSY-detected 15N T1 and T1ρ experiments [316] collected on AK were performed at 

17.6T at 25˚C. The spectral widths were 15756.303 Hz (F2, 1H) and 2316.975 (F1, 15N), 

corresponding to 21 ppm and 30.5 ppm, respectively. The acquisition time was 65.0 ms in F2 and 

27.6 ms in F1. 15N T1 delay durations were 0.00 s, 2.00 s, 0.32 s (twice), 1.44 s (twice), 0.64 s, 

0.96 s. 15N T1ρ delay durations were 1.0 ms, 40.0 ms, 7.7 ms (twice), 30.5 ms (twice), 14.1 ms, 

22.0 ms. For the 15N T1 experiment, 128 transients/FID were collected and the recycle delay was 

2.3 s. For the 15N T1ρ experiment, 160 transients/FID were collected and the recycle delay was 

2.3s. The 15N T1ρ spin lock strength was 1.5 kHz. TROSY-detected 15N T1 and T1ρ experiments 

collected on ubiquitin in 30% glycerol were performed at 11.7T at 25˚C. The spectral widths were 

11961.72 Hz (F2, 1H) and 1414.358 (F1, 15N), corresponding to 24 ppm and 28 ppm, 

respectively. The acquisition time was 85.7 ms in F2 and 90.5 ms in F1. 15N T1 delay durations 

were 0.00 s, 0.88 s, 0.16 s (twice), 0.64 s (twice), 0.32 s, 0.48 s. 15N T1ρ delay durations were 1.0 

ms, 65.0 ms, 12.5 ms (twice), 49.5 ms (twice), 23.0 ms, 35.0 ms. 40 transients/FID were collected 

and the recycle delay was 2.5 s. The 15N spinlock field strength was 1.5 kHz. TROSY-detected 

15N T1 and T1ρ experiments collected on MBP were performed at 17.6T at 35˚C. The spectral 

widths were 15756.303 Hz (F2, 1H) and 2354.952 Hz (F1,15N), corresponding to 21 ppm and 31 

ppm, respectively. The acquisition time was 65.0 ms in F2 and 84.9 ms in F1. 15N T1 delay 

durations were 0.00 s, 2.00 s, 0.32 s (twice), 1.44 s (twice), 0.64 s, 0.96 s. 15N T1ρ delay durations 

were 1.0 ms, 40.0 ms, 7.7 ms (twice), 30.5 ms (twice), 14.1 ms, 22.0 ms. 8 transients/FID were 

collected and the recycle delay was 3.0 s. The 15N spinlock field strength was 2.0 kHz.  
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 All data were processed using NMRPipe/NMRDraw [159]. All RSS and NUS data used 

for comparison were processed identically with the exception of the 2H relaxation experiments 

which required a sign alternating Fourier transform in the NUS dimension. NUS data were 

reconstructed using the hmsIST software (v. 211) [204]. A threshold of 98% and 400 iterations of 

IST were used for all data sets. Increasing the threshold value and number of iterations did not 

change the results described significantly (data not shown).  

 A subset of the data was also reconstructed with IRLS [302] as implemented in the 

MddNMR software package [301]. All IRLS reconstructed data utilized 50 iterations.  

 A subset of the data was also reconstructed with the NESTA algorithm [305, 306] using 

L1 or IRL1 regularization [210] as implemented in the NESTA-NMR program [307]. For L1 

regularization, 50 iterations were used. For IRL1 regularization 30 iterations were used and the 

number of re-weighted iterations was set to 5. Increasing the number of iterations and number of 

re-weighted iterations did not change the results described significantly (data not shown).  

 The final matrix size for each RSS and NUS data set used in an individual comparison 

was identical.  

      
6.2.3 Fitting of relaxation data  

 Relaxation rates were determined by quantification of the maximum cross peak height as 

a function of relaxation delay period using the built-in peak picking functionality and seriesTab 

program of NMRPipe/NMRDraw. Rates were fitted using in-house software written in Python to a 

two-parameter single exponential decay: 

0( ) exp( )I t I Rt= −              (6.1) 

 

 Where ( )I t is the cross peak height at relaxation delay time, t , and 0I is the initial cross 

peak height. Best-fit parameters for rates, R , were determined using a Levenberg-Marquardt 



156	  
	  

weighted non-linear least squares algorithm which minimizes 2χ , the sum of the square of the 

residuals: 

2
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2
1

( ( ) ( ))N
calc

n

I t I t
χ

σ=

−
=∑             (6.2) 

               

Where ( )calcI t  is the peak height at time t calculated from the fit, exp ( )I t is the experimentally 

measured peak height at time t , σ is the uncertainty in the peak height and N is the number of 

planes comprising the relaxation series. The uncertainty was taken to be the standard deviation 

of the differences in peak height based on replicate measurements scaled by 2  [265]. In cases 

where the data were collected with exceptional S/N, σ  was increased by a factor of 2. Errors in 

the fitted parameters were obtained from the covariance matrix of the fitting routine or from 250-

500 Monte Carlo simulations [266] where the sampling bounds were defined by the uncertainty in 

peak height. Errors obtained from both methods were generally in good agreement. 

      
6.2.4 Statistical analysis  

 Relaxation rates and peak heights derived from RSS and NUS were compared using the 

square of the Pearson correlation coefficient (R2) and the RMSD. R2 values were calculated as: 
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RMSD was calculated as: 



157	  
	  

2( )
n

RSS NUS
k k

k
y y

RMSD
n

−
=
∑

           (6.4)         

Where y  is any NMR observable (e.g. peak height, relaxation rate) for a given cross peak, k , 

and n  is the total number of cross peaks. The over bar denotes the mean value. In cases where 

RMSD is reported as a percentage, it has been normalized by the mean value of the NUS-

derived observables.   

Percent error was calculated as: 
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−

=            (6.5)         

where y  is any NMR observable (e.g. peak height, relaxation rate) for a given cross peak, k . In 

cases where error distributions are shown, the absolute value is not calculated. Comparison of 

RSS and NUS data was performed only for sites where the quality of fit was sufficiently high in 

the RSS reference as judged by the reduced chi-squared value.  

 The interquartile range (IQR) method was used to identify outliers using in-house 

software as previously described [317]. Briefly, any metric exhibiting > 1.5 times the IQR above 

the third quartile or below the first quartile was considered an outlier.  

 In some cases, linear regression was performed where both dependent and independent 

variables had associated uncertainties. Under these conditions, regression was performed using 

the orthogonal distance regression method [318]. This was accomplished using the ODRPACK 

FORTRAN-77 library implemented in SciPy (http://www.scipy.org/) and employs a Levenberg-

Marquardt minimization for parameter estimation. Initial guesses for the fitted parameters were 

the best-fit parameters from a standard un-weighted linear regression.   

6.3 Results  

6.3.1 Choice of sampling density  
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 IST belongs to a larger family of compressed sensing (CS) techniques that seek to 

reconstruct data objects from an incomplete number of data samples. Theory indicates that this 

can be done by minimizing a regularization term, such as the pl  -norm (for p∈ (0,1)), of the 

preferred solution provided that the object is sufficiently sparse [208, 209, 211, 319-321]. In 

general, frequency-domain NMR data and noise do not meet this requirement so the predictive 

value of CS theory in this context is limited [212]. In qualitative terms, it is well known that the 

sampling density (percentage of total points collected in the NUS dimension) must increase with 

decreasing dimensionality and increasing cross peak number and spectral complexity. Formally, 

the number of cross peaks must be considered independently for each vector. Previous work has 

recommended that ~20% sampling be used per NUS dimension [322] based on the number and 

distribution of cross peaks for proteins typically studied using NMR, though it was noted that this 

recommendation may not be applicable in all contexts. Therefore, the optimal sampling density 

for an HSQC-type correlation experiment that would typically be employed in a classical pseudo-

3D relaxation experiment was determined first. Of interest is the fidelity of the NUS-reconstructed 

peak height relative to the same peak height derived using RSS. Figure 6.1 shows the 

dependence of the R2 and the RMSD in peak height between RSS sampled and NUS 15N HSQC 

experiments collected on ubiquitin with a moderate number of sampled points in the indirect 

dimension (120* RSS points, 28 ppm spectral width). The number of transients was kept constant 

and only sampling density was allowed to vary. The total number of points after reconstruction 

was the same for all data. Consistent with previous work, IST reconstruction is shown to yield 

highly linear peak heights with respect to RSS-derived references and 20% sampling yields 

quantitatively accurate peak heights with a R2 of 0.982 and a RMSD of 4.97%. The fidelity of 

NUS-derived peak heights begins to plateau at 25% sampling with a R2 of 0.996 and a RMSD of 

1.15%. Therefore, all subsequent studies employed 25% sampling. 
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Figure 6.1 The accuracy of NUS-derived peak heights depends strongly on sampling density. 
Regular sequentially sampled (RSS)-derived and NUS-derived peak heights for a 1H-15N HSQC 
of ubiquitin are compared quantitatively as a function of sampling density. (A) Dependence of the 
R2 for the correlation between RSS-derived and NUS-derived peak heights as a function of 
sampling density. (B) Dependence of the RMSD of the same correlation as a function of sampling 
density. The number of transients and spectral width of the NUS dimension were kept constant 
and the final size of all reconstructed data was identical to that of the RSS data.   
 
      
6.3.2 Evaluation of NUS-derived relaxation rates  

 In order to assess the reliability of NUS-derived relaxation rates, RSS and NUS 15N T1 

relaxation experiments [314] were performed on ubiquitin. The NUS data were collected 

experimentally rather than derived from re-sampling of the RSS reference data set because small 

but sometimes significant differences between experimentally-determined rates and re-sampled 

rates were observed (data not shown). The origin of these differences is not clear but it does not 

seem to be due to spectrometer stability as the data were collected in an interleaved manner and 

replicates of the entire RSS and NUS time series yield highly similar results (vide infra). The data 

were collected with the same moderate number of points in the indirect dimension (120* RSS 

points, 30* NUS points, 28 ppm spectral width). In the analysis that follows, the accuracy of an 

NUS-derived relaxation rate is judged with respect to the same rate derived from a RSS 

reference data set. Figure 6.2a shows the correlation between R1 rates derived from RSS and 

25% NUS. Relaxation decays obtained from NUS data were nearly identical to those obtained 

from RSS data (Figure 6.3). Uncertainties in peak heights (estimated from duplicate spectra) and 

errors in fitted rates were slightly larger for NUS-derived data (Figure 6.4), which indicates that 
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NUS-derived peak heights are less reproducible than RSS-derived peak heights. The correlation 

between relaxation rates derived from RSS and NUS is excellent, with a R2 of 0.995 and a RMSD 

of 0.89%. A histogram of the errors between RSS-derived and NUS-derived rates indicates that 

they are normally distributed around a mean value near zero (0.29%) with a standard deviation of 

0.82% (Figure 6.2b). It should be noted that the largest error observed (~2.0%) is comparable to 

the typical reproducibility of RSS data for this particular experiment [265, 323]. This finding is in 

contrast to a previous report that relaxation rates derived from Poisson-gap sampling and IST 

reconstruction are systematically offset by ~5% [322]. This suggests that 25% sampling 

comprised of 30* NUS points is sufficient to obtain quantitatively accurate relaxation rates from 

reconstructed spectra of ubiquitin.  
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Figure 6.2 Quantitative evaluation of NUS-derived relaxation rates as a function of number of 
sampled NUS points for a 15N T1 experiment on ubiquitin. (A) Correlation between RSS-derived 
and NUS-derived rates for data collected with 30* NUS points. The dotted line is y = x. (B) 
Distribution of errors in NUS-derived relaxation rates calculated relative to RSS-derived rates for 
data collected with 30* NUS points. (C) Correlation between RSS-derived and NUS-derived rates 
for data collected with 12* NUS points. The dotted line is y = x. Outliers identified using the IQR 
method are shown in red. (D) Distribution of errors in NUS-derived relaxation rates calculated 
relative to RSS-derived rates for data collected with 12* NUS points. 
 

 While sampling densities of 20-25% have been previously reported in the literature to 

yield quantitatively accurate peak heights [204] and relaxation dispersion parameters [269] for 2D 

spectra of other proteins, the choice of the total number of points used in such studies is often not 

fully explained. Indeed, there is no general consensus for how far an indirect dimension should be 

sampled [201] though the signal-to-noise ratio (S/N) is maximized when the indirect dimension is 

sampled to 1.26*T2 [324] and resolution is maximized when the indirect dimension is sampled to 



162	  
	  

3.14*T2. However, recent work has shown that weighted NUS can lead to simultaneous 

improvements in S/N and resolution beyond 1.26*T2 [325]. Sampling to maximize the resolution 

or sometimes even the S/N can lead to prohibitively long experiment times for serially collected 

data. It is also difficult to define a minimum number of sampled NUS points required for faithful 

reconstruction a priori since many confounding issues contribute to the quality of NUS 

reconstruction. Moreover, it has been noted that the probability of finding a “good” Poisson-gap 

sampling schedule decreases as the number of desired points decreases, presumably due to the 

stochastic nature of small sets [326].  

 The extent to which the total number of points could be decreased was thus explored 

empirically while maintaining a fixed sampling density. Figure 6.2c shows the correlation between 

R1 rates derived from RSS and NUS where the total number of points had been reduced by a 

factor of 2.5 but a 25% sampling density was maintained (48* RSS points, 12* NUS points, 28 

ppm spectral width). Perhaps surprisingly, as few as 12* NUS points yielded interpretable spectra 

albeit with noticeable artifacts. All resolved cross peaks exhibited typical relaxation decays that 

still could be fit. It is clear, however, that the accuracy of the rates has been compromised 

significantly by such drastic undersampling. The correlation has a R2 of 0.944 and a RMSD of 

3.09%. Three statistically significant outliers were identified using the interquartile range (IQR) 

method and these outliers are shown in red. Figure 6.2d shows the distribution of errors between 

RSS-derived and NUS-derived rates. Though the errors are still normally distributed around a 

mean value near zero (0.39%), the spread is much larger, with a standard deviation of 3.06%. 

The three statistically significant outliers exhibit errors over 5.0%, with a maximum error of 15.4%. 

Though it is difficult to attribute a single source to the degradation in accuracy, it may arise due to 

consequences associated with violation of the sparseness condition for CS and/or the increased 

difficulty associated with generating a proper sine-weighted Poisson distribution of gaps for 12* 

points.   
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Figure 6.3 Example NUS relaxation decay curves. (A) 2-parameter fit of 15N R1 decay for residue 
K11 of ubiquitin for RSS data collected with 120* RSS points (28 ppm spectral width). (B) 2-
parameter fit of 15N R1 decay for resiude K11 of ubiquitin for data collected with 25% NUS, 30* 
NUS points (28 ppm spectral width). Error bars representing the uncertainty in peak height are 
shown in red and are smaller than the symbols used. The fitted rate and error in the fitted rate 
determined by the covariance matrix of the fit are shown.   
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Figure 6.4 Monte Carlo analysis of errors in NUS relaxation rates. (A) Histogram of fitted R1 rates 
from 500 Monte Carlo simulations of the data shown in Figure 6.3. (B) Histogram of fitted R1 rates 
from 500 Monte Carlo simulations of the data shown in Figure 6.3. In these simulations, peak 
heights measured at each delay were varied randomly within the boundaries of their uncertainties 
then the points were fit with a 2-parameter single exponential decay. The red dashed line is a fit 
to a normalized probability density function for a normal distribution. The normalization is such 
that the integral of the fitted function is 1. The standard deviation is an estimate of the error in the 
fitted rate. The error for the NUS data is ~3-fold larger than the error for the RSS data. This 
reflects an inherently lower reproducibility in peak height for NUS data relative to RSS data.   
 

 Based on the stark differences in performance between the data collected with 30* NUS 

points and 12* NUS points, additional RSS- and NUS-derived 15N T1 comparisons were collected 

to gauge the relationship between the number of NUS points and the accuracy in rates 

empirically. Each experiment utilized a different number of total points but with a constant 

sampling density of 25%. In order to estimate contributions from experimental variance, each full 

RSS/NUS comparison was collected in triplicate—with replicate measurements often occurring 

several months apart. The statistics for each RSS/NUS comparison were determined individually 

and then averaged. In general, comparisons were highly reproducible. Figure 6.5 shows the 

relationship between R2 and RMSD in relaxation rate and total number of sampled points. The 

accuracy of NUS-derived relaxation rates exhibits a rather steep dependence on the total number 

of sampled points. The dependence appears to plateau at 30* points where the number of 

measurements is sufficiently high to accurately reconstruct the spectrum of ubiquitin. Increasing 

the total number of sampled points beyond this does not lead to improvement.   
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 Since the data shown in Figure 6.5 consisted of variable numbers of NUS points, each 

bar represents a different sized matrix. To explore if this affected peak height reconstruction, all of 

the RSS and NUS data were re-processed to a uniform size of 512* points in the indirect 

dimension via zero-filling. The observed dependencies did not change significantly (data not 

shown). 

 

 

 
Figure 6.5 The accuracy of NUS-derived relaxation rates depends strongly on the number of 
sampled NUS points at a fixed sampling density of 25%. RSS-derived and NUS-derived 15N R1 
rates for ubiquitin are compared quantitatively for spectra collected with a variable number of 
points at a constant spectral width. (A) Dependence of the R2 on the number of NUS points. (B) 
Dependence of the RMSD on the number of NUS points. Error bars are one standard deviation 
from the mean of three independent replicate data sets.   

 

      
6.3.3 The nature of inaccuracies in NUS-derived relaxation rates  

 To understand the nature of inaccurate NUS-derived relaxation rates, the fidelity of peak 

height reconstruction was further characterized for the data set collected with 12* NUS points, 

which exhibited the largest deviations from the reference RSS-derived rates. Errors in NUS-

derived relaxation rates did not correlate with errors in NUS-derived peak heights from any plane 

in the relaxation series (Figure 6.6). Instead, the largest errors in relaxation rate tended to 

originate from cross peaks with inconsistent errors in peak height across the relaxation series. 

Figure 6.7 illustrates this point by showing the error in reconstructed peak height as a function of 

relaxation plane number. Data is shown for the cross peak with the highest error in NUS-derived 
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relaxation rate and the cross peak with lowest error in NUS-derived relaxation rate. Both cross 

peaks exhibited inaccurate peak height reconstruction in the first plane of the relaxation series 

(~15% error). However, their respective errors in relaxation rate ultimately differed by over 15 

fold. The cross peak with the lowest error in relaxation rate maintained nearly the same ~15% 

peak height error across the entire relaxation series (standard deviation in peak height error 

~2%). The cross peak with the highest error in NUS-derived relaxation rate exhibited a peak 

height error which increased dramatically and in a non-linear fashion across the relaxation series 

(standard deviation in peak height error ~10%). This demonstrates that changes in the 

consistency of peak height reconstruction can manifest as large changes in relaxation rate. It is 

important to note that these data were collected in an interleaved manner so the observed non-

linearity is unlikely to arise due to spectrometer stability. Importantly, similar trends were also 

observed for data that were not as significantly undersampled.   
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Figure 6.6 The error in NUS-derived peak height is uncorrelated with the error in NUS-derived 
relaxation rate. NUS-derived peak heights were compared to RSS-derived references for each 
plane of a 15N T1 experiment collected on ubiquitin with 48* RSS points, 12* NUS points, and 28 
ppm spectral width. 
 

 The consistency of peak height reconstruction was then quantitatively evaluated. For 

each cross peak, the RSS-derived peak height was plotted against the NUS-derived peak height 

for each plane in the relaxation series and the result was fitted to a straight line. The deviation of 

the fitted intercept from zero is used an estimate of the non-linearity in peak height across all 

planes in the relaxation series (the reasoning behind this approach is illustrated in more detail in 

Figure 6.8). We define the absolute value of the fitted intercept as the “non-linearity factor.” The 

non-linearity factor is a cross peak specific quantification of how non-linear peak height 
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reconstruction is across a relaxation series. Figure 6.7 shows that the non-linearity factor of each 

cross peak is strongly correlated with the error in its NUS-derived relaxation rate. This indicates 

that the consistency of peak height reconstruction across the relaxation series is a strong 

determinant of the accuracy of NUS-derived relaxation rates. Such behavior could not be 

detected by just comparing peak heights to a single RSS reference plane as has been done in 

the optimization of sampling schedule generators [205] or determination of minimum sampling 

density [269].  

 

 

 
Figure 6.7 Inaccuracy in NUS-derived relaxation rates stem from a lack of peak height 
reconstruction consistency. Errors in NUS-derived peak heights and relaxation rates calculated 
relative to RSS-derived references were quantitatively analyzed for 15N R1 rates of ubiquitin for 
data collected with 12* NUS points (A) Error in NUS-derived peak height as a function of 
relaxation plane number (relaxation delay) for the cross peak with the largest error in NUS-
derived relaxation rate (red) and the cross peak with the smallest error in NUS-derived relaxation 
rate (black). (B) The error in NUS-derived relaxation rate as a function of the non-linearity factor 
(NLF) (see full text and Fig. S6 for a more complete explanation). The NLF is a cross peak 
specific metric that is correlated with the error in NUS-derived relaxation rate. The dotted line is 
the best-fit line determined by linear regression: 216.2 0.0384y x= − , R2 = 0.937. 
 

 The average of all non-linearity factors reports on the overall accuracy of an entire NUS 

relaxation series and is useful for comparing the performance of different relaxation series. Figure 

6.9 shows that the average non-linearity factor scales with the total number of sampled points 

and converges once the number of sampled points is sufficiently high to accurately reconstruct 

the spectrum of ubiquitin. The average non-linearity factor decreases substantially as a function 
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of sampled points, though it never reaches zero, even when as many as 50* NUS points are 

used.   
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Figure 6.8 Illustration of the derivation of the non-linearity factor. Left panels show the error in 
NUS-derived peak height for a single cross peak as a function of delay. Right panels show the 
correlation between RSS-derived and NUS-derived peak heights of the same cross peak where 
each data point is taken from a single plane in the relaxation series. (A) If peak heights are 
reconstructed exactly across all planes in the seires then reconstruction is accurate and 
consistent. Correlations of RSS-derived and NUS-derived peak heights over all planes in the 
series are straight lines with a slope of 1 and zero intercept. (B) If peak heights are reconstructed 
with a 30% error across all planes in the series then reconstruction is inaccurate but consistent. 
Correlations of RSS-derived and NUS-derived peak heights over all planes in the series are 
straight lines with a scaled slope and zero intercept. (C) If peak heights are reconstructed with 
variable errors across all planes in the series then reconstruction is neither accurate nor 
consistent. Correlations of RSS-derived and NUS-derived peak heights are slightly non-linear 
resulting in a non-zero intercept. All cross peaks are subject to this analysis and the absolute 
value of the intercept is defined as the non-linearity factor. 

 

 

 
 

Figure 6.9 Peak height reconstruction linearity improves as a function of the number of NUS 
points at a fixed sampling density of 25%. The average non-linearity factor decreases with 
increasing number of NUS points. 
 

6.3.4 Generalization to other reconstruction algorithms  

 In order to assess if the non-linearity in peak height reconstruction was specific to the IST 

implementation in hmsIST, the ubiquitin 15N T1 data sets collected with 12* and 30* NUS points 

were re-processed with IRLS, NESTA-L1, NESTA-IRL1. While all three algorithms could 

reconstruct the 30* NUS points data, only IRLS yielded quantifiable reconstructions for the 12* 

points data. The accuracy of the rates relative to the RSS reference data is shown in Table 6.1. In 
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general, IRLS yielded rates with accuracies comparable to those obtained using hmsIST whereas 

NESTA-L1 and NESTA-IRL1 yielded slightly less accurate rates.    

 Figure 6.10a-d shows the error in reconstructed peak height as a function of relaxation 

plane number for the cross peak which exhibited the highest error in relaxation rate and the cross 

peak which exhibited the lowest error in relaxation rate. Again, high errors in relaxation rate are 

shown to arise from non-linearities in peak height across the relaxation series as was 

demonstrated for data reconstructed with hmsIST, though the nature of the non-linearity seems to 

be variable. Importantly, errors in NUS-derived relaxation rates are found to be strongly 

correlated with non-linearity factors as shown Figure 6.10e-h. All correlations yielded R2 values 

greater than 0.8, indicating that peak height non-linearity may be a general origin of errors in 

NUS-derived relaxation rates and not just specific to reconstructions performed using hmsIST. 

 

   

 

 
 
Figure 6.10 The error in NUS-derived peak height as a function of relaxation delay for different 
reconstruction algorithms (A-D). Lines in red correposond to cross peaks which exhibited the 
largest error in relaxation rate. Line in black correspond to cross peaks which exhibited the 
smallest error in relaxation rate. The correlation between errors in relaxation rate and non-
linearity factors for different reconstruction algorithms (E-F). 
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6.3.5 Generalization to other proteins  

 Additional RSS/NUS comparisons using the proteins calcium-saturated calmodulin 

(CaM), arginine kinase (AK), and maltose binding protein (MBP) were collected to assess the 

generality of these findings. Table 6.2 shows the relevant protein details and statistics for each of 

these experiments. In each experiment, the minimum number of scans to obtain reliable RSS 

data was used and then the remaining time was invested toward sampling of the indirect 

dimension. Most experiments yielded high correlations (R2 > 0.95) with reasonable RMSDs (< 

4%). Additionally, poorer correlations and RMSDs were again shown to improve dramatically with 

an increase in NUS points as evidenced by the CaM data which exhibits twice as many cross 

peaks as ubiquitin and limited spectral dispersion. Notably, all data shown in Table 6.2 exhibit a 

correlation between errors in NUS-derived relaxation rate and non-linearity factors (<R2> = 0.769 

± 0.141; n = 14). These data confirm that the conclusions drawn from the ubiquitin data are 

general to many types of relaxation measurements and to proteins with different properties. 

Perhaps the most impressive example of this is the 13C relaxation data collected on a very dilute 

(~75 µM) solution of the 40 kDa monomer arginine kinase (AK). Though 13C relaxation 

experiments are quite sensitive, the rather dilute sample and room temperature data collection 

make their execution challenging. In this sample, only ILV methyl groups are labeled so the total 

number of peaks of low. However, the narrow chemical shift dispersion for ILV methyl groups 

results in a high density of peaks for each directly detected frequency. Despite this, the R2 values 

were ~0.98 - 0.99 and the RMSDs were only ~4 - 5.5% using 26* NUS points.   

 Since all of the proteins used in this study exhibit different degrees of spectral complexity 

and data were collected at different static field strengths, utilized different spectral widths, and 

consist of different numbers of total NUS points, it is extremely difficult to present a truly complete 

comparison across all data sets. However, a reasonably fair comparison can be made with 

respect to non-linearity factors. Figure 6.11 shows that for all data presented here, the average 

non-linearity factor is approximately linearly related to the accuracy of NUS-derived relaxation 

rates. The relationship in Figure 6.11 is essentially a calibration curve that allows one to identify a 
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required average non-linearity factor necessary to obtain a desired accuracy in relaxation rate. 

For example, if one desired NUS-derived relaxation rates with less than a 5% RMSD relative to 

RSS-derived reference rates, then the average non-linearity factor should be ~0.02, or for 2% 

RMSD then it should be 0.007 or better, and so on.  

 

 

 
Figure 6.11 Calibration curve relating RMSD in relaxation rate to the normalized sum of non-
linearity factors where normalization is done by the number of cross peaks used to calculate the 
sum of the non-linearity factors. Points in black were obtained by IST reconstruction using 
hmsIST. Points in blue were obtained by IRLS reconstruction using MddNMR. The point in red 
was obtained by NESTA-IRL1 reconstruction using NESTA-NMR and the point in green was 
obtained by NESTA-L1 reconstruction using NESTA-NMR.  (A) Correlation between RMSD in 
relaxation rate and average non-linearity factor (<NLF>) determined from all (nine) delay times. 
(B) Correlation between RMSD in relaxation rate and <NLF> determined from only three delay 
times. The goodness of fit indicates that using the three time point duplicates routinely used to 
estimate intensity uncertainty and in RSS mode are sufficient to confirm the accuracy of obtained 
relaxation rates. (V) Correlation between <NLF> values determined from nine and three delay 
times. 
 

6.3.6 Predicting non-linearity factors from reference data  

 The calibration curve shown in Figure 6.11 is only useful if non-linearity factors can be 

determined prior to full data collection. Ideally, it is most desirable to determine the reliability of a 

given NUS scheme with little or no penalty in spectrometer time. We therefore explored whether it 

is possible to estimate non-linearity factors from a smaller set of data that could be collected prior 

to starting a suite of relaxation experiments. It is apparent that multiple RSS reference planes 

from the relaxation series must be collected. However, it is unclear how many are required and 

which planes should be used. Figure 6.12 shows correlations between non-linearity factors 

derived from a minimal set of data and those derived from a full relaxation series for an example 
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ubiquitin 15N T1 relaxation series. Figure 6.12a shows that non-linearity factors determined from 

just two planes are only modestly accurate. However, Figure 6.12b shows that non-linearity 

factors determined from three planes are quite accurate. This is perhaps unsurprising considering 

the non-linearity factor is derived by linear regression. It should be noted that the three planes 

that were chosen were the shortest delay time and the two longest delay times. This was 

determined empirically but is consistent with the typical nature of peak height non-linearity 

observed in this study. In order to test the generality of this method, all remaining data sets were 

subject to the same analysis. Figure 6.12c-d shows that excellent estimations of non-linearity 

factors can be obtained for the less ideal AK 13C T1 relaxation data. Figure 6.11 shows that 

average non-linearity factors estimated from three reference planes are indeed in fantastic 

agreement with non-linearity factors determined from entire time series for all data presented in 

this study.   
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Figure 6.12 Estimation of non-linearity factors from minimal reference data. Correlation between 
estimated and observed non-linearity factors for ubiquitin 15N T1 collected with 12* NUS points 
using (A) 2 RSS reference planes (shortest and longest delays) and (B) 3 RSS reference planes 
(shortest and two longest delays). Correlation between estimated and observed non-linearity 
factors for AK 13N T1 collected with 26* NUS points using (C) 2 RSS reference planes and (D) 3 
RSS reference planes.      
 
 
Table 6.1 Summary of RSS-NUS comparisons using alternative reconstruction algorithms  

Algorithm Protein NUS Points R2 RMSD <NLF> 

IRLS Ubiquitin 12* 0.950 3.08% 0.01187 

IRLS Ubiquitin 30* 0.983 1.59% 0.00538 

NESTA-L1 Ubiquitin 30* 0.958 2.98% 0.00616 

NESTA-IRL1 Ubiquitin 30* 0.922 3.57% 0.01284 
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Table 6.2 Summary of additional RSS-NUS comparisons 

Experiment Protein Cross Peaks1 NUS Points R2 RMSD <NLF> 

2H RQ(Dz) Ubiquitin 49 16* 0.993 3.10% 0.01499 

2H RQ(D+) Ubiquitin 49 16* 0.992 3.37% 0.01722 

13C T1 AK 106 26* 0.990 5.43% 0.02224 

13C T1ρ AK 106 26* 0.978 3.90% 0.02082 

15N T1 TROSY Ubiquitin 30% 

glycerol 

72 32* 0.967 1.66% 0.00699 

15N T1 TROSY AK 312 16* 0.881 6.27% 0.02563 

15N T1 TROSY MBP 318 50* 0.885 3.57% 0.01577 

15N T1ρ TROSY Ubiquitin 30% 

glycerol 

72 32* 0.985 2.30% 0.00943 

15N T1ρ TROSY AK 312 16* 0.915 5.94% 0.02923 

15N T1ρ TROSY MBP 318 50* 0.942 3.18% 0.01494 

15N T1
 CaM 156 32* 0.919 2.94% 0.01076 

15N T1
 CaM 156 46* 0.975 1.85% 0.00847 

15N T2
 Ubiquitin 72 12* 0.975 3.72% 0.02148 

15N T2 Ubiquitin 72 30* 0.990 2.82% 0.01109 

1 The number of cross peaks is taken to be the number observed cross peaks identified by automated peak picking 

 

6.4 Conclusions and Future Directions  

 The goal of this work was to determine if classical NMR spin relaxation experiments 

could be collected using NUS without a loss in quantitative accuracy. The motivation being that 

the conventional implementation of these experiments is too insensitive to be performed on LacI. 

This limitation precludes characterization of fast time scale dynamics and their potential role in 

allosteric regulation. We have shown that relaxation experiments can indeed be collected using 

NUS without a loss in quantitative accuracy. Several import conclusions were reached: 

§ Errors in NUS-derived relaxation rates derive from a non-linearity in peak height 
across the relaxation series 
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§ Errors become large when data is undersampled. For a given sampling density, 

the total number of NUS points must be chosen judiciously 
 

§ Non-linearity in peak height can be quantified using a new metric called the non-
linearity factor which can be accurately derived from a sparse set of reference 
data 
 

§ A general linear relationship between non-linearity factor and RMSD in relaxation 
rate exists 
 

§ The accuracy of NUS relaxation experiments can be determined reliably prior to 
data collection 

 

 The potential application of these findings to LacI is clear. The calibration curves relating 

non-linearity factors and accuracy of relaxation rate (Figure 6.11) allow us to determine the 

necessary number of NUS points required for a reliable determination of relaxation rates in an 

efficient manner. This may allow us to finally explore the role of fast timescale motion and the 

conformational entropy it represents in the allosteric regulation of LacI.      
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CHAPTER 7: Conclusions and Future Directions 

 

 For decades, LacI has served as the paradigmatic example of an allosterically regulated 

transcription factor. However, from a mechanistic standpoint, many of the fundamental details 

underlying LacI functionality were poorly characterized. We have sought to characterize the 

changes in structure and changes in dynamics that accompany IPTG-binding in the absence and 

presence of operator. Some pressing questions of interest included:  

§ What is the structure of the DBD in the absence of DNA? 
 

§ How does inducer-binding affect the DBD in the absence of DNA?  
 

§ What is the structure of the LacI-operator-inducer ternary complex? 
 

§ What is the nature of LacI’s internal dynamics on the µs-ms timescale? 
 

§ What is the nature of LacI’s internal dynamics on the ps-ns timescale? 
 

§ Are dynamics functionally relevant? 

  

 In order to address these issues, we have employed NMR—the only experimental 

technique capable of providing atomic-level structural and dynamical information for proteins in 

solution. Ostensibly, NMR was the ideal methodology to address the issues that interested us. 

However, the high molecular weight of LacI precluded analysis using conventional NMR methods. 

Our work introduced technical developments both with respect to sample preparation and NMR 

data collection that ultimately enabled us to address all of the questions above.  

 In Chapter 2, a novel expression system was introduced that eliminated all of the 

problems that previously prevented NMR-based characterization of LacI. Using our expression 

and purification methods, high yields of homogenous, deuterated LacI were consistently obtained 

which allowed for optimal utilization of TROSY methods. Importantly, our expression platform 

eliminated the severe toxicity previously associated with recombinant expression of the isolated 

RD and eliminated the need for fermentation in the production of the isolated DBD. These 
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constructs were critical for proper interpretation of the highly complex NMR spectra of intact LacI. 

 In Chapter 3, it was shown that the unfavorable properties of LacI rendered resonance 

assignment impossible using conventional approaches. To overcome this limitation, NUS 

methods were adapted and in some cases extended to yield a comprehensive library of triple-

resonance experiments. By combining NUS methods with the truncated constructs obtained 

using the methods outlined in Chapter 2, resonance assignment could be obtained for LacI in all 

of its relevant functionally states.  

 In Chapter 4, we applied the methods developed in Chapters 2-3 to understand the 

functional mechanism of LacI in the absence of DNA. Of principal interest was the structure of the 

DBD and the changes that might occur upon IPTG binding. Our NMR data showed that in the 

absence of DNA, the DBD is well structured and the hinge is unfolded. Surprisingly, no changes 

in DBD structure were detected upon IPTG-binding. Instead, extensive changes in the dynamics 

of the RD were observed. In the absence of IPTG and operator, the RD was shown to be in a 

dynamic equilibrium between induced and repressed states that exchanged on the µs-ms 

timescale. Interestingly, exchange rates were found to be heterogeneous across the protein. 

Dynamics residues were found to cluster in regions of the RD previously implicated in allosteric 

communication. IPTG-binding largely quenched these dynamics save for three clusters localized 

to the monomer-monomer interface. The residues in these clusters were previously characterized 

to be critical to allosteric function. Indeed, two mutants with severely diminished allosteric activity 

exhibited quenched dynamics in these clusters—suggesting that dynamics are functionally 

relevant.   

 In Chapter 5, we characterized the functional mechanism of LacI in the presence of 

operator DNA. We showed that operator-binding results in widespread quenching of µs-ms 

dynamics in the RD. We also provided the most definitive evidence to date that the hinge helix of 

the ternary complex is folded, effectively ruling out a long standing model for LacI’s allosteric 

mechanism which posited that the hinge helix unfolds upon IPTG-binding. These data were 

ultimately confirmed by quantification of the ps-ns timescale dynamics of L56, a key residue 
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which intercalates into the minor groove of the operator in the repressed state. Upon IPTG-

binding, it was found that no significant changes in the motional properties of L56 were 

detectable. Preliminary analysis suggests that µs-ms motions are activated in the RD upon IPTG-

binding. From our data, we can conclude that the RD of the ternary complex is structurally similar 

to the isolated RD bound to IPTG and that the hinge is folded—thus providing the most 

comprehensive structural information for the ternary complex to date.   

 Throughout this work, dynamics were only characterized semi-quantitatively. This 

stemmed from the fact that the relaxation experiments necessary for quantification of motional 

processes largely failed on most functional states of LacI. In Chapter 6, we derived the first 

apparently universal criterion for obtaining highly accurate relaxation rates using NUS: the 

minimization of the non-linearity factor. Additionally, a simple procedure was introduced for 

reliably obtaining non-linearity factors from a sparse set of reference data. These methods will 

likely enable a more quantitative characterization of the dynamical properties of LacI in the near 

future. Though these methods were developed specifically to enable measurement of ps-ns 

timescale dynamics, they are applicable to the measurement of dynamic processes on any 

timescale as long as they are quantified by a serially-collected two-dimensional (pseudo-three-

dimensional) experiment.   

 The work presented here is a significant step forward toward unraveling the mechanism 

underlying allosteric communication in LacI. However, one can envisage a panoply of follow up 

experiments. Perhaps of most interest is the characterization of the ternary complex. We have 

demonstrated that a high-resolution structural characterization of the ternary complex is 

accessible through NMR. Future work should focus on the expansion of resonance assignments, 

perhaps through the use of a combination of triple-resonance and NOESY-based experiments as 

discussed in Chapter 3. These could potentially provide enough restraints for obtaining a 

backbone fold of the ternary complex. With respect to the other states, methyl resonance 

assignments may be obtainable with a combination of NOESY and COSY-transfer experiments. 

To this end, we have recently introduced an NUS 4D NOESY experiment for identifying distances 



181	  
	  

between methyl groups. Coupled with the crystal structures available for the various functional 

states of the RD, this experiment should enable methyl resonance assignment. Once 

assignments have been obtained, NUS relaxation experiments can potentially provide a more 

quantitative description of the dynamic processes operative across the functional cycle of LacI. 
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APPENDIX 1: NMR Methods  

 

A1.1 Brief introduction to NMR 

	   Nuclear magnetic resonance (NMR) is a spectroscopic technique which detects 

magnetically active nuclei. These nuclei posses non-zero spin, an intrinsic quantum 

characteristic. Of interest in most biomolecular (protein and nucleic acid) NMR studies are 1H, 

13C, 15N, (all spin ½) and sometimes 2H nuclei (spin 1). Nuclei with non-zero spin are sensitive to 

external magnetic fields because they possess a magnetic moment, µ , which is proportion to 

spin, S: 	  

	   Sµ γ= 	  	  	  	   	   	   	   	   	   	   	   	   	  	  	  	  	  (A.1) 

The proportionality constant, γ , is called the “gyromagnetic ratio.” Spin ½ nuclei, can populate 

two possible quantum states which are degenerate in the absence of an applied magnetic field. 

Accordingly, both states are populated equally. In the presence of a magnetic field, these states 

become non-degenerate due to interactions between the magnetic moment and external field—a 

phenomena known as the “Zeeman effect” or “Zeeman splitting.” Since each state now has a 

different energy (given by 0E Bµ= ), populations will be skewed toward the lower energy state. 

For spin ½ nuclei, the two energy states (denoted as α  and β ) will have populations given by 

the Boltzmann distribution: 
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Where z is the partition function, g is the degeneracy (1 in this case), and kβ is the Boltzmann 

constant. The relative population or “fractional polarization” is typically quite small, due to the 

small difference in energy between the two states. For example, an isolated 1H nucleus will 

exhibit a fractional polarization of ~4.0 x 10-5 at a static field strength of 11.7 T. 

 The application of an external magnetic field causes spin precession at a frequency 

known as the “Larmor frequency”, ω :  

 

 0Bω γ= −   (A.4) 

 

Where 0B is the strength of the magnetic field. The application of electromagnetic radiation at this 

frequency gives rise to NMR phenomena. These frequencies span the radio frequency (RF) 

portion of the electromagnetic spectrum. For example, the Larmor frequency of an isolated 1H 

nucleus at 11.7 T is 500 MHz.   

 In practice, the Larmor frequency is slightly modulated by the local chemical environment 

of the nucleus. The degree of modulation is defined as the chemical shift, as discussed 

extensively in the main text. As such, the chemical shift provides a site-specific readout of the 

local chemical environment of a given probe. For proteins, this is typically determined by the local 

structure and presence of ligands. 

 NMR experiments involve modulating the populations and orientations of spins in order to 

understand their properties. At equilibrium, spins are oriented along what is called the z-axis as a 

bulk vector generically called the “magnetization”. This axis is defined to be parallel to the 

direction of the static magnetic field. RF radiation can alter the orientation of the equilibrium 

magnetization, usually by rotating it to the transverse plane (x,y axes). Over time, spins will begin 

to return back to their equilibrium orientation in a process called “relaxation.” Two processes are 

operative:   
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 (1) Longitudinal relaxation (T1): return back to z-axis  

 (2) Transverse relaxation (T2): dephasing of the bulk magnetization in the x,y plane 

 

 These relaxation processes are strongly influenced by the chemical properties of the 

nuclei being probed. For proteins, these processes are dependent on the motional properties of 

the protein.  

 The theory underlying all of the experiments presented in the main text is well 

documented [327] and will not be covered in-depth for brevity. Instead, several topics pertinent to 

the main text will be introduced and describe in the context of how they can provide information 

about protein structure and protein dynamics.  

A1.2 High molecular weight proteins and the TROSY effect 

	   As discussed in Chapter 3, the observable NMR signal is derived from Fourier transform 

of the FID. The FID decays because it is damped according to the transverse relaxation rate of 

the nucleus from which it derives. Transverse relaxation rates are proportional to the size of the 

molecule. In other words, FIDS arising from large molecules are damped much faster than those 

that arise from small molecules. Fast damping produces broad spectral lines with low intensity 

and this is the origin of NMR’s size limit. Two processes contribute to the observed damping: 

  

 1. Chemical shift anisotropy (CSA): CSA describes the anisotropic nature of the local 

 magnetic field surrounding a particular nucleus. It is an orientation dependent effect on 

 the chemical shift. The CSA contribution has a quadratic  dependence on the static 

 magnetic field strength which renders it a significant source of relaxation at high field.  

  

 2. Dipole-Dipole interactions (DD): DD interactions derive from the dipolar fields that 

 originate from surrounding nuclei. The most significant contribution usually comes from 

 directly bonded nuclei. The efficiency of dipolar relaxation depends on the distance 

 between the inter-atomic distance, r, and scales as 1/r6.     
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The most detrimental DD interactions typically involve directly attached or remote 1H nuclei. 

These interactions can be greatly diminished by elimination of non-exchangeable 1H nuclei via 

perdeuteration as described in the main text. However, quite often perdeuteration is not enough 

to enable NMR-based characterization of high molecular weight proteins. 

 The principle of Tranverse Relaxation Optimized SpectroscopY (TROSY) is the 

attenuation of transverse relaxation by cancellation of CSA and DD mechanisms [126]. Consider 

a 1H-15N bond vector which is a commonly used probe in biomolecular NMR studies. In the 

absence of decoupling, an HSQC spectrum of this 1H-15N bond vector will yield a multiplet 

consisting of four components. Each component arises from differential interference between 

CSA and DD mechanisms. The conventional HSQC collapses the multiplet which essentially 

averages the relaxation rates of each component. For small molecules, this is often not an issue 

as all components of the multiplet relax with similar rates. However, as molecular weight 

increases the, differences in relaxation rate for each component increase which leads to severely 

degraded observable signals. TROSY selects for the slowest relaxing component in which CSA 

and DD mechanisms cancel. Despite essentially selecting only a subset of the available signal, 

TROSY often provides increases in S/N for large proteins since all fast relaxing components are 

eliminated. The theoretical maximal 1H-15N TROSY effect is observed for a perdeuterated protein 

at ~1.1 GHz 1H Larmor frequency.   
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Figure A1.1 Illustration of TROSY-selection. (A) Typical 1H-15N multiplet structure for a fast-
tumbling protein. All components relax relatively slowly. (B) Typical 1H-15N multiplet structure for a 
slow-tumbling protein. Different components relax with different rates depending on the relative 
contribution of DD interactions and CSA. (C) TROSY-selection of the spectrum shown in B. Only 
the sharpest peak is retained through the experiment (not mixed with other components) and 
eventually detected.  

	  

A1.3 The relationship between fast timescale dynamics and conformational entropy 

	   The longitudinal and transverse relaxation rates introduced in A1.1 can also report on the 

motional properties of bond vectors within proteins. These motions occur on the ps-ns timescale 

and encompass librational motions, rotations, and fluctuations of the bond vectors. Both an 

amplitude (quantified by the order parameter) and timescale (quantified by τe) of motion for a 

specific bond vector can be obtained from relaxation experiments—although the nature of the 

motion may not always be apparent. This is commonly done using the model-free formalism of 

Lipari and Szabo as described in Chapter 6.  

 Of primary interest is the order parameter because this is the amplitude term. Formally, 

the order parameter is related to the asymptote of the autocorrelation function of a bond vector’s 

orientation as a function of time. This metric is on a scale of 0 to 1 where 0 represents complete 

flexibility and 1 represents complete rigidity [281].   

 Early work from our lab [112] and others [110, 111] recognized that the order parameter 

of a given bond vector actually reports on the number of states that bond vector has occupied. 

For example, bonds with high order parameters only visit a few states whereas bonds with low 
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order parameters visit many states. In general, the backbone has been shown to exhibit largely 

rigid order parameters, whereas methyl-bearing sidechains exhibit heterogeneous behavior 

ranging from very rigid to very dynamic [256]. Accordingly, sidechains are thought to be the 

primary contributor to the conformational entropy of proteins.   

 The formal link between entropy and order parameters comes from the transformation 

[109]:  

 

  

2
1 2 1 2 12 2

2

( ) (cos( )) ( )

( ln / )

ln ( ln / )

eq eqO d d p P p

A kTlnQ

H kT Q T

S k Z kT Q T

ϑ= Ω Ω Ω Ω

= −

= ∂ ∂

= + ∂ ∂

∫∫

              (A.5-A.8) 

 

Where O2 is the order parameter, Ω represents the number of states, peq is the angular partition 

function derived from some potential energy function, A is the Helmholtz free energy, H is the 

enthalpy, S is the entropy, Q is the partition function defining the thermodynamic parameters, and 

P2 is the second Legendre polynomial, k is the Boltzmann constant and T is the temperature. 

 The choice of the potential energy function is important and most of the early work from 

our laboratory has utilized a classical harmonic potential [112]. From this, the relationship 

between internal protein dynamics and conformational entropy can be written as: 

  

 lnh
conf i i i iS p S k p p= −∑ ∑             (A.9) 

  

 Where the first term represents the model-dependent (i.e. harmonic potential) 

interpretation of order parameters of methyl-bearing side chains and the second term is the 



188	  
	  

classical entropy arising from conformational heterogeneity that can occur over a range of time 

scales. Studies of calmodulin (CaM) interacting with a variety of peptides showed that the change 

in conformational entropy upon binding as measured by NMR was linearly related to the total 

change in entropy as measured by calorimetry for a given CaM binding event [115]. This 

suggests that conformational entropy may play a significant role in defining the thermodynamics 

of protein-protein (peptide) interactions.  

 

  

 

 
Figure A1.2 The first demonstration that changes in conformational entropy as measured by 
NMR are correlated with changes in total entropy as measured by calorimetry. The protein is 
CaM and the ligands are peptides (p) from a variety of native partner proteins. The figure is 
reproduced from Frederick, K. K., et al., 2007 [115]. 
 

 Unfortunately, the use of a simple harmonic potential requires assumptions which may 

not hold true for proteins—for example, an absence of correlated motion [116]. In order to 

overcome this limitation, our laboratory has proposed an “empirical calibration” which directly 

relates changes in conformational entropy to changes in the measured methyl sidechain order 

parameters assuming a linear relationship [116]: 
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 2 2[( )]protein protein ligand ligand
conf axis axis otherS m n O n O SΔ = < Δ > + < Δ > +Δ      (A.10) 

 

Where m is the slope of the presumed line and n is the number of amino acids. The otherSΔ term 

includes entropy derived from rotational and translational degrees of freedom as well as any other 

source of entropy. The use of O2 axis is specific for methyl groups which exhibit a symmetry axis. 

Assuming that the total entropy of binding only has the following components: 

 

  total solvent conf otherS S S SΔ = Δ +Δ +Δ            (A.11) 

 

and substituting equation A.10 for confSΔ yields the following relation: 

 

 2 2[( )]protein protein ligand ligand
tot sol axis axis otherS S m n O n O SΔ −Δ = < Δ > + < Δ > +Δ          (A.12) 

 

 In order to verify this relationship, further studies were performed on CaM. These studies 

found that the linear relationship shown in equation A.12 did indeed hold true, confirming that the 

conformational entropy is a critical component of the thermodynamics of protein-protein 

interactions. The empirical calibration essentially provides an entropy meter wherein a given NMR 

measurement can be related directly to a change in conformational entropy.   
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Figure A1.3 Empirical calibration of the entropy meter using CaM and peptides from its native 
binding partners as a model system. This meter allows changes in NMR observables to be 
directly related to changes in protein conformational entropy. The figure is reproduced from 
Marlow, M. et al. 2010 [116].  
 

 A similar study utilizing a series of mutant variants of Catabolite Activator Protein (CAP) 

that exhibited different thermodynamic profiles of operator binding also revealed a linear 

relationship. However, the CAP line had a different slope and intercept. This suggested that 

perhaps the entropy meter was not universal to all proteins. The utility of such a meter would be 

quite limited if it had to be calibrated for every individual protein. Follow up work by our lab and 

the Sharp lab found that the CAP and CaM data exhibit the same slope and intercept if the 

average change in methyl order parameters is weighted by the sum of the number of torsion 

angles [328]. This “universal” entropy meter is currently being refined by inclusion of a wide 

variety of protein interactions (Kasinath V., Harpole K. W., et al. in preparation).  
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Figure A1.4 Reformulation of the entropy meter to include new points from a study investigating 
CAP binding to operator DNA [117]. The CAP points are shown in red and the CaM points are 
shown in blue. The figure is reproduced from Kasinath V., et al., 2013 [328]. 
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APPENDIX 2: List of Primers 

A2.1 Primers for amplification of LacI gene and sub-cloning 

All primers are written 5’-3’ 

pASK LacI:  

FWD: GGC GCA GAA TTC G GAG AAT CTT TAT TTT CAG GGA ATG AAA CCA GTA ACG 

REV: GCT GGA CTC GAG CTA TTA CGC CAG GGT GGT TTT TCT TTT CAC CAG 

pASK LacI RD:  

FWD: GGC GCA GAA TTC G GAG AAT CTT TAT TTT CAG GGA CAG TCG TTG CTG ATT 

GGC 

REV: GCT GGA CTC GAG CTA TTA CGC CAG GGT GGT TTT TCT TTT CAC CAG 

pASK LacI DBD: 

FWD: GGC GCA GAA TTC G GAG AAT CTT TAT TTT CAG GGA ATG AAA CCA GTA ACG 

REV: GCT GGA CTC GAG CTA TTA CAA CGA CTG TTT GCC 

pet15b LacI DBD: 

FWD: CAT ATG AAA CCA GTA ACG TTA TAC GAC GTC GCA GAG  

REV: GCT GGA CTC GAG CTA TTA CAA CGA CTG TTT GCC  

A2.2 Primers for site-directed mutagenesis 

All primers are written 5’-3’ 

LacI K84L:  

FWD: CAA ATT GTC GCG GCG ATT CTG TCT CGC GCC GAT CAA CTG 

REV:CAG TTG ATC GGC GCG AGA CAG AAT CGC CGC GAC AAT TTG  

LacI K84M: 

FWD: CAA ATT GTC GCG GCG ATT ATG TCT CGC GCC GAT CAA CTG 

REV: CAG TTG ATC GGC GCG AGA CAT AAT CGC CGC GAC AAT TTG   
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APPENDIX 3: Resonance Assignments 

Apo DBD at 25˚C 

      

 

HN N 

  

CM HM 

M1 8.457 121.8 

 

V4 21.46 1.135 

K2 8.354 124.1 

 

V4 22.52 1.074 

V4 8.333 122.1 

 

L6 25.23 0.763 

T5 9.458 117.7 

 

L6 22.55 0.355 

L6 9.032 119 

 

V9 22.52 0.579 

Y7 7.657 117 

 

V9 22.84 0.728 

D8 7.539 120.3 

 

V15 19.62 0.707 

V9 7.515 119.7 

 

V15 21.4 0.833 

A10 8.039 121.6 

 

V20 23.68 0.804 

E11 7.966 116.5 

 

V20 22.73 0.736 

Y12 8.174 120.4 

 

V23 24.26 0.993 

A13 8.541 117.7 

 

V23 21.62 0.929 

G14 7.989 107.2 

 

V24 21.23 0.95 

V15 7.83 111.6 

 

V24 22.51 0.977 

S16 8.503 115.3 

 

V30 21.41 0.822 

 Y17 9.19 122.9 

 

V30 21.63 0.88 

Q18 8.66 118.4 

 

V38 22.55 0.921 

T19 7.945 118.3 

 

V38 24.59 0.9005 

V20 7.718 120.4 

 

L45 21.93 0.45 

S21 8.203 113.6 

 

L45 26.15 0.486 

R22 7.829 120.4 

 

I48 12.48 0.749 

V23 7.839 118.8 

 

I48 17.02 0.792 

V24 8.116 117.4 

 

V52 21.1 21.1 

N25 8.062 115.6 

 

L56 23.43 0.861 

Q26 8.19 118.5 

 

L56 24.99 0.916 

A27 8.288 121.9 

 

L62 23.7 0.864 

S28 8.19 112.4 

 

L62 25.1 0.908 

H29 8.612 117.1 
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V30 7.712 120 

    S31 8.786 122.9 

    A32 8.92 127.2 

    K33 8.394 116.5 

    T34 7.593 118.2 

    R35 8.424 121.9 

    E36 8.433 117.4 

    K37 7.733 119.8 

    V38 8.111 119.9 

    E39 8.992 119.8 

    A40 8.35 122.6 

    A41 7.629 121.4 

    M42 8.385 115.6 

    A43 7.811 120.1 

    E44 8.291 119.4 

    L45 7.649 115.4 

    N46 7.788 115.9 

    Y47 8.443 118.2 

    I48 7.669 129.1 

    N50 8.4 118.6 

    R51 8.282 121.4 

    V52 8.042 120.9 

    A53 8.281 126.5 

    Q54 8.273 119 

    Q55 8.332 121.1 

    L56 8.243 123 

    A57 8.185 124.1 

    G58 8.282 107.8 

    K59 8.114 120.7 

    Q60 8.462 121.5 

    S61 8.331 117.7 
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L62 7.974 129.6 

     

DBD-Osym at 35˚C 

      

 

HN N 

  

CM HM 

M1 8.431 121.7 

 

V4 21.03 1.169 

K2 8.175 123.5 

 

V4 22.5 1.099 

V4 8.183 119.8 

 

L6 24.29 0.6395 

T5 9.651 117.9 

 

L6 27.34 0.7322 

L6 10.18 121.6 

 

V9 12.84 0.769 

Y7 7.695 117.1 

 

V9 23.48 0.6993 

D8 7.49 120.2 

 

V15 18.59 0.6776 

V9 7.47 119.4 

 

V15 21.33 0.9042 

A10 8.205 122 

 

V20 21.51 0.708 

E11 7.897 116.9 

 

V20 21.51 0.708 

Y12 7.817 120.1 

 

V23 22.01 1.024 

A13 8.42 117.2 

 

V23 24.7 1.101 

G14 8.072 108.1 

 

V24 21.43 0.934 

V15 7.922 110.6 

 

V24 24.14 1.184 

S16 8.754 113.3 

 

V30 21.99 0.8123 

Y17 8.337 118 

 

V30 21.43 1.007 

T19 7.285 120.4 

 

V38 24.55 0.9217 

V20 7.148 119.8 

 

V38 23.4 0.9337 

S21 7.759 113.1 

 

L45 25.82 0.4515 

R22 8.214 118.1 

 

L45 21.91 0.5701 

V23 7.879 119.1 

 

I48 12.85 0.7684 

V24 8.921 123 

 

I48 16.6 0.7647 

N25 7.885 114.1 

 

V52 23.28 0.9047 

Q26 7.923 116.7 

 

V52 22.12 0.9533 

A27 8.619 120.5 

 

L56 22.89 0.669 

S28 8.192 113.4 

 

L56 25.59 0.1343 

H29 8.322 113.5 

 

L62 25.36 0.8767 
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V30 7.65 118.3 

 

L62 23.68 0.8372 

S31 9.811 126.3 

    A32 9.033 125.9 

    K33 8.508 116.5 

    T34 7.665 120.1 

    R35 9.004 123.1 

    E36 8.119 117 

    K37 7.695 119.3 

    V38 8.402 120.3 

    E39 9.146 120.6 

    A40 8.112 122 

    A41 7.693 121.5 

    M42 8.734 115.7 

    A43 7.724 119.9 

    E44 8.203 119.4 

    L45 7.729 114.5 

    N46 7.719 117.1 

    Y47 8.086 116.3 

    I48 7.53 130.4 

    N50 9.083 123.1 

    R51 8.423 127.4 

    V52 7.809 120 

    A53 7.452 121.8 

    Q54 7.715 113.5 

    Q55 8.139 118.3 

    L56 8.108 121.7 

    A57 6.936 116.8 

    G58 7.445 103.1 

    K59 8.183 120.7 

    Q60 8.436 122.1 

    S61 8.295 117.5 
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L62 7.86 129.6 

     

Apo RD at 25˚C 

   

RD+IPTG at 25˚C 

 

       

 

HN N 

  

HN N 

L62 8.344 126.1 

 

L62 8.382 125.9 

L63 8.143 127.2 

 

L63 8.199 127 

I64 9.151 127.7 

 

I64 9.168 127.9 

G65 8.823 112.6 

 

G65 8.781 112.8 

V66 8.952 125.2 

 

V66 8.868 125 

A67 8.607 130.9 

 

A67 8.626 130.5 

S77 9.101 119.8 

 

T68 8.457 116.8 

A81 7.949 122.4 

 

S69 8.642 124 

L90 7.434 117.3 

 

I79 8.365 122.7 

G91 7.761 109 

 

V80 8.078 118.5 

A92 8.176 123.5 

 

A81 7.821 121.8 

V94 8.471 122.6 

 

A82 7.872 122 

V104 8.664 121.5 

 

K84 8.15 120.2 

E105 8.63 122.2 

 

S85 8.028 112.7 

A106 7.645 123.8 

 

R86 7.289 119.3 

C107 7.547 120.4 

 

A87 8.676 122.3 

K108 8.654 119.3 

 

D88 8.809 118.2 

A109 7.719 120.9 

 

Q89 7.366 118.7 

A110 7.228 121.9 

 

L90 7.398 117.1 

V111 7.845 118.6 

 

G91 7.749 108.7 

H112 8.526 119.6 

 

A92 8.125 123 

N113 7.928 119.1 

 

S93 8.511 117.7 

Q117 7.403 116.8 

 

V94 8.319 122.2 

R118 7.956 112.3 

 

V95 8.953 125 

V119 6.598 109.4 

 

G103 8.006 110.7 

S120 9.514 115.8 

 

V104 8.734 121.9 
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G121 7.359 104.8 

 

E105 8.671 121.9 

L122 8.944 124.6 

 

A106 7.597 123.6 

I123 8.846 121.2 

 

C107 7.567 120.5 

I124 9.086 127.1 

 

K108 8.678 119 

L128 7.901 125.6 

 

A109 7.667 120.6 

D129 9.206 123.9 

 

A110 7.305 121.6 

D130 8.466 120.3 

 

V111 7.902 118.6 

Q131 8.615 115.5 

 

H112 8.542 119.2 

D132 7.496 122.7 

 

N113 7.953 118.8 

A133 8.703 123.9 

 

L114 8.057 120.7 

I134 7.234 117.1 

 

L115 8.847 120.9 

A135 7.492 123.6 

 

A116 7.692 122.9 

V136 8.451 121.1 

 

Q117 7.435 116.4 

E137 8.764 122.2 

 

R118 7.974 112.3 

A138 8.027 121.9 

 

V119 6.696 109.5 

A139 7.525 120.9 

 

S120 9.567 115.8 

C140 7.54 116.3 

 

G121 7.356 104 

T141 7.597 113.2 

 

L122 8.934 124.3 

N142 8.88 119.1 

 

I123 8.774 121 

V143 7.733 123.3 

 

I124 9.081 127.2 

A145 8.145 123.6 

 

L128 8.068 125.5 

L146 8.34 122.8 

 

D129 9.227 123.8 

F147 9.014 125.8 

 

D130 8.437 120 

V150 6.104 109.8 

 

Q131 8.671 115.2 

S151 9.168 114.4 

 

D132 7.513 122.6 

D152 9.236 120.8 

 

A133 8.702 123.8 

Q153 8.086 116.7 

 

I134 7.191 116.9 

T154 7.061 116.9 

 

A135 7.488 123.4 

I156 7.758 118.2 

 

V136 8.441 121 

N157 9.368 118.6 

 

E137 8.766 122.1 

S158 8.284 119 

 

A138 8.046 121.9 
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I159 7.773 122.2 

 

A139 7.548 120.8 

I160 7.866 115.3 

 

C140 7.55 116.2 

S162 8.399 111.5 

 

T141 7.612 113.1 

H163 7.833 133.5 

 

N142 8.903 119.1 

D165 7.191 114.9 

 

V143 7.772 123.4 

G166 8.044 106.5 

 

A145 8.049 123.3 

T167 8.066 113.3 

 

L146 8.244 121.9 

R168 7.396 124.8 

 

F147 8.898 124.5 

L169 8.634 116.8 

 

V150 6.135 108.5 

V171 8.007 120.5 

 

S151 9.02 113.6 

E172 9.361 116.6 

 

D152 9.539 120.4 

H173 7.72 119.3 

 

Q153 8.176 116.3 

L174 7.203 115 

 

T154 7.011 117.6 

A176 8.163 125 

 

I156 7.806 118.7 

L177 6.987 117.6 

 

N157 9.295 118.2 

G178 7.767 107.3 

 

S158 8.221 119 

H179 7.443 119.1 

 

I159 7.705 122.1 

I182 9.081 125.3 

 

I160 8.079 116.9 

A183 8.324 128.3 

 

F161 8.714 120.4 

L184 8.027 118.5 

 

S162 8.503 111.8 

L185 8.783 127.6 

 

H163 7.71 134.5 

A186 9.018 127.4 

 

E164 8.407 125.8 

G187 6.702 103.8 

 

D165 7.13 114.3 

S191 8.333 120 

 

G166 8.084 106.7 

R195 8.111 120.5 

 

T167 8.016 112.9 

L196 8.431 121.7 

 

R168 7.397 124.7 

R197 8.09 122.2 

 

L169 8.669 116.5 

L198 7.214 118.2 

 

G170 7.329 104.9 

A199 8.003 119 

 

V171 7.969 120.5 

G200 8.036 109.5 

 

E172 9.368 116.5 

W201 8.419 122.6 

 

H173 7.746 119 
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H202 8.414 116.5 

 

L174 7.224 114.8 

K203 8.38 122.5 

 

V175 8.837 120.5 

Y204 8.545 117.3 

 

A176 8.175 124.8 

L205 9.316 125.7 

 

L177 7.001 117.4 

T206 8.46 118.6 

 

G178 7.782 107.2 

R207 7.838 122.9 

 

H179 7.472 119 

N208 7.359 116.5 

 

I182 9.085 125.1 

Q209 7.99 113.5 

 

A183 8.317 128.2 

I210 7.926 119.7 

 

L184 8.063 118.3 

Q211 8.433 125.9 

 

L185 8.796 127.4 

I213 8.211 118.9 

 

A186 9.083 127.5 

A214 7.114 119 

 

G187 6.897 104.1 

E215 8.495 121.9 

 

L189 8.702 123.8 

R216 8.677 124.5 

 

S190 7.457 112.4 

E217 8.418 123.3 

 

S191 8.359 120.1 

G218 8.394 113.7 

 

V192 8.531 131.7 

D219 8.324 117.9 

 

S193 7.022 119.3 

W220 7.65 111.1 

 

A194 7.877 124.8 

M223 9.316 118.1 

 

R195 8.256 120.2 

S224 8.047 116.8 

 

L196 8.442 121.4 

G225 7.73 111 

 

R197 7.487 119.3 

F226 8.38 125.1 

 

L198 7.142 118.3 

Q227 9.046 119 

 

A199 8.121 118.7 

Q228 8.567 115.1 

 

G200 8.012 109 

T229 7.308 116.6 

 

W201 8.465 122.5 

M230 8.299 121 

 

H202 8.335 116.2 

Q231 7.629 118 

 

K203 8.337 122.4 

M232 7.293 119.7 

 

Y204 8.677 117.3 

L233 8.164 118 

 

L205 9.405 125.5 

E235 7.662 119.9 

 

T206 8.391 118.4 

I237 7.427 124.5 

 

R207 7.842 122.7 
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V238 7.903 125.7 

 

N208 7.375 116.2 

T240 8.746 105.4 

 

Q209 8.006 113.6 

A241 7.664 122.3 

 

I210 7.924 119.6 

M242 8.427 117.4 

 

Q211 8.467 125.8 

L243 7.629 124 

 

I213 8.232 118.6 

V244 8.492 121.6 

 

A214 7.14 118.9 

A245 8.231 123.6 

 

E215 8.512 121.8 

N246 7.679 112.4 

 

R216 8.669 124.5 

G252 7.343 104.5 

 

E217 8.434 123.5 

A253 8.534 125.4 

 

G218 8.444 114.1 

M254 8.957 117.1 

 

D219 8.28 117.4 

I257 8.547 120.3 

 

W220 7.654 110.4 

T258 7.828 114.9 

 

S221 8.653 113.6 

E259 9.068 123 

 

A222 9.097 126 

G261 7.863 108.5 

 

M223 9.224 118.2 

L262 7.415 121.2 

 

S224 7.878 116.1 

R263 10 120 

 

G225 7.702 110.3 

V264 9.112 129.2 

 

F226 8.278 124.8 

G265 8.648 118.9 

 

Q227 118.7 9.051 

D267 6.586 122.1 

 

Q228 8.538 114.8 

I268 7.098 115.7 

 

T229 7.274 116.3 

S269 9.024 127.4 

 

M230 8.321 120.8 

V270 7.986 121.5 

 

Q231 7.625 117.8 

V271 8.02 127.9 

 

M232 7.272 119.4 

G272 8.786 113.1 

 

L233 8.166 117.9 

Y273 7.786 125.6 

 

N234 8.635 120.1 

C281 8.349 118 

 

E235 7.668 119.8 

Y282 6.267 116.5 

 

G236 7.917 107.7 

I283 7.091 113.4 

 

I237 7.423 124.3 

L286 6.687 124.6 

 

V238 7.928 125.6 

T287 8.964 129.1 

 

T240 8.732 105.4 
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T288 8.477 123.5 

 

A241 7.671 122 

I289 6.997 125.4 

 

M242 8.507 117.4 

K290 8.959 127.9 

 

L243 7.678 124.1 

D292 8.316 123.4 

 

V244 8.542 121.7 

F293 7.6 128.3 

 

A245 8.486 124 

V301 7.135 123.5 

 

N246 7.551 110.5 

L304 8.215 122 

 

D247 7.354 118.4 

L305 8.213 119.6 

 

Q248 7.042 118.3 

Q306 7.659 119.6 

 

M249 9.084 116 

L307 8.579 121.7 

 

A250 7.588 121.7 

S308 8.472 116.2 

 

L251 7.949 120.9 

Q309 7.495 119.2 

 

G252 7.315 103.6 

Q311 7.939 119.2 

 

A253 8.558 125.1 

A312 8.058 125.6 

 

M254 8.862 116.7 

V313 7.857 120.6 

 

A256 8.262 123.3 

K314 8.286 125.9 

 

I257 8.488 120 

G315 8.465 108.4 

 

T258 7.813 114.3 

N316 8.813 122.3 

 

E259 9.048 123.2 

Q317 7.914 124.7 

 

S260 7.574 115.6 

L319 8.912 125.3 

 

G261 7.883 108.3 

V321 7.896 107.9 

 

L262 7.416 121.1 

L323 8.679 124.2 

 

R263 10.03 119.9 

V324 9.145 131.9 

 

V264 9.099 128.9 

K325 8.404 127.3 

 

G265 8.663 118.7 

R326 8.675 128.7 

 

D267 6.591 121.3 

K327 7.81 120.2 

 

I268 7.132 115.6 

T328 7.434 106.5 

 

S269 9.007 127.3 

T329 7.59 110.7 

 

V270 8.147 121.7 

L330 7.664 122.8 

 

V271 8.012 127.6 

A331 7.594 129.6 

 

G272 8.72 112.5 

    

Y273 7.759 125.5 
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D274 9.341 118.4 

    

S280 7.453 115.2 

    

C281 8.397 117.7 

    

Y282 6.396 116.3 

    

I283 7.132 113.3 

    

L286 6.561 124 

    

T287 9.044 129.2 

    

T288 8.42 122.5 

    

I289 6.862 125.7 

    

K290 9.051 128.9 

    

Q291 7.36 127.7 

    

D292 8.475 123 

    

F293 7.763 129.4 

    

R294 7.904 119.8 

    

L295 7.654 123.8 

    

L296 8.303 122.1 

    

G297 8.846 108.4 

    

Q298 8.076 120.2 

    

T299 8.51 112.1 

    

S300 8.236 117.7 

    

V301 7.346 123.4 

    

D302 7.986 119.2 

    

R303 8.287 119.9 

    

L304 8.241 121.8 

    

L305 8.159 119.3 

    

Q306 7.695 119.7 

    

L307 8.656 121.7 

    

S308 8.464 116.2 

    

Q309 7.508 119.2 

    

G310 7.857 108.2 

    

Q311 7.94 119.3 
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A312 8.118 125.7 

    

V313 7.816 121.1 

    

K314 8.306 125.9 

    

G315 8.456 108.2 

    

N316 8.852 122.2 

    

Q317 7.917 124.4 

    

L318 8.343 124.1 

    

L319 9.115 125.4 

    

V321 7.93 107.9 

    

S322 7.314 110.3 

    

L323 8.705 123.8 

    

V324 9.114 130.9 

    

K325 8.464 127.7 

    

R326 8.642 128.9 

    

K327 7.891 120.1 

    

T328 7.418 105.9 

    

T329 7.735 111.1 

    

L330 7.694 122.3 

    

A331 7.584 129.4 
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