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ABSTRACT 

THE INTEGRAL ROLE OF THE SUMO FUSION PROTEIN SYSTEM IN 

SUCCESSFUL EXPRESSION AND PURIFICATION OF TWO DIFFICULT 

PROTEINS FOR NMR STUDIES 

By 

Jan Maly 

Master of Science in Biochemistry 

 

Cellular signaling is one the hallmarks of multicellular organisms. The transmission of 

information between cells enables organisms to not only respond to their surrounding 

environment, but also to learn from it. The activation of the majority of these pathways 

involves a relay of information from external stimuli to the cell surface, and the 

transmission of that information from the cell surface to internal effector systems. In 

addition to small molecule messengers, protein-protein interactions comprise a vast 

number of the signaling interactions that take place to convey information along these 

pathways. Unlike their small molecule counterparts, however, proteins can act as both 

messengers and receptors, and utilize internal motions and structural changes to carry out 

these activities. In our laboratory, we use nuclear magnetic resonance (NMR) to study 

how these inter- and intramolecular protein motions affect the specificity in protein-

protein interactions, and their role in protein signaling.  This thesis focuses on two types 
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of signaling proteins: the human G-protein inhibitory subunit alpha i 1 (hGαi1), and 

human neurotrophin-4 (hNT4).  

The heterotrimeric G protein complex (composed of α, β, and γ subunits) is 

involved in the activation and inactivation of many critical signal transmission cascades; 

malfunctions of these proteins have been implicated in numerous diseases, including 

depression, cancer and cardiovascular disease. As part of a longer-term investigation of 

intramolecular protein motions in regulators of G-protein signaling (RGS) and Gα 

proteins in their apo and complexed forms, we have successfully developed a protocol for 

preparing milligram quantities of highly purified, isotopically labeled wild-type human 

Gαi1 (hGαi1) subunit for NMR studies. High levels of protein expression in E. coli can be 

attributed to the use of the SUMO fusion protein system, a bacterial strain that produces 

rare codons, supplementation of minimal medium with small quantities of isotopically 

labeled rich medium and a lowered temperature during induction. Purification of hGαi1 

utilized both affinity and size exclusion chromatography, and protein activity was 

confirmed using fluorescence-based GTP-binding studies. Preliminary NMR analysis of 

15N-labeled hGαi1 has shown that high-quality spectra can be obtained at near-

physiological temperatures, whereas lower temperature spectra are characterized by 

numerous weak and broadened peaks, providing preliminary evidence for extensive μs-

ms timescale exchange throughout the subunit. In an effort to further optimize the NMR 

spectra we prepared a truncated form of hGαi1 (hGαi1-Δ31) in which the 31-residue 

unstructured N-terminus was removed. This resulted in further improvements in spectral 

quality by eliminating high-intensity peaks at the center of the spectrum that were 

obscuring resonances from structured segments of the protein. We plan to use this N-
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terminally truncated form of wild-type human Gαi1 in future investigations of protein 

dynamics by NMR spectroscopy to gain insight into the role of these motions in RGS/Gα 

binding selectivity. 

The second topic of this thesis involves human neurotrophin-4 (hNT4), a member 

of a class of signaling proteins known as neurotrophins that are responsible for the 

survival, growth, and function of neurons, and whose malfunction has been linked to a 

variety of neurodegenerative disorders such Alzheimer’s, Parkinson’s and Huntington’s 

diseases. This two-part project uses hNT4 as a model for our longer-term investigation 

into intramolecular motions of neurotrophins and their tyrosine receptor kinase (Trk) 

receptors using NMR. The first part of the project describes preliminary attempts to 

acquire (2D) 1H-15N HSQC spectra using 15N and 15N/13C/2H labeled hNT4, in addition to 

full amino acid assignment and NMR titration experiments of hNT4 with its cognate 

receptor TkB. Initial results showed high quality HSQC spectra with good peak intensity 

and resolution using the triple labeled hNT4 sample. Complete peak assignment using 

(3D) HNCaCb, HN(CO)Ca and HN(COCa)Cb experiments proved unsuccessful, 

however, due to numerous missing peaks and overall poor resolution in the (3D) spectra. 

NMR titration experiments of 15N hNT4 with domain 5 of the hTrkB receptor with and 

without the membrane linker (TrkB-d5 and -d5L, respectively) showed a disappearance 

of peaks in the 15N hNT4 HSQC indicating significant interactions between the two 

proteins. However, without a sequential amino acid peak assignment in the HSQC, 

further work in identifying which hNT4 residues are interacting in the titrations could not 

be made. Overall, poor spectral quality in both the (3D) assignment and (2D) titration 

experiments was due to significant protein sample instability and low protein yields using 
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a previously established expression and purification protocol. Therefore, a decision was 

made to pursue an investigation into increasing the expression yield of isotopically 

labeled hNT4. 

Comprising the second half of the hNT4 project, a new expression and purification 

protocol for isotopically labeled hNT4 has been developed. The protocol shows a 

combination of the SUMO protein fusion system with gene optimization results in 

successful high yield expression of hNT4 in an E. coli host (nearly four times the amount 

of the previously established protocol). Purification of NT4 utilized affinity 

chromatography, with strong anion exchange chromatography to separate hNT4 from 

SUMO. Because hNT4 is expressed insolubly, a new refolding protocol designed to 

handle the high protein expression yields was tested. Progress was halted, however, when 

the majority of hNT4 precipitated out of solution during the refolding step, with the 

remainder in a soluble, but unfolded state. An initial assessment of the problem suggests 

carbamylation due the breakdown of urea into isocyanate, a direct result of high urea 

concentrations (6 M), high pH (pH 8 to 9), and ambient temperatures, all of which play a 

role during the purification steps. The next steps in this protocol will involve preliminary 

solutions to decrease the time hNT4 spends in these buffers using spin concentrators and 

desalting columns for faster buffer exchange, and isocyanate scavengers to prevent 

carbamylation. Once this is achieved, we will resume efforts to perform chemical shift 

assignment on a more concentrated sample, with a long-term plan to study the backbone 

dynamics of hNT4 in its apo and Trk-bound forms.  
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CHAPTER 1: INTRODUCTION 

 

1.1 MOTIVATIONS FOR STUDYING PROTEIN DYNAMICS BY NMR 

 Cell signaling comprises a complex system of interaction that regulates 

communication between cells, and enables an organism to respond to and learn from its 

environment at a molecular level. This process is carried out by both small molecules 

such as hormones, and larger macromolecules such as proteins. A primary difference 

between these two types of molecules is that while hormones perform their functions 

based on their smaller, more rigid shapes, the much larger multi-subunit proteins enact 

their signaling not just through their overall structure but also through their ability to 

reorient that shape for specific interactions. In recent years it has become clear that 

protein dynamics are of fundamental importance to protein function; this includes 

conformational changes, molecular recognition and allosteric processes, all of which are 

crucial to signal transmission (Mittermeier and Kay 2006; Smock and Gierasch 2009). In 

our lab, we are interested in how the internal motions of two types of signaling proteins 

enable those proteins to carry out processes such as signal transmission, learning and 

memory and how structural mutations can affect these dynamics and lead to a breakdown 

of signaling ability. 

 The structural dynamics of proteins involved in signal transmission can span a 

variety of motions ranging from very fast (picosecond/nanosecond) bond motions and 

vibrations to much slower (millisecond/second) conformational changes and 

macromolecular tumbling in solution (Dyson and Wright, 2005). In order to study this 
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range of timescales, our lab uses solution-state, biomolecular nuclear magnetic resonance 

(NMR) spectroscopy. Solution state NMR is ideally suited not just for solving 

macromolecular structures as they exist in their apo and ligand-bound states, but more 

importantly how their structural motions change when going from one state to another. 

We are particularly interested in applying NMR to probe the nature of these motions as 

they pertain to two types of signaling proteins: regulators of G-protein signaling (RGS) 

proteins, and neurotrophins (NTs). RGS proteins are intracellular proteins that regulate 

the duration of signaling cascades through interactions with guanine nucleotide binding 

protein (G-protein) alpha subunits, one of the most important and ubiquitous signaling 

pathways in organisms. Neurotrophins, on the other hand, comprise a family of secreted 

extracellular growth factors that act as neurotransmitters involved in the survival, 

development and function of neurons through their interactions with tropomyosin-related 

kinase (Trk) receptors, pathways that are critical to learning, memory and overall 

neuronal functions. Preparing isotopically labeled samples of human G-protein alpha 

subunit i1 (hGαi1, used for our future studies of RGS proteins) and human neurotrophin-4 

(hNT4, used for our future studies with hTrkB) and characterizing them by NMR 

comprise the two projects in this thesis. 

 While there exists a suite of NMR experiments to study a range of molecular 

motions in proteins, this thesis will focus on the use of heteronuclear single quantum 

coherence (HSQC) spectroscopy, which identifies 1H-15N resonances (chemical shift 

positions, measured in parts per million (ppm)) of the protein backbone and some side 

chains. The HSQC is the foundation for any series of NMR experiments and serves as a 

map of all the residues that make up the structure of a macromolecule in one state; this 
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can ultimately be used to track chemical shift changes of these residues as the protein 

transitions to another state, either in its apo form or bound to its receptor. To assign each 

peak in the HSQC spectrum to its corresponding amino acid residues in the polypeptide 

chain, three dimensional (3D) NMR experiments such the HNCaCb, HN(CO)Ca and 

HN(COCa)Cb are used to link the 1HN, 15N and Cα and Cβ chemical shifts between 

successive amino acid residues, significantly helping in unambiguous assignment. 

Improving the signal to noise ratio of the HSQC, deuteration significantly decreases spin-

diffusion caused by the large number of signals by replacing non-labile 1H atoms, usually 

at aliphatic positions, with 2H atoms (Sattler and Fesik 1996). In combination with high-

field NMR spectrometers, this results in significantly more defined peaks on the NMR 

spectra, especially for when the overall size of the protein (or protein-ligand complex) is 

greater than 20 kDa. To perform any of these experiments, however, a very pure, 

concentrated, and isotopically labeled protein sample is required, the production of which 

comprises the other topic of this thesis. 

 

1.2 CHALLENGES IN PROTEIN EXPRESSION AND PURIFICATION 

 In order to record heteronuclear NMR experiments, a typical protein sample must 

be 15N- or 13C-labeled (or both); this requires protein expression using a bacterial host 

(usually E. coli) to take place in a medium in which all nitrogen and/or carbon atoms are 

enriched with these isotopes. A minimal medium is most commonly utilized, which is not 

a favorable environment for bacteria and usually results in a lower protein yield than 

obtained in rich medium. The problem is compounded when trying to express a triple 
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labeled sample (15N, 13C, 2H), as bacteria have an even harder time with recombinant 

expression in deuterated media. Another significant issue that surfaces when expressing 

eukaryotic proteins in a prokaryotic host revolves around a codon bias. In recombinant 

protein expression, proteins are expressed outside of their original context, and often 

contain DNA sequences that require codons not common to their bacterial hosts, making 

it considerably more difficult to express the protein in large quantities (Gustafsson et al. 

2004). Of course, once an ample amount of recombinant protein is expressed, issues of 

solubility (many proteins are expressed in inclusion bodies), post-translational 

modifications (such as formation of disulfide bonds), and ultimately protein purification 

still need to be addressed. Although it might seem preferable to produce human proteins 

using a eukaryotic expression system, this procedure continues to be very costly for 

preparing NMR samples, as eukaryotic systems tend to produce low protein yields and 

the ingredients needed for isotope-labeling are significantly more expensive than what is 

required for bacterial cultures.  

 There are, however, a number of workarounds to the aforementioned issues that 

we have utilized in our efforts to obtain large quantities of isotopically labeled protein for 

NMR studies. To address these issues we utilized a protein fusion system whereby the 

target protein is covalently attached to a protein partner, in our case a histidine-tagged 

(His-tagged) small ubiquitin-like (SUMO) protein. In conjunction with a lower induction 

temperature, and the use of E. coli cells co-expressing rare codons, this system 

significantly increased the amount of soluble Gα subunit. For neurotrophin-4 expression, 

the SUMO fusion had to be combined with gene optimization of hNT4 (to coincide with 

the available codon use in the E. coli host) to significantly increase expression yields, 
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although the protein was still expressed in inclusion bodies. In both cases, a nickel 

affinity chromatography (Ni-NTA) column specific to these fusion systems was used to 

separate the His-tagged SUMO chimera from the majority of cellular proteins, as well as 

the singular SUMO portion after cleavage with Ulp1 (SUMO) protease. The following 

sections introduce the two aforementioned proteins, hGαi1 and hNT4, and the processes 

involved in their expression, purification, and characterization by NMR. 

 

1.3 THE HUMAN G PROTEIN ALPHA SUBUNIT i1 

Please note that this section has been adapted from the following publication: J. 

Maly, J., Crowhurst, K.A. (2012). Expression, purification and preliminary NMR 

characterization of isotopically labeled wild-type human heterotrimeric G protein αi1, 

Protein Expression and Purification 84: 255-264. 

1.3.1 Background 

 Heterotrimeric guanine nucleotide-binding proteins (G proteins with α, β, and γ 

subunits) comprise a family of intracellular signaling proteins that act as molecular 

switches to relay chemical and physical signals between G protein coupled receptors 

(GPCRs) and second messengers downstream of the signal cascade (Oldham and Hamm 

2006). In its inactive form the GDP-bound α subunit is attached to its obligate βγ dimer 

near the cell wall. GPCR activation by extracellular stimuli promotes the α subunit to 

exchange GDP for GTP, causing a change in conformation, destabilizing the 

heterotrimeric G protein complex and ultimately forcing the dissociation of the Gα 

subunit from βγ. Each separated component is then able to regulate downstream effectors. 
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The duration of G protein signaling is controlled by the lifetime of the GTP-bound Gα 

subunit; signal deactivation relies on the efficient hydrolysis of GTP back to GDP by Gα, 

the rate of which is mediated by RGS (Regulator of G protein Signaling) proteins 

(Kimple et al. 2011). These RGS proteins bind Gα adjacent to the GTP binding site via 

their highly conserved signature domain (the “RGS box”) (Chidiac and Roy 2003) 

(Figure 1.1). 

 Although physiological characterization of these systems has been important for 

advancing our understanding of signal transmission through this complex, it is also 

important to describe how the proteins participate at the molecular level. Several NMR 

and crystal structures of RGS and Gα proteins (alone and in complex) have been reported 

(Moy et al. 2000; Soundararajan et al. 2008; Tesmer et al. 1997), but very little 

investigation of internal protein motions has been done. Investigators have observed 

evidence for conformational changes that take place between apo and Gαi1-bound RGS4 

(Moy et al. 2000; Soundararajan et al. 2008) as well as changes in flexibility in active 

versus inactive Gα; however, these motions have not been probed in detail, despite 

preliminary evidence that protein motions may be key to our understanding of the 

mechanism of action of RGS and Gα proteins (Soundararajan et al. 2008). Our overall 

research objective is to address this unexplored issue by using NMR spectroscopy to 

characterize the role played by these motions in the function and selectivity of RGS/Gα 

interactions. 

 

  



7 
 

 

  

Figure 1.1. Representative crystal structure of RGS protein (RGS1, blue) interacting with the 
G-protein alpha subunit (Gαi1, green). The GTP analog (GDP-AlF4) that locks the two proteins in 
a binding orientation is shown as a red space-filling model. PDB ID: 2GTP 
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1.3.2 Project Goals 

We are particularly interested in comparing protein motions within wild-type 

human RGS4, RGS7 and Gαi1 (denoted hRGS4, hRGS7 and hGαi1, respectively) in both 

their apo and target-bound forms. Thus, the first steps towards achieving these research 

goals are to successfully express and purify all three proteins as isotopically-labeled 

samples for NMR analysis. The RGS proteins had previously been successfully prepared 

by us and others (Moy et al. 2000; Soundararajan et al. 2008; Zhang et al. 2006), but until 

this project there had been no published protocol to prepare sufficient quantities of active, 

isotope-labeled wild-type human heterotrimeric Gαi1. There are several publications that 

outline the preparation of Gαi1 in E. coli in rich medium (Soundararajan et al. 2008; 

Greentree and Linder 2004; Lee et al. 1994, for example); however, those techniques 

cannot successfully produce large quantities of highly purified and concentrated isotope-

labeled protein. The only previously reported preparation of milligram quantities of a Gα-

like protein for NMR was a chimera called ChiT, made with an approximate 3:1 

sequence ratio of Gαt to Gαi1 (species undefined) (Abdulaev et al. 2005). Although some 

very interesting research has been performed on ChiT (Abdulaev et al. 2006; Ridge et al. 

2006), it is a mimic of Gαt and cannot substitute for studies performed on a wild-type 

human Gαi1. As far as we are aware, this project (and the subsequent paper that was 

published) was the first to report on efforts to prepare an isotopically labeled Gαi1 subunit 

for NMR studies. 

As mentioned earlier in the introduction, the usual challenges relating to protein 

expression and purification are augmented when trying to express a correctly folded and 

soluble 40 kDa human protein in bacterial culture. The difficulty in producing this protein 
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with isotopic labeling is further enhanced by the additional requirement that it must be 

expressed in the soluble fraction; previous researchers have shown that refolding these 

subunits from inclusion bodies results in GTP-inactive protein (McCusker et al. 2008).  

In Chapter 2 I describe the successful E. coli expression and purification of active 

15N-labeled wild-type hGαi1 in very high yields, as well as optimization of buffer and 

temperature conditions in order to obtain high-quality NMR spectra. In an effort to 

further improve NMR spectral quality I also prepared an N-terminally truncated version 

of the protein, hGαi1-Δ31, in which the first 31 residues (that are known to be 

unstructured in the Gα monomer) have been removed. Important contributors to our 

success included the use of the SUMO fusion system, a strain of E. coli that produces rare 

codons, the inclusion of a small amount of isotopically labeled rich medium supplement 

and the use of a decreased temperature for induction of expression. As a result of these 

efforts we have been able to yield almost 40 mg of soluble isotopically labeled full-length 

wild-type hGαi1 or 15 mg of hGαi1-Δ31 per liter of culture, which has been used to 

produce NMR samples with concentrations up to 0.5 mM. The stage has now been set to 

move on to recording and analyzing NMR experiments, including chemical shift 

assignment and protein dynamics experiments, on apo- and RGS-bound hGαi1. 

 

1.4 NEUROTROPHINS AND THEIR RECEPTORS 

1.4.1 Background 

 The neurotrophin (NT) family is comprised of structurally related extracellular 

proteins that act as molecular regulators of neuronal differentiation, survival, plasticity 
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and cell death (Skaper 2012). Currently only found in vertebrates, the family consists of 

six members that share ~50% sequence homology overall: nerve growth factor (NGF), 

brain derived neurotrophic factor (BDNF) and neurotrophins 3 and 4/5 (named because 

of its simultaneous discovery in amphibians and mammals, and will be referred to as 

NT4) are found in all tetrapods (with the exception of NT4 which is not found in birds); 

neurotrophin-6 and 7 are found only in fish (Gotz et al. 1994; Hallbook 1999).  

 Neurotrophins exert their actions through two receptor types: the 

immunoglobulin-type domain 5 of tropomyosin-related kinase (Trk) receptors, consisting 

of TrkA, TrkB, and TrkC (Patapoutian and Reichardt 2001), and the p75 receptor (Segal 

and Greenberg 1996). Whereas all neurotrophins have similar low binding affinities to 

the p75 receptor, binding to Trk receptors is specific to each neurotrophin: TrkA binds 

NGF, TrkB binds NT4 and BDNF, and TrkC binds NT3 (which also binds to TrkA and 

TrkB to a lesser extent) (Figure 1.2). The signaling pathways regulated by the 

neurotrophin-mediated Trk receptors are initiated by the phosphorylation of tyrosine 

residues in the cytoplasmic domain of Trks upon NT binding, and involve a vast number 

of downstream outcomes including neuronal proliferation and survival, axonal and 

dendritic growth and remodeling, assembly and remodeling of the cytoskeleton, 

membrane trafficking and fusion and synapse formation, function, and plasticity (Huang 

and Reichardt 2003). Structurally similar to the Trk family, the low-affinity p75 receptor 

is known to regulate the overall responsiveness of the Trk receptors to their respective 

neurotrophins (Clary and Reichardt 1994), and is also implicated in neuronal apoptosis 

(Rabizadeh et al. 1993) and cell migration (Anton et al. 1994). Unlike the mature form, 

recent studies of neurotrophins retaining their prodomain (proNTs, which consist of a  
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Figure 1.2. The various interactions of neurotrophins and their receptors. While all 
neurotrophins bind weakly to the p75 receptor (blue oval), more selective binding occurs 
with the Trk receptors (green squares). Dashed lines indicate weak binding interactions 
whereas strong interactions between NTs and their preferred receptors are in bold. From 
Pattarawarapan and Burgess, 2003. 
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region of the neurotrophin gene expressed together with the mature part that is ultimately 

removed) have been shown to bind strongly to the p75 receptor and induce apoptosis, in 

addition to assisting refolding of neurotrophins in vitro, providing a greater understanding 

of neurotrophin-receptor relationships (Lu et al. 2005; Rafieva et al. 2012) 

 As can be expected from modulators of neuronal function, neurotrophin 

malfunction has been implicated in a variety neurodegenerative diseases. For example, 

whereas NGF has a pronounced effect only on the degeneration of cholinergic neurons 

involved in Alzheimer’s, BDNF malfunction affects a much larger range of neurons 

associated with not just Alzheimer’s, but also Parkinson’s and Huntington’s diseases, and 

amyotrophic lateral sclerosis (ALS) (Jain 2013). It is for this reason that a search for 

neurotrophin therapeutics is of utmost importance. While neurotrophin domain swapping 

has been shown to create a multifunctional neurotrophin capable of binding the whole 

range of Trk receptors and rescuing neurons from induced lesions (Ibanez et al. 1993; 

Urfer et al. 1994), neurotrophins themselves have been shown to be poor therapeutics due 

to low in vivo lifetimes and an inability to pass the blood-brain barrier; overcoming these 

barriers has been shown to be more effective using small molecule mimics of 

neurotrophins (Pattarawarapan and Burgess 2003). In order to design these therapeutics 

effectively, however, we need to gain a better understanding of NT/Trk selectivity, which 

includes studying protein motions, changes in conformation and allosteric effects that 

occur upon complex formation. 

1.4.2 Neurotrophin structure and interaction with receptors 
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 In vivo, neurotrophins are expressed as three-part proteins consisting of a leader 

peptide necessary for intracellular transport and subsequent secretion of the mature form, 

a pro- region with a variety of functions recently discovered to have far more effect on 

p75 receptor binding, and the mature, approximately 120 amino acid neurotrophin 

(Rafieva et al. 2012). Cleavage of the pre-prodomain leaves the mature form, which is 

secreted as a non-covalently bound homodimer, with approximately 50% sequence 

homology between the six types of neurotrophins mentioned previously (Ruggeri et al. 

1999). The crystal structures of NGF (McDonald et al. 1991), NT3 (Butte et al. 1998), 

NT4 and a BDNF/NT4 heterodimer (Robinson et al. 1999) have been solved, and share a 

common structural motif of eight β-strands in four anti-parallel pairs forming a central 

core of the monomer, and ultimately a hydrophobic pocket of the homodimer. While this 

dimer interface region is known to be structurally homologous among the neurotrophins, 

β-hairpin loops I-IV, in addition to the carboxyl and amino termini show significantly 

more structural variation, and provide for the necessary binding interactions with the 

receptors (Holland et al. 1994; Robinson et al. 1999) (Figure 1.3A-D). The overall 

structure of the neurotrophin monomer is maintained by three disulfide bonds between 

six highly conserved (except in NT6) cysteines, a motif known as a cystine knot (Figure 

1.4). 

1.4.3 Evidence for conformational dynamics in neurotrophins and their receptors 

 While crystal structures of neurotrophins in both apo and Trk-bound states 

indicate that there are no extensive structural changes of the conserved β-sheet regions 

upon binding, lack of electron density in the NT loop regions, the N and C-termini, and 

the linker strand connecting the Trk receptors to the membrane indicate that these areas  
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Figure 1.3. Secondary structure elements 
of the neurotrophin monomers, positioned 
in their Trk binding orientation. (A) NGF 
(from NGF homodimer, PDB ID: 1BET) 
with labeled N and C termini. (B) NT3 
(from NT3 homodimer, PDB ID: 1NT3). 
(C) BDNF (from BDNF/NT4 heterodimer, 
PDB ID: 1B8M). (D) NT4 (from NT4 
homodimer, PDB ID: 1B98). The five 
highly variable loop regions among the 
neurotrophins are represented in (D): Loop 
I (purple), Loop II (green), Loop III (gold) 
and Loop IV (cyan). Included is the seven 
amino acid insert unique to NT4 (V, red). 
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may participate in an increased amount of conformational dynamics (Robinson et al. 

1999, Banfield et al. 2001, Wehrman et al. 2007). A number of dynamics studies show 

this to be true. Molecular dynamics (MD) simulations performed on the NGF-TrkA-d5 

complex (Settani et al. 2003) indicate large-scale dynamics on the nanosecond timescale 

in which the TrkA subunits oscillate, creating a wrapping motion to accommodate the 

NGF homodimer. A critical aspect of these motions is that they are not achieved solely 

through direct protein-protein interactions at the binding interface, but that they occur via 

long range water-mediated hydrogen bonding, indicating solution-based conformational 

dynamics not present in the crystal structure. Another study, based on isotope-edited 

Fourier transform IR spectroscopy, reports on changes in protein conformation and 

dynamics of BDNF alone and in complex with TrkB (Tiansheng et al. 2001). Here the 

researchers show that conformational changes are observed in both BDNF and TrkB 

upon complex formation, with the majority of these motions taking place on TrkB β-turns 

and intrinsically disordered regions. Their spectral data also show an increase in 

hydrogen deuterium exchange (H-D exchange) and significant disulfide bond variation 

within the TrkB core upon complex formation. Similar results in structural variation were 

demonstrated in a molecular modeling study of the p75 receptor upon binding to NGF, 

BDNF, NT3 and NT4 (Shamovsky et al. 1999); the study confirms that significant 

conformational changes occur in the p75 receptor, which utilizes the same binding 

topology to bind all neurotrophins.  Taken together, these studies make a strong claim for 

extensive structural flexibility in neurotrophins and their receptors, a trait known to be 

critical to signal transmission (Dyson and Wright 2005). The characterization of  
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Figure 1.4. Close-up of the cystine knot structural motif in NT4. The cystine knot is highly 
conserved among all the neurotrophins, and is formed by three disulfide bonds (yellow) between 
six cysteine amino acid residues. (PDB ID: 1B98) 
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dynamics in NT/Trk interactions is ideally suited for study using solution state NMR 

spectroscopy, which is the primary research tool in the Crowhurst laboratory.  

1.4.4 The structure of hNT4 and its TrkB-d5 receptor 

 The long-term goal of our laboratory is the study of molecular dynamics of 

signaling proteins using multinuclear NMR spectroscopy. In addition to studies revolving 

around hGαi1 and RGS4 discussed in the previous sections, another focus of the 

laboratory is to study the role of molecular motions in the differences in structure and 

interactions between various unbound and Trk-bound human neurotrophins. As a 

beginning to this series of investigations, Chapters 3 and 4 of this thesis focus on human 

neurotrophin-4 (hNT4) and its cognate receptor, domain 5 of the human tropomyosin-

related kinase receptor with and without its membrane linker (hTrkB-d5 and d5L, 

respectively). The linker represents a highly dynamic amino acid chain of roughly 37 

residues that connects domain 5 of the Trk receptors to their transmembrane domain. 

Although not much research has been carried out on the linker, recent research has shown 

that substitution of Loop II among the NTs, and the design of therapeutics that mimic 

Loop IV can change Trk binding specificities (Ibanez et al 1993; Ilag et al. 1994; Webster 

and Pirrung 2008; Zaccaro et al. 2005). Because the Trk linker is the only region of the 

receptor close enough to interact with these loops, we believe the linker may play a 

significant role in NT-Trk interactions, and therefore TrkB-d5L is included in our NMR 

studies. We hypothesize that the molecular motions observed between the apo and Trk-

bound forms of hNT4 (Robinson et al. 1999, Banfield et al. 2001) are due either to direct 

interactions with the TrkB receptor (as seen in the crystal structures) and its linker, or to 

an allosteric effect from which those motions originate. 
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 The crystal structure of hNT4 shares similar fold architecture to that of other 

neurotrophins (Robinson et al. 1999), comprising eight β-strands in four antiparallel 

pairs, locked in place by a cystine knot motif (Figure 1.4). Also highly conserved 

amongst the neurotrophins, the dimer interface is formed primarily through backbone-

backbone hydrogen bond interactions and hydrophobic side-chain interactions between 

the main chain β-strands of the interfacing monomers. This interface conservation further 

underlines the likelihood that protein motions and allosteric effects play a role in the 

NT/Trk complex: if many of the interface interactions are physically similar, then 

selectivity must be informed by something other than static three-dimensional structure. 

Interestingly, only mammalian neurotrophin-4 has a seven amino acid insertion (Figure 

1.3D and Figure 1.5) located in Loop III, the least conserved region among the 

neurotrophins (Ip et al. 1992). While not known to interact with the TrkB or p75 receptor, 

this insertion (and loop) is highly dynamic (Robinson et al. 1999) and may have potential 

to exert motional forces on the surrounding protein structure. 

 The signal transduction pathway of hNT4 is carried out upon interaction with the 

TrkB receptor through two primary regions on the protein termed the “conserved patch” 

and the “specificity patch” (Banfield et al. 2001). The conserved patch is so called 

because it is composed of residues conserved among both Trk receptors and their 

neurotrophin partners. On TrkB-d5, these residues lie on the C terminus and the AB, 

C’D, and EF loops. These regions interface with Strand A and Loop I of one hNT4 

monomer and the C/D strand of the other through a network of hydrogen bonds and van 

der Waals interactions (Figure 1.5). The specificity patch, on the other hand, is a much  
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Figure 1.5. Structure of the NT4:TrkB-d5 complex. The NT4 homodimer is shown as red and 
blue monomers forming the homodimer and is labeled with N and C termini, the four central β-
strands (A-D), and the variable loop regions (L1-L4). The seven amino acid insert unique to NT4 
is located in Loop 3 (L3, blue). Domain 5 of TrkB is shown as two cyan monomers, with N and C 
termini, and the β-strands labeled on the left monomer. Primary interaction sites in the specificity 
patch are shown as yellow bonds: Arg11 on NT4 with Asp298, Cys302, and Cys345 on TrkB. 
Interaction sites in the conserved patch are shown as purple bonds: Gln94 and Arg114 on NT4 
with Asp349 and Asn350 on TrkB. From Banfield et al. 2001. 
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less conserved region amongst the Trk and NT binding partners, and involves 

hydrophobic interactions between N-terminal residues of hNT4 and a hydrophobic pocket 

formed by the external face of the TrkB-d5 ABED β-sheet (Figure 1.5). In the apo state 

of hNT4 (and the other neurotrophins), the N-terminus is known to be unstructured, but 

forms a short 310 helix upon contact with the ABED sheet of TrkB-d5 (Banfield et al. 

2001). Mutational studies swapping the N-terminal regions of NT3 and NGF bestowed 

both NTs with a high binding affinity for both TrkA and TrkC, indicating that this region 

is not only important for Trk-neurotrophin binding selectivity, but that it also adopts an 

intrinsically disordered motif in the unliganded form (Urfer et al. 1994). These properties 

make the hNT4-TrkB binding pair an excellent choice for molecular dynamics studies by 

NMR. 

1.4.5 Project Goals 

 In accordance with the overall goals of the Crowhurst laboratory described above, 

this thesis makes further attempts at NMR characterization of human neurotrophin-4 

(hNT4) in its apo state and in complex with its cognate receptor, domain 5 of the human 

tropomyosin-related kinase receptor with and without its membrane linker (hTrkB-d5 and 

d5L, respectively). Having inherited this project from previous graduate student Naveen 

Battala, expression and purification of a 15N isotopically labeled hNT4 sample were 

prepared according to the previous protocols and preliminary HSQC NMR spectra were 

recorded (Battala, 2011). In an effort to further improve the HSQC spectral quality, a 

triple isotope labeled (15N, 13C, 2H) sample was prepared of hNT4 to decrease proton line 

widths and increase the signal-to-noise ratio (Gardner and Kay 1998); this comprised part 

of an effort for complete backbone assignment of the hNT4 protein. Additionally, to 
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begin an assessment of the degree of chemical shift changes that occur upon binding of 

hNT4 to its cognate receptor (with and without the linker), NMR titration experiments (of 

unlabeled hTrkB-d5 or -d5L into a solution of 15N labeled hNT4) were performed. 

 While the titration experiments showed a clear albeit inconclusive interaction 

between hNT4 and TrkB-d5 and -d5L, sample stability issues prevented complete 

backbone assignment. NMR experiments, especially those requiring extended periods of 

acquisition time, require pure, concentrated, and especially stable protein samples. Due to 

sample problems we had encountered, the nature of the project took a markedly different 

turn when we decided to go back to the drawing board and re-develop a new protein 

preparation protocol in order to decrease costs by increasing the protein expression yield 

and subsequently testing modified purification and refolding procedures for hNT4. 

Capitalizing on the success of using the SUMO fusion system for increasing the 

expression yield of hGαi1, the construction of a SUMO-hNT4 fusion protein in 

conjunction with optimization of the hNT4 gene sequence for expression in an E. coli 

host yielded an estimated 40 mg of isotopically labeled protein. A purification protocol 

was also established to yield nearly pure hNT4 prior to refolding, a not-so-trivial feat 

given the unforeseen extensive interactions between the SUMO and hNT4 fusion 

partners. The current status of the project is stalled at the refolding step, however, due to 

a remarkable inability to refold hNT4 even when following established protocols. While 

this poses a significant challenge, I propose that the primary reason is due to 

carbamylation of hNT4 as a result of its extended time in urea-based purification buffers, 

and believe that addressing this issue through a more efficient buffer exchange system or 

the use of isocyanate scavengers can quickly resolve the refolding problem, so we can 
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move on to chemical shift and protein dynamics experiments of apo- and TrkB-bound 

hNT4 (see Chapter 5). 
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CHAPTER 2: EXPRESSION, PURIFICATION AND PRELIMINARY NMR 

CHARACTERIZATION OF THE WILD-TYPE HUMAN HETEROTRIMERIC G 

PROTEIN αi1 SUBUNIT 

 

 Please note that this chapter has been adapted from the following publication: J. 

Maly, J., Crowhurst, K.A. (2012). Expression, purification and preliminary NMR 

characterization of isotopically labeled wild-type human heterotrimeric G protein αi1, 

Protein Expression and Purification 84: 255-264. 

 

2.1 INTRODUCTION 

Heterotrimeric G proteins are intracellular GTPase signaling molecules which play 

key roles in second messenger signal transmission and are implicated in various 

endocrine and cardiovascular disorders. Signal intensity and duration is regulated by RGS 

proteins which control the rate of GTP hydrolysis in the G protein alpha subunit (Gα). It 

is known that each RGS protein binds specific Gα subunits; however, the source of this 

specificity is unclear, since many RGS/Gα binding interfaces are similar and influenced 

by the degree of flexibility in both molecules. 

As part of a longer-term investigation of intramolecular motions in RGS and Gα 

proteins in their apo and complexed forms, this chapter summarizes a successfully 

developed protocol for preparing milligram quantities of highly purified, isotopically 

labeled wild-type human Gαi1 (hGαi1) subunit for NMR studies. High levels of expression 
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in E. coli can be attributed to the use of the SUMO fusion protein system, a bacterial 

strain that produces rare codons, supplementation of minimal medium with small 

quantities of isotopically labeled rich medium and a lowered induction temperature. 

Purification of hGαi1 utilized affinity and size exclusion chromatography, and protein 

activity was confirmed using fluorescence-based GTP-binding studies. Preliminary NMR 

analysis of hGαi1 has shown that high-quality spectra can be obtained at near-

physiological temperatures, whereas lower temperature spectra display numerous weak 

and broadened peaks, providing preliminary evidence for widespread μs-ms timescale 

exchange. In an effort to optimize the NMR spectra, a truncated form of hGαi1 (hGαi1-

Δ31) was prepared, in which the 31-residue unstructured N-terminus was removed. This 

resulted in further improvements in spectral quality by eliminating high-intensity peaks 

that obscured resonances from structured segments of the protein. Because of its higher 

spectral quality, hGαi1-Δ31 will be used in future investigations of protein dynamics by 

NMR spectroscopy to gain insight into the role of these motions in RGS/Gα binding 

selectivity. 

 

2.2 MATERIALS AND METHODS 

 It should be noted that the expression and purification protocols for both full-

length wild type (hGαi1) and truncated (hGαi1-Δ31) forms are identical and that, unless 

otherwise stated, the methods described herein pertain to both forms of the subunit. 

Please see Table 2.1 for some physical properties of the full-length and truncated 

proteins.  
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2.2.1 Preparation of the full-length wild type and truncated hGαi1 gene  

pcDNA3.1+ containing the full-length wild type human G protein alpha i1 subunit 

(hGαi1) and the 31 residue N-terminally truncated form (hGαi1-Δ31) was obtained from 

the Missouri S&T cDNA Resource Center and PCR-amplified on a 2720 Thermo Cycler 

(Applied Biosystems) using oligo primers with ScaI (blunt end) restriction site in the 

forward (5ʹ) direction, and BamHI restriction site in the 3ʹ direction (reverse complement) 

(Integrated DNA Technologies). Complementary DNA sequences in the forward 

direction were 5ʹ-d(GATATAAGTACTATGGGCTGCACGCTGAGC)-3ʹ and 5ʹ-

d(GATATAAGTACTATGCGCGAGGTCAAGCTGC)-3ʹ for the full-length and 

truncated subunits, respectively. Both versions utilized the same reverse complement 

sequence of 5ʹ-GCAGCCGGATCCTTAAAAGAGACCACAATCTTTTAGAT-3ʹ. Each 

PCR product was purified using a QIAGEN QIAquick PCR purification kit. 

2.2.2 Preparation of pET-SUMO plasmid stock  

Table 2.1: Physical properties of hGαi1 and hGαi1-Δ31. 
 

 Theoretical 
pI 

Molar 
extinction 

coefficienta  

Molecular weight 
(natural 

abundance) 

Molecular weight 
(15N-labeled) 

hGαi1 6.0 33,760 M-1cm-1 40,361 Da 40,838 Da 

hGαi1-

Δ31 
6.1 33,760 M-1cm-1 37,114 Da 37,549 Da 

a Molar extinction coefficient at 280 nm in 6 M guanidinium hydrochloride, using 
method by Pace et al. (1995). 
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 Approximately 100 ng of bacterial pET-SUMO plasmid (Invitrogen), modified 

with a multiple cloning site, was obtained from Dr. Rhea Hudson (Hospital for Sick 

Children, Toronto, ON, Canada) in dried form on filter paper and extracted with 100 µL 

TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0 (Appendix)) to make a 1 ng/µL stock. 

10 µL of this stock were immediately transformed into electrocompetent XL1-Blue E. 

coli cells (Stratagene) by electroporation. The cells were grown in 450 µL of Luria Broth 

(LB) media at 37 ºC for 1 hour and transferred onto LB-agar plates containing kanamycin 

(50 µg/mL). Plates were incubated overnight at 37 ºC and one colony was transferred to a 

snap-cap tube with 5 mL of LB containing 0.1 mM kanamycin for an additional 

overnight growth. The pET-SUMO plasmid was then isolated using a QIAGEN QIAfilter 

MidiPrep kit and stored at -20 ºC. 

2.2.3 Insertion of the hGαi1 gene into the pET-SUMO plasmid  

 Double digests of the purified hGαi1 gene and pET-SUMO vector were performed 

using 10 units each of ScaI and BamHI restriction endonucleases (New England Biolabs, 

NEB) in 20 µL total volumes of ultrapure sterile H2O (ddH2O), NEB buffer 3, and 

0.1 mg/mL BSA (NEB). Because ScaI forms a blunt end, the doubly digested plasmid 

vector was then dephosphorylated by incubation for one additional hour at 37 ºC with 

1 µL (10 units) of calf intestinal phosphatase (CIP) from NEB. Digested DNA samples 

were run on agarose gels, excised from the gel, and purified using the QIAGEN 

QIAquick Gel Extraction kit. Purified DNA inserts were ligated into the plasmid using 

T4 DNA ligase (NEB) in 10 µL volumes of ddH2O and 10x T4 buffer stock for 24 hours 

at 16 ºC. Ligation ratios were 1:1 and 1:3 (vector : DNA insert). 2 µL of each solution 

were transformed into XL1-Blue bacterial cells and grown for 1 hour at 37 ºC in 950 µL 
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of LB. The bacterial culture was plated onto LB-agar/kanamycin-chloramphenicol 

(LB/kan-cam) plates and incubated overnight at 37 ºC. All LB/kan-cam plates contained 

working concentrations of 0.1 mM kanamycin and 0.15 mM chloramphenicol. hGαi1-

ligated plasmids from viable colonies were amplified using colony PCR, and tested for 

hGαi1 gene amplification on an agarose gel. Colonies containing the highest apparent 

hGαi1 gene concentrations were each grown 12-16 hours in 5 mL LB/kan-cam media at 

37 ºC, and purified with the QIAGEN QIAprep Spin Mini Prep kit. The purified DNA 

samples were sequenced (Laragen, Inc.) and 20 ng/µL stocks made for transformation 

into expression hosts and stored at -20 ºC. 

2.2.4 Expression of the SUMO-hGαi1 fusion protein 

 The pET-SUMO-hGαi1 plasmid was transformed by electroporation into E. coli 

BL21-CodonPlus (DE3)-RIPL cells (Stratagene), whose genomes are engineered to 

encode for extra copies of tRNAs that are rare in E. coli and might limit heterologous 

expression of eukaryotic proteins. After electroporation, the cells were incubated 

overnight at 37 ºC on LB/agar kan-cam plates. 

All 1 L minimal medium (MM) solutions consisted of sterilized ddH2O and the 

following: 100 mM Na2HPO4, 25 mM KH2PO4, 10 mM NaCl, 3 g glucose, 1 g NH4Cl, 

1 mM MgSO4, 0.1 mM CaCl2, antibiotic (0.1 mM kanamycin and 0.15 mM 

chloramphenicol) and 10 mL 100X BME (Basal Medium Eagle) vitamins (MP 

Biomedicals).  In the 3-hour and long induction protocols outlined below, the medium 

was also supplemented with 10% (v/v) BioExpress rich media (Cambridge Isotope Labs). 
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When preparing 15N-labeled Gα, the transformed cells were grown in minimal media 

using 15NH4Cl and 15N-labeled BioExpress as the sole nitrogen sources. 

For 3-hour inductions, a single colony from the transformed plates was picked 

into 50 mL LB culture containing 0.1 mM kanamycin and 0.15 mM chloramphenicol and 

shaken at 225 rpm overnight at 37 ºC. This culture was then centrifuged at 5000 rpm for 

10 minutes and the pellet was resuspended into 1 L of MM (+ 10% BioExpress). Cultures 

were grown in an I24 Incubator Shaker (New Brunswick Scientific) to an OD600 of 0.7 

and induced with 1.0 mM IPTG for 3 hours at 37 ºC before harvesting.  

For long inductions, a single colony from the transformed plates was picked into 

50 mL LB culture containing 0.1 mM kanamycin and 0.15 mM chloramphenicol and 

shaken at 225 rpm overnight at 37 ºC. In order to delay scale-up to 1 L culture (until later 

in the day), 0.25 mL of this overnight culture was transferred into a fresh 50 mL LB/kan-

cam culture and grown at 37 ºC until OD600 ~ 1.0 (3-4 hours). The culture was then 

centrifuged at 5000 rpm for 10 minutes and the pellet was resuspended into 1 L of MM 

(+ 10% BioExpress). The MM culture was shaken at 225 rpm at 37 ºC until OD600 = 0.5, 

at which time it was induced with 1.0 mM IPTG, the temperature was lowered to 30 ºC, 

and the shaker speed lowered to 185 rpm. It was then grown for 15 hours before 

harvesting. 

2.2.5 Purification of hGαi1 from the SUMO fusion protein 

 All chromatographic purification steps were performed on a GE Healthcare 

ÄKTAFPLC system, equipped with two pumps, a mixer, a UV detector and a fraction 

collector, and operated in a chromatography refrigerator at 4 ºC.  
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The cell pellet (from either long or short induction cultures) was resuspended in 

ice-cold Buffer A1 (20 mM sodium phosphate buffer, pH 7.0, 0.5 M NaCl, 10 mM β-

mercaptoethanol (Appendix)) plus 2% (v/v) Triton X-100, 70 mM lysozyme and 6 mM 

deoxycholic acid, and then lysed using an Aminco French Pressure Cell Press (SLM 

Instruments, Inc.). The supernatant, obtained by centrifugation at 18,000 rpm for 30 min, 

was filtered and injected onto a HisTrap HP Ni-NTA column (GE Healthcare) pre-

equilibrated with Buffer A1. The N-terminally His-tagged SUMO-hGαi1 fusion protein 

eluted in ~60% Buffer B (20 mM sodium phosphate, pH 7.0, 0.5 M NaCl, 10 mM β-

mercaptoethanol, 400 mM imidazole (Appendix)). Fractions containing the fusion protein 

were pooled and the imidazole and salt concentrations were reduced to ~ 60 and 125 mM, 

respectively, using two rounds of two-fold dilution and volume reduction. hGαi1 was 

cleaved from the His-tagged SUMO prodomain via incubation with ULP1-protease 

(obtained as a gift from Dr. Rhea Hudson at the Hospital for Sick Children, Toronto, 

Canada) at 25 ºC for 2 hours. The sample was then dialyzed overnight at 5 ºC into Buffer 

A2 (20 mM sodium phosphate, pH 7.0, 0.5 M NaCl, 10 mM β-mercaptoethanol, 15 mM 

imidazole (Appendix)). In order to isolate cleaved hGαi1 from His-tagged SUMO, the 

dialyzed sample was again injected onto the Ni-NTA column, this time pre-equilibrated 

with Buffer A2. The purification run consisted of a step gradient from Buffer A2 to 100% 

Buffer B. Fractions containing hGαi1 (which eluted prior to the imidazole gradient) were 

pooled, dialyzed at 5 ºC into Superdex Buffer (50 mM sodium phosphate, pH 7.2, 0.15 M 

NaCl, 10 mM β-mercaptoethanol (Appendix)), then concentrated to ~2-4 mL and injected 

in 0.25 mL portions onto a Superdex 75 10/300 GL size exclusion column (GE 

Healthcare). The concentration and yield of the final pure sample were determined by 
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measuring the absorbance of a small sample denatured in 6 M guanidinium hydrochloride 

at 280 nm using a BioMate 3 UV-Vis spectrometer (Thermo Scientific) (Pace et al. 

1995). 

2.2.6 Fluorescence-based activity assay 

BODIPY®FL GTP-γ-S (Life Technologies), which consists of a fluorophore 

linked to the γ-thiol of GTP-γ-S and whose fluorescence increases upon GTPase binding 

and activity (see Section 2.3.4 for more information), was used to monitor the activity of 

purified hGαi1 and hGαi1-Δ31, using similar protocols to those described by others 

(Kimple et al. 2003; McCusker and Robinson 2008). A series of emission spectra were 

recorded over a wavelength scan range of 500 – 575 nm (λex = 485nm) using a Perkin 

Elmer LS 50B Luminescence Spectrometer. At time = 0 min a wavelength scan of 

500 nM BODIPY®FL GTP-γ-S in Fluorescence Buffer (10 mM tris, pH 8.0, 

1 mM EDTA, and 10 mM MgCl2 (Appendix)) was recorded. Immediately after that 

baseline spectrum was obtained, purified protein in Fluorescence Buffer was added, to a 

final concentration of 2 µM. Nine more wavelength scans were then recorded, with a ten 

minute dark period between each scan. Each blank run was performed in the same 

manner, except that Fluorescence Buffer-only was mixed with the BODIPY®FL GTP-γ-

S solution after the initial scan at t = 0 min. Each experiment was repeated in triplicate. 

Intensity data were processed using Spekwin32 (Menges 2012) and Sigmaplot (Systat 

2006) software.  

2.2.7 NMR spectroscopy of 15N-labeled hGαi1 and hGαi1-Δ31 
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 For NMR analysis, the purified 15N isotope-labeled protein was dialyzed against 

PIPES Buffer (20 mM PIPES, pH 7.0, 50 mM NaCl, 3 mM dithiothreitol, 5 mM MgCl2, 

5% glycerol (Appendix)) until the phosphate buffer content was less than 1 µM. GDP 

was then added to a final concentration of 20 µM, followed by pre-mixed AlF4
– (made 

from 10 mM NaF and 300 µM AlCl3). The AlF4
– serves as an analog of the γ-phosphate 

of GTP: it binds very tightly in the Gα active site along with Mg2+ and GDP, thereby 

allowing Gα to form a highly stabilized transition state conformational mimic (Bigay et 

al. 1985). The use of GDP and AlF4
– is also the primary reason for using a non-phosphate 

buffer for complex formation: previous attempts to form a hGαi1 / hRGS4 complex in 

phosphate buffer were unsuccessful, due to the binding of phosphate in the deep pocket 

of the hGαi1 binding site, interfering with AlF4
– binding (data not shown); this issue was 

immediately remedied with the use of PIPES. The final NMR sample also contained 

0.2 mM DSS, 2 mM NaN3, and 10% D2O. All spectra were recorded on either 800 or 

900 MHz Varian spectrometers (equipped with a room temperature probe and a 

cryoprobe, respectively) at the National Magnetic Resonance Facility at Madison 

(NMRFAM) in Wisconsin. 

For the temperature titrations, 2D [15N,1H] TROSY-HSQC spectra were recorded 

using a 0.3 mM sample of full-length hGαi1 between 20 and 35 ºC, in 5 ºC increments. 

Each spectrum utilized 64 scans and 128 x 1024 complex points in t1 and t2 respectively. 

The 900 MHz spectrum of full length hGαi1 at 35 ºC utilized 32 scans and 128 x 872 

complex points. All spectra of the truncated hGαi1-Δ31 protein were performed on a 

0.2 mM sample at 900 MHz and 35 ºC, with 24 scans per spectrum and 188 x 1024 

complex points.  
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Spectra were processed and visualized using NMRPipe/NMRDraw and 

NMRViewJ software (Johnson 2007; Delaglio 2010). 

 

2.3 RESULTS AND DISCUSSION 

2.3.1 Expression of hGαi1 and hGαi1-Δ31 in various plasmids and media 

As part of a greater effort to perform NMR chemical shift assignment and protein 

dynamics experiments on apo- and RGS-bound hGαi1, our goal here was to develop a 

protocol for obtaining high levels of isotopically-labeled recombinant full-length and N-

terminally truncated wild-type human Gαi1 (named hGαi1 and hGαi1-Δ31, respectively, 

Table 2.1) in E. coli using minimal media, as required for these high resolution studies. 

Our decision to produce and evaluate a truncated version of the Gα subunit stems from 

the fact that this region is known to be unstructured in solution, causing intense peaks in 

the NMR spectra and obstructing other well-resolved peaks (discussed in more detail in 

section 2.3.6). Table 2.2 provides a representative list of the various combinations of 

expression host, plasmid, and growth conditions that were tested on full-length hGαi1, 

along with subsequent yields of the purified recombinant protein. Initial expression trials 

using non-pET-SUMO plasmid expression systems in pure minimal growth media were 

characterized by low Gα yields and slow growth rates. Media supplemented with various 

amounts of LB showed accelerated rates, but still low quantities of the soluble protein for 

NMR characterization (see Figure 2.1A and B and Table 2.2 for illustrative examples). 

Improved hGαi1 yields can be attributed, to a large extent, to the use of the pET-

SUMO expression system. pET-SUMO has been used by numerous labs to improve the  
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Table 2.2: A comparison of yields of purified full-length wild type hGαi1 from 
representative test expressions.  
 

Cell strain / 
plasmid type Media Induction 

conditions 

Total pure hGαi1 
protein (per L of 

culture) 
HMS174(DE3) / 

pET15b 
MM + 5% 

LBb 37 oC, 3 hr 
1.9 x 10-8 mol (~0.77 

mg)c 
HMS174(DE3) / 

pET15b 
MM + 10% 

LB 37 oC, 4 hr 

CodonPlusd /  
pET15b MM + 5% LB 37 oC, 3 hr NDe 

BL21(DE3) /  
pET-SUMO MM 37 oC, 3 hr 7.6 x 10-8 mol (3.1 mg) 

BL21(DE3) /  
pET-SUMO MM 25 oC, 15 hr 1.2 x 10-7 mol (4.9 mg) 

CodonPlus /  
pET-SUMO MM + 2% LB 37 oC, 3 hr 1.3 x 10-7 mol (5.3 mg) 

CodonPlus /  
pET-SUMO 

MM + 10% 
BioExpress 37 oC, 3 hr 2.1 x 10-7 mol (8.6 mg) 

CodonPlus / 
pET-SUMO 

MM + 10% 
BioExpress 30 oC, 15 hr 9.6 x 10-7 mol (39 mg) 

a This column summarizes the length and temperature of induction (after adding IPTG). 
b MM: minimal medium, LB: Lysogeny broth 
c Yield of pure protein comes from the combination of pellets from both HMS174(DE3) 

expression tests. 
d CodonPlus: BL21-CodonPlus (DE3)-RIPL, from Stratagene 
e ND: not determined. The level of expression of hGαi1 from this trial was so low that no 

purification was attempted (see also Figure 2.1B). 
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solubility and/or yield of difficult proteins (Satakarni and Curtis 2011). In this fusion-

based system, we attached His-tagged small ubiquitin-related modifier (SUMO) protein 

to the N-terminus of hGαi1 and hGαi1-Δ31. The SUMO fusion seems to provide only 

modest improvements in the solubility of hGαi1; however, it significantly increases 

protein expression (Figure 2.1C-E), and it aids in simplifying purification. One other 

major benefit of this expression system is that it utilizes an extremely specific enzyme, 

ULP-1 protease, to cleave His-tagged SUMO from hGαi1 when it is no longer needed, 

with very little protein loss (close to 0%). This is compared to other methods used to 

cleave hexahistidine tags, which can result in losses of 25 – 50% Gα (Lee et al. 1994).  

We did not truly see the benefits of using the pET-SUMO expression system, 

however, until we combined it with the CodonPlus-RIPL strain of E. coli BL21(DE3) 

cells (Stratagene) and BioExpress rich media (Cambridge Isotope Labs) as a minimal 

medium supplement (Table 2.2). BL21-CodonPlus (DE3)-RIPL cells express increased 

quantities of tRNAs that recognize codons in the heterologous DNA that are rare in 

bacteria (but common to eukaryotic organisms). These additional tRNAs appear to be 

important factors in successful expression of hGαi1 in minimal medium. However, we 

have found that the CodonPlus strain works well only when the minimal medium is 

supplemented with BioExpress, since these particular cells have been observed to express 

our protein poorly in minimal media alone or with LB (Figure 2.1C, Table 2.2). Clearly, 

our standard minimal medium is missing some ingredients that are critical to the healthy 

activity of the CodonPlus strain.   

2.3.2 Standard versus decreased induction temperatures 
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Shortly after our transition to using the pET-SUMO expression system we performed a 

trial expression of hGαi1 in which we induced at a lowered temperature (25 ºC) for 15 

hours rather than 37 ºC for 3 hours. It had been reported previously that a lower induction 

temperature resulted in a drastically larger portion of hGαi1 in the soluble fraction and a 

correspondingly increased yield of soluble protein (Lee et al. 1994). Our first trial using 

the lower induction temperature (in regular minimal medium), however, showed only a 

marginal increase in the yield of purified protein (see Table 2.2). As a result, we stopped 

pursuing the lower temperature induction and focused on optimizing expression using the 

shorter timeframes at 37 ºC. Once we observed increased success in using the 

combination of pET-SUMO vector, BL21-CodonPlus (DE3)-RIPL cells and BioExpress 

rich media supplement, we decided to revisit the lower temperature induction (30 ºC for 

15 hours). This time, the decreased induction temperature resulted in a significant 

improvement in the yield of purified soluble protein: 39 mg pure 15N hGαi1 from a 1 L 

culture, compared to a maximum of 8 mg from the same type of culture induced at 37 ºC 

(Table 2.2). Interestingly, this 5-fold increase in yield seems to be attributed almost 

exclusively to an increase in the proportion of soluble protein rather than an increase in 

overall protein expression: compare the sizes of the bands shown from the 3-hour 

inductions in Figure 2.1D to that from the 15-hour induction shown in Figure 2.1E. Thus, 

as a result of these expression tests we have successfully developed a method to prepare 

quantities of isotopically-labeled hGαi1 and hGαi1-Δ31 that are sufficient to produce 

several concentrated samples for NMR studies. 
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Figure 2.2. SDS-PAGE gel comparisons of representative expressions of hGαi1 and hGαi1-Δ31. 
All expression strains are from E. coli. Numbers shown under each gel lane represent time after 
induction by IPTG (in hours). Note that gels in A-D show 37 oC inductions, while E corresponds 
to a 30 oC induction.  Arrows beside gels are used to indicate the band position of the desired 
protein. Gels of expressions shown in A and B utilized the pET-15b vector whereas C-E are 
representative of pET-SUMO expressions. Note that the hGαi1 and hGαi1-Δ31 recombinant 
proteins appear at a higher molecular weight in the gels in C-E (compared to A and B) because 
they are part of the SUMO fusion (and therefore migrate as ~55 kDa and ~50 kDa proteins, 
respectively). SDS-PAGE gels show (A) hGαi1 expressed using HMS174(DE3) cells in minimal 
media (MM) and 5% Luria Broth (LB); (B) hGαi1 expressed in BL21-CodonPlus (DE3)-RIPL 
cells in MM and 5% LB; (C) SUMO-hGαi1 expressed in BL21(DE3) cells in MM; (D) SUMO-
hGαi1 and SUMO-hGαi1-Δ31 expressed using BL21-CodonPlus (DE3)-RIPL cells in MM and 
10% BioExpress; (E) SUMO-hGαi1 expressed using BL21-CodonPlus (DE3)-RIPL cells in MM 
and 10% BioExpress (with induction at 30oC). Gamma adjustments were made on all gels to 
increase the image contrast, but they did not alter the appearance of the gel bands. 
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2.3.3 Purification of SUMO fusions of hGαi1 

Despite using combined French press and sonication methods as well as 2% 

Triton X-100 detergent for cell lysis, SDS-PAGE analysis shows that a considerable 

amount of hGαi1 remains in the insoluble fraction; this is true even for the lower 

temperature expression protocol, even though the ratio of insoluble to soluble protein 

appears to be lower (data not shown). Although early attempts were made to extract 

insoluble SUMO-hGαi1 fusion protein from the cell pellet using Triton X and 8 M urea, 

refolding proved to be difficult using rapid dilution or slower dialysis techniques; in all 

cases, refolded protein precipitated both before and after SUMO protease cleavage. 

Because refolded Gαi1 has been reported to remain in an inactive molten globule rather 

than its native state (McCusker and Robinson 2008), further refolding attempts were not 

pursued.  

We have, however, succeeded in purifying the His-tagged SUMO-hGαi1 and 

SUMO-hGαi1-Δ31 fusion proteins that are expressed in the soluble fraction. Both full-

length and truncated forms can be purified by identical protocols, utilizing Ni-NTA 

nickel-affinity columns first for separating the His-tagged SUMO fusion construct from 

other cellular proteins, and second for isolating Gα from SUMO after cleavage by the 

SUMO-specific protease ULP-1. This is followed by Superdex 75 size exclusion 

chromatography to further purify the Gα subunits. Because purification procedures are 

identical for both hGαi1 and hGαi1-Δ31, the following discussion will focus on the results 

from purification of hGαi1 only.  
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The fusion protein binds strongly to the first Ni-NTA column, and is successfully eluted 

over a wide range of fractions between 100 and 250 mM imidazole, with the majority of 

cellular proteins and DNA eluting prior to SUMO-hGαi1 (Figure 2.2A). In order to 

prevent precipitation of the fusion protein, it is necessary to keep the sample on ice when 

diluting (to decrease the imidazole and salt concentrations prior to protease cleavage) and 

concentrating the pooled fractions containing SUMO-hGαi1. Maintaining a low sample 

temperature during these earlier steps ultimately helps to prevent further precipitation 

during the subsequent two-hour SUMO protease cleavage at room temperature (25 ºC) 

and dialysis (5 ºC) into Buffer A2. In an attempt to further increase the stability of the Gα 

subunits, we also tried to purify the protein in non-phosphate buffer containing GDP 

using 50 mM PIPES, pH 7.2, 10 mM 2-mercaptoethanol, 0.15 M NaCl, 5 mM MgCl2, 

and 50 µM GDP. When combined with maintaining a low sample temperature, the use of 

this GDP-PIPES Buffer virtually eliminates precipitation of the recombinant protein 

during the early stages of purification. However, the final purification step does not yield 

a sample with the same purity as when phosphate buffer is used (without GDP): there are 

still many impurities remaining, as seen by SDS-PAGE (data not shown). As a result of 

this low purity, the GDP-PIPES protocol has not been pursued any further. As expected, 

cleaved (and now untagged) hGαi1 elutes in the column void volume during the second 

Ni-NTA purification step (Figure 2.2B). Interestingly, the UV trace shows an elution 

plateau rather than a Gaussian-shaped peak for hGαi1, a result common to all post-cleave 

Ni-NTA purifications we have performed. His-tagged SUMO, non-specifically bound 

proteins, and uncleaved fusion protein are eluted from the column using a 400 mM 

imidazole step gradient. 
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Figure 2.3. Representative UV traces and SDS-PAGE gel data from FPLC purification of 
SUMO-hGαi1. Imidazole concentration gradients are indicated by green lines, and blue lines 
represent UV absorbance, at 280 nm, of fractions eluting from the columns (y-axis). Red tick 
marks and numbers along the x-axis refer to fraction numbers. The left-most lane in each gel 
corresponds to a molecular weight marker. (A) First step of Ni-NTA purification of SUMO-
hGαi1. A single fraction was sampled for the SDS gel. Fractions encompassing the indicated peak 
were pooled for cleavage and processed as described. (B) Second Ni-NTA purification step, after 
cleavage of hGαi1 from SUMO. The contents of peak 1 from the UV trace are shown in lane 1 of 
the gel, confirming that hGαi1 elutes prior to most other proteins in 15 mM imidazole. The 
contents of peak 2 from the UV trace, shown in lane 2 of the gel, indicate that SUMO and 
numerous impurities elute from the column in 400 mM imidazole. (C) Representative Superdex 
75 size exclusion column run used as a final purification step for hGαi1. The UV trace and gel 
show a highly pure sample at the appropriate molecular weight (~41 kDa). Gamma adjustments 
were made on all gels to increase the image contrast, but they did not alter the appearance of the 
gel bands. 
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The gel in Figure 2.2B clearly shows that ULP-1 protease cleavage is essentially 

100% complete; this is illustrated by the absence of a band, corresponding to SUMO-

hGαi1, which would elute at the high imidazole concentration, along with cleaved SUMO 

(lane 2 of gel). This high efficiency cleavage thereby minimizes protein loss due to the 

removal of His-tagged SUMO. 

In the Superdex (size-exclusion) purification step, hGαi1 elutes as a single narrow 

peak over three or four 0.5 mL fractions (Figure 2.2C). Please note that while hGαi1-Δ31 

uses an identical procedure to hGαi1, it elutes slightly later from the Superdex column due 

to its lower molecular weight. The final pooled sample is of high purity as seen by SDS 

gel (Figure 2.2C). In early purification trials, the absence of reducing agent in the buffer 

promoted the dimerization of hGαi1, as indicated by multiple poorly resolved peaks on 

the Superdex UV trace (data not shown). Addition of β-mercaptoethanol (10 mM) was 

sufficient to prevent oligomerization during all purification steps.  

The average yield of the soluble pure WT hGαi1 subunit is 6 mg/L of culture 

using the 3-hour induction protocol, and an impressive 39 mg/L using the longer, lower 

temperature induction protocol. To put these numbers into context, the protocols permit 

the preparation of one to four 0.5 mM NMR samples. Preparation of the truncated form 

of the subunit (hGαi1-Δ31) consistently yields ~50-60 % less protein than that of full-

length hGαi1 (using either induction protocol). Specifically, for the low-temperature 

induction protocol, our yield of pure 13C/15N hGαi1-Δ31 averages 15 mg from 1 L of 

culture. This was unexpected, as we anticipated the truncated protein would be more 

stable in general, which should have resulted in higher yields than the full-length protein. 

We also performed test expressions in deuterated medium and have obtained 
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approximately 5-7 mg of pure 13C/15N/2H hGαi1-Δ31 per liter of culture (corresponding to 

one ~0.5 mM NMR sample), using the same low-temperature induction and purification 

protocol as for the non-deuterated samples. 

While the methods described work very well for hGαi1 and hGαi1-Δ31, we have 

not yet tested our protocol on any other Gα protein classes (such as Gαo, Gαs, Gαq, etc.). 

However, after observing the significant increase in expression yields resulting from the 

use of the SUMO fusion, codon-rich E. coli cells, specialized rich medium and low 

temperature induction, it is conceivable that this method would work well for preparing 

isotopically labeled samples of other types of human Gα proteins. 

2.3.4 Activity of hGαi1 monitored by fluorescence assay 

 A series of fluorescence-based experiments were performed to confirm that our 

purified soluble protein corresponded to correctly-folded active hGαi1 (or hGαi1-Δ31). A 

common test for Gα subunit activity is whether the protein is capable of binding GTP (or 

analogs). One such analog is BODIPY® FL GTP-γ-S, a commercially-available 

fluorescence probe that has become popular for monitoring GTP binding by Gα subunits 

(Jameson et al. 2005). When alone in solution, the fluorescence intensity of the 

BODIPY® is quenched by the intramolecular guanine base; once the GTP moiety binds to 

Gα the BODIPY® quenching is relieved and the fluorescence intensity increases (Kimple 

et al. 2003).  

We performed three sets of binding assays in which our hGαi1 protein sample 

(with no nucleotide in the binding site) was added to buffer containing BODIPY® FL 

GTP-γ-S and the change in fluorescence was then monitored over 500 – 575 nm for 90 
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minutes. In the blank experiment, buffer was added to the BODIPY® solution instead of 

protein. The results show a clear increase in fluorescence with time when hGαi1 is present 

in solution (Figure 2.3A and B), compared to no change for the blank solution (Figure 

2.3B), thus confirming that the prepared protein is correctly folded and active. Similar 

results were obtained for fluorescence experiments on hGαi1-Δ31, indicating that the 

removal of the disordered N-terminal residues does not impact the functional activity of 

the Gα subunit.  

2.3.5 NMR analysis and thermal titration of Mg2+/GDP-AlF4
--bound 15N-labeled hGαi1 

Our initial attempts at NMR spectroscopic observation of hGαi1 were 

characterized by broad linewidths and spectral overlap (data not shown). A couple of 

approaches modifying both the acquisition of NMR spectra and the protein sample itself 

were taken in order to alleviate these issues. Combating the broader linewidths and low 

intensity peaks of the slowly tumbling 45 kDa protein required the use of high-field 

spectrometers (800-900 MHz), often equipped with cryoprobes; in addition, the use of 2D 

[15N,1H] TROSY-HSQC experiments provided a modest but noticeable improvement in 

the resolution of overlapped peaks over the conventional 2D [15N,1H] HSQC (Pervushin 

et al. 1997). 
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Figure 2.4. Fluorescence assays of hGαi1 GTP binding. (A) Representative set of wavelength 
scans (from 500 to 575 nm) of BODIPY® FL GTP-γS binding to hGαi1, monitoring increasing 
fluorescence intensity over time. The scan at time t = 0 min was recorded immediately before 
hGαi1 was added to the cuvette. Wavelength scans were recorded every 10 minutes, to a 
maximum of 90 minutes. (B) A comparison of the change in relative fluorescence intensity, 
recorded at 510 nm, as a function of time after adding hGαi1 (squares) or buffer (circles) to the 
cuvette containing BODIPY® FL GTP-γS. Experiments were repeated three times each – all 
results are consistent with the data set shown here. 
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The issue of protein stability at high concentrations was addressed by the addition 

of 3 mM dithiothreitol and 5% glycerol, as described previously (Abdulaev et al. 2005); 

the reducing agent prevents dimerization of the alpha subunit, and glycerol provides 

overall stability in solution through preferential hydration and protein compaction 

(Vagenende et al. 2009). Interestingly, even with these additives the NMR sample has a 

tendency to form a very small amount of precipitate. Once that precipitate is formed, 

however, it does not increase and maintains a stable equilibrium with the soluble state 

without interference with the NMR experiments. We have maintained the protein 

concentration in the NMR sample at a maximum of 0.5 mM in order to prevent increased 

precipitation (although we have not done extensive studies of Gα stability at higher 

protein concentrations). 

In order to determine the optimal temperature for future experiments, a titration 

was performed on Mg2+/GDP-AlF4
--bound 15N hGαi1, in which 2D [15N,1H] TROSY-

HSQC spectra were recorded at 20, 25, 30, and 35 ºC. Spectra were not recorded at 

temperatures higher than 35 oC due to concerns about long-term protein stability and 

sample evaporation. The spectrum of hGαi1 at 20 ºC (Figure 2.4A) shows relatively well-

dispersed peaks, indicating that the protein is folded; however, it is also clear that there 

are numerous broadened and missing peaks at that temperature. Both the spectral peak 

widths and intensities improve significantly with increased sample temperature, with the 

best peak separation observed at 35 ºC (Figure 2.4B, compare also peaks within the ovals 

in Figure 2.4A and B). If all spectral resonances were observable, we would expect to see 

324 peaks corresponding to NH groups and 54 peaks corresponding to side chain NH2s. 
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Figure 2.5. 2D [15N,1H] TROSY-HSQC spectra of Mg2+/GDP-AlF4
--bound hGαi1, recorded at 

(A) 20 oC and (B) 35 oC on a 800 MHz NMR spectrometer. The boxed area in the center of each 
spectrum is shown as a magnified inset in the left top corner to illustrate improvements in peak 
resolution at the higher temperature, and to emphasize the presence of extremely intense peaks 
(corresponding to the unstructured N-terminus in hGαi1). The regions outlined with ovals are 
highlighted to show examples of the significant improvement in spectral peak intensities at 35 oC 
(B) compared to 20 oC (A). 
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Since it is often difficult to unambiguously determine whether a peak is from an NH2 or 

NH within the upper right quadrant of the HSQC spectrum, we have counted all peaks 

together; as a result, we can identify 347 peaks out of a possible total of 378, which 

corresponds to 92% observable resonances in the [15N,1H] HSQC spectrum.  

The narrowed linewidths at higher temperatures can be explained in part by an 

increased tumbling rate of the large protein, but the changes also suggest that several 

segments of the protein are undergoing μs-ms timescale motions (conformational 

exchange) at 20 ºC which are accelerated to faster timescales at the higher temperature. 

The sharpening of peaks at 35 ºC is also accompanied by significant chemical shift 

changes of some amide groups in hGαi1, further supporting evidence for a change in the 

distribution of its ensemble of conformations. Because AlF4
- binds so strongly to the Gα 

active site in the presence of GDP and Mg2+, apo-holo exchange provides a negligible 

contribution to the observed chemical shift changes.  

These simple experiments illustrate the value of studying the motions within the 

Gα subunit, in that observed widespread flexibility is likely to play an important role in 

protein function. Consequently, our results bode well for future NMR relaxation 

experiments that are planned for this protein, in which we will probe these internal 

motions in more detail.  

2.3.6 Preparation and preliminary NMR characterization of Mg2+/GDP-AlF4
--bound 15N-

labeled hGαi1-Δ31 

A persistent issue in all full-length hGαi1 spectra is the presence of very intense 

peaks towards the center of the spectrum (Figure 2.4, insets). We hypothesized that these 
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peaks were most likely due to the N-terminal region of hGαi1, which is known from 

crystallography and fluorescence data to be unstructured when Gα is not bound within the 

heterotrimeric complex (Coleman et al. 1994; Medkova et al. 2002). It is for this reason 

that we prepared hGαi1-Δ31, a truncated form of the protein in which the first 31 residues 

of the N-terminus are excluded. To test whether the removal of these residues would 

improve NMR spectra, we recorded a 2D [15N,1H] TROSY-HSQC spectrum of 

Mg2+/GDP-AlF4
--bound 15N-labeled hGαi1-Δ31 at 35 ºC (Figure 2.5). The spectrum (in 

red) clearly shows a significant decrease in the number of high-intensity peaks clustered 

at the center (compared to hGαi1, in black), as well as an increase in resolution of the 

remaining peaks. Analysis of a magnified region of the overlaid spectra from hGαi1 and 

hGαi1-Δ31 (Figure 2.5B) reveals that while most peak positions are unaffected by the 

truncation, a few chemical shift changes are observed. However, because our 

fluorescence assays indicate full Gα activity for the truncated protein, it appears that 

those changes likely correspond to residues local to the truncated segment and that 

subunit activity is not negatively impacted. Given that the removal of these residues does 

not inhibit normal GTP-binding activity and improves the quality of the resulting NMR 

spectra, we will likely perform our future NMR chemical shift and relaxation studies on 

hGαi1-Δ31 rather than full-length hGαi1. 
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Figure 2.6. Overlay of 2D [15N,1H] TROSY-HSQC spectra of Mg2+/GDP-AlF4
--bound hGαi1 

(black) and hGαi1-Δ31 (red), recorded at 35 oC on a 900 MHz NMR spectrometer (with 
cryoprobe). (A) shows the full spectrum and (B) shows a magnified portion (as delineated by the 
box at the center of the spectrum in (A)). The region magnified in (B) illustrates that the majority 
of residues removed from hGαi1 to make hGαi1-Δ31 correspond to the most intense peaks in the 
center of the spectrum, confirming that the N-terminal region of hGαi1 is unstructured in solution. 
(B) also shows that most peaks common to both hGαi1 and hGαi1-Δ31 spectra overlay very 
closely. 
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2.4 CONCLUSIONS 

 In this paper we have presented the first published report of the preparation of 

functionally active, isotopically-labeled wild-type human Gαi1 for NMR studies. Efforts 

to obtain large quantities of highly purified protein were aided in part by the SUMO 

fusion protein, as well as a strain of E. coli that produces the rare codons required to 

express human protein, a special isotope-labeled rich medium supplement, and the use of 

decreased temperature during induction of expression. Preliminary experiments showed 

that high-quality NMR spectra can be obtained for full-length wild-type hGαi1, with the 

exception that the center of the spectrum is semi-obscured by very intense peaks 

corresponding to the unstructured N-terminus. Preparation of an N-terminal truncated 

variant, hGαi1-Δ31, alleviated this issue and is therefore likely to be chosen for use in 

future NMR experiments.  

Our motivation for producing isotope-labeled human Gαi1 subunit is to prepare for 

NMR studies investigating the differences in protein dynamics in Gαi1 and RGS proteins 

in their apo and complexed forms and the role of these motions in their respective 

binding selectivities and affinities. Since recent research has shown that allosteric effects 

and selectivity in protein-protein interactions may be mediated by changes in widespread 

intramolecular fluctuations (Frederick et al. 2007; Tzeng and Kalodimos 2011), we 

believe that studies of the internal dynamics of RGS and Gα proteins may provide us with 

crucial information that can improve or change our understanding of the regulation of 

signal transmission. The evidence we have already observed for significant 

conformational exchange throughout hGαi1 (as seen through our NMR-monitored 
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temperature titration) supports the idea that such studies will provide worthwhile new 

insight into the functional mechanisms of these proteins. 
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CHAPTER 3: PRELIMINARY NMR CHARACTERIZATION OF 15N-LABELED 

AND TRIPLE-LABELED (15N, 13C, 2H) hNT4, PRODUCED USING A 

PREVIOUSLY ESTABLISHED PROTOCOL 

 

3.1 INTRODUCTION 

 After successfully developing a protocol to prepare human Gαi1 for NMR studies, 

I moved into working on a completely different protein system, dealing with human 

neurotrophin-4 (hNT4, described in detail in Section 1.4). In this chapter I discuss my 

preliminary attempts at characterizing hNT4 using nuclear magnetic resonance (NMR) 

spectroscopy. Having inherited this project from former graduate student Naveen Battala, 

the process of expressing, purifying, and preparing an isotopically labeled hNT4 sample 

for NMR analysis had already been determined (Battala 2011). The original goal of my 

project was to perform NMR analysis on hNT4 backbone dynamics over a wide range of 

timescales in the apo state, and compare that to any changes that occur upon binding to 

its cognate receptor, domain 5 of TrkB (TrkB-d5). Prior to performing more advanced 

NMR analyses, however, sequential amino acid assignment, which involves correlating 

an amino acid in the protein to its peak on an HSQC spectrum, was required.  

Nuclear magnetic resonance is a powerful tool for determining not only the 

solution structure of macromolecules, but also their inherent motions in homogeneous 

mixtures and those containing their respective cofactors and protein conjugates and 

receptors. Prior to pursuing more advanced NMR analysis of protein structure and 

dynamics, a series of experiments are conducted to identify the chemical shift position of 
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each atom of the protein (or, at minimum, the atom chemical shifts that are needed for the 

desired NMR studies). In our case, we were mostly interested in studying backbone 

dynamics, and as such, our chemical shift assignments focused on backbone atoms. 

These experiments included the 2D 1H-15N HSQC and the 3D HNCaCb, HN(CO)Ca, 

HN(COCa)Cb and some NOESY methods, recorded using NMR spectrometers with field 

strengths of at least 500 MHz.  

Providing significantly more detail than a 1D 1H-NMR experiment and requiring 

a 15N-labeled protein sample, the 2D 1H-15N HSQC experiment correlates 1H protons 

with their directly-bound 15N nitrogen atoms. As such, the 1H-15N HSQC spectrum shows 

the backbone amide chemical shift position of every amino acid with the exception of 

proline, with additional resonances for any side-chain nitrogen-bound protons. Thus, the 

number of resonances found in the HSQC spectrum should correlate to the approximate 

number of amino acid residues in the protein. To assign each resonance to its specific 

amino acid, the 3D HNCaCb, HN(CO)Ca and HN(COCa)Cb experiments (which require 

a 13C/15N labeled protein sample) are used to correlate 1H-15N amide chemical shifts of an 

amino acid (in the i position) with the 13Cα and/or 13Cβ chemical shifts of the adjacent 

amino acid in the i-1 position (the HNCaCb experiment also assigns the 13Cα and 13Cβ 

chemical shifts of the i residue). To increase the signal-to-noise ratio and overall spectral 

quality of the aforementioned experiments, we also made a fully deuterated (2H) protein 

sample. Deuteration replaces non-labile 1H hydrogens on the protein which contribute to 

increased line broadening due to proton-proton dipolar relaxation, also known as “spin 

diffusion” (Gardner and Kay, 1998). Because deuterium has no NMR signal, its presence 

decreases the overall proton density and, subsequently, competing relaxation pathways, 
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ultimately increasing signal intensity and decreasing line widths. Utilizing these methods, 

the successive amino acid assignment of hNT4 was expected to help identify each peak in 

the 1H-15N HSQC spectrum, which would then serve as the foundation for more advanced 

NMR experiments. However, the assignment process encountered some roadblocks, 

which will be discussed in this chapter. 

 

3.2 MATERIALS AND METHODS: EXPRESSION AND PURIFICATION 

3.2.1 Plating of MON-105 cells onto LB-agar/spectinomycin media plates 

 Cells used for expressing hNT4 in this section are called MON-105 E. coli cells, 

graciously donated by Pfizer Inc. when this protocol was being developed (Battala 2011). 

Because the MON-105 (Pfizer) cell stocks already contain a plasmid coding for the hNT4 

gene, transformation of the hNT4 gene into the cells was not required. Instead, 50 µL of 

MON-105 frozen cell stock were thawed on ice and mixed directly into 450 µL of LB 

media. An inoculator was then used to streak the media onto LB/agar plates containing 

spectinomycin (75 µg/mL), and allowed to incubate for 12 hours at 37 ºC. Plates were 

stored at 4 ºC until needed. 

3.2.2 Expression of 15N-labeled hNT4 

 A starter culture was prepared in the evening by picking a single MON-105 

colony from the LB + spectinomycin plate into a sterile 250 mL baffled Erlenmeyer flask 

containing 50 mL sterile LB with 3.75 mg spectinomycin (working concentration of 

75 µg/mL). The culture was shaken overnight for no more than 12 hours at 37 ºC and 
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225 rpm. Early the next morning, the optical density of the culture was measured at 

600 nm (OD600) using a BioMate 3 UV–Vis spectrometer (Thermo Scientific). The 

culture was then transferred to a conical tube and centrifuged at 5000 rpm for 10 min at 

room temperature; the resulting supernatant was decanted. The pellet was resuspended in 

1 L of expression growth media consisting of 500 mL M9 minimal medium (MM) 

combined with an additional 500 mL BioExpress (Cambridge Isotope Laboratories, CIL) 

rich medium. The minimal medium was prepared by mixing 42 mM Na2HPO4, 22 mM 

KH2PO4, 8.6 mM NaCl, 1 mM MgSO4, 0.1 mM CaCl2, 5 mL Basal Medium Eagle 

(BME) vitamins (MP Biomedicals), 1 g glucose, 0.5 g NH4Cl, and 75 mg spectinomycin 

in 500 mL of sterile water.  The BioExpress rich medium consisted of 50 mL 10X 15N-

labeled BioExpress mixed with 450 mL sterile water. The 1 L culture was shaken at 

37 ºC and 225 rpm until an OD600 of 0.5 was reached at which point the temperature was 

reduced to 25 ºC. Once an OD600 of 0.8 was reached, induction was carried out using 

5 mL of 10 mg/mL nalidixic acid stock (made by dissolving 0.1 g nalidixic acid in 10 mL 

0.1 M NaOH, sterile filtered), and the culture was allowed to grow for an additional 

11 hours. A 1 mL sample of the culture was transferred to a microcentrifuge tube at the 

time of induction and every two hours thereafter, centrifuged at 13200 rpm for 1 min, and 

the pellets stored at -20 ºC for later analysis of hNT4 expression on SDS-PAGE (sodium 

dodecyl sulfate polyacrylamide gel electrophoresis) gels. At 11 hours post-induction, the 

culture was divided into three 500 mL centrifuge bottles and centrifuged at 8000 rpm for 

20 min at 4 ºC. The three pellets were retained, combined into a pre-weighed 50 mL 

conical tube, and centrifuged at 8000 rpm for 10 min at 5 ºC. The remaining supernatant 
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was decanted and the pellet was stored at -20 ºC until cell lysis and purification could be 

performed. 

3.2.3 Expression of triple-labeled (15N, 13C, 2H) hNT4 

 While the deuterated, triple-labeled expression growth of hNT4 uses many of the 

same ingredients as the unlabeled or single (15N)-labeled growth, a major difference is the 

sole use of deuterated water (D2O) in preparing the 1 L minimal medium stock solution, 

three sequential cultures to gradually introduce isotopically labeled ingredients, and the 

amount of prep time required to lyophilize all minimal media components which can take 

upwards of six days and must be prepared prior to inoculating the starter culture. The 

preparation of freeze-dried media was as follows. 

 For the 1 L deuterated growth, M9 minimal medium components (5.66 g 

Na2HPO4, 1.5 g KH2PO4, 0.25 g NaCl, 0.5 g NH4Cl and 1 g of 13C-labeled and deuterated 

glucose) were dissolved in 100 mL D2O, transferred to a glass lyophilizer flask (pre-

rinsed with D2O), frozen using a liquid nitrogen bath, and lyophilized. Concurrently, two 

10 mL D2O stock solutions of 1 M MgSO4 and 0.1 M CaCl2, respectively, were 

lyophilized in separate 50 mL conical tubes. Once completely freeze-dried, the MM 

components were reconstituted in 500 mL D2O. The powdered MgSO4 and CaCl2 

samples were weighed out and reconstituted in D2O to bring the final concentrations back 

up to 1 M and 0.1 M, respectively; 0.5 mL of each of these stocks was then added to the 

500 mL master MM sample. In lieu of BME vitamins, which come pre-made in non-

deuterated water, 0.5 mg biotin and 0.5 mL thiamine stock (10 mg/mL in D2O) were also 

added to the master MM sample, as were 75 mg spectinomycin. The entire 500 mL MM 
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sample was then filter sterilized and stored at 5 ºC until further use. The other half of the 

1 L growth culture consisted of 50 mL deuterated 13C and 15N-labeled BioExpress mixed 

with 450 mL D2O; this solution was prepared, filter-sterilized, and combined with the 

500 mL MM sample just prior to use.  

 During the lyophilization process, MON-105 colonies were plated as described in 

Section 3.2.1. Once all minimal media were prepared, a starter culture (containing 

100 mL LB (in H2O) + 7.5 mg spectinomycin in a 500 mL baffled Erlenmeyer flask) was 

inoculated and allowed to grow at 37 oC for one day to a maximum OD600 of 1.3, at 

which point 50 µL was transferred into a separate 100 mL minimal growth medium. This 

secondary starter culture, containing 50% 13C/15N M9 minimal medium (see Section 

3.2.2) and 50% 13C/15N BioExpress in H2O, was allowed to grow overnight to an OD600 

of 1.5. Just prior to harvesting the cells from this overnight culture, the two 500 mL 

components of the 1 L triple-labeled MM culture (see previous paragraph) were 

combined in a 3 L sterile Fernbach flask. To give a starting OD600 of 0.1, only a portion 

of the overnight MM starter was centrifuged for 10 min at 5000 rpm at room temperature; 

the pellet was resuspended in 10 mL of triple-labeled MM and then added to the 1 L 

culture. Once the culture reached an OD600 of 0.5, the temperature was reduced to 25 ºC 

and the culture was induced using nalidixic acid stock (in D2O) to a final concentration of 

0.2 mM in the 1 L culture. Expression was allowed to proceed for approximately 

19 hours at 25 oC, with 1 mL samples taken periodically for SDS-PAGE analysis. After 

the induction period, cells were harvested and stored as described previously in Section 

3.2.2. 

3.2.4 Purification and refolding of hNT4 
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 Purification of hNT4 is an extensive process spanning 8 to 10 days, and utilizes 

an ÄKTA FPLC (GE Healthcare Life Sciences) protein purification system and multiple 

dialysis steps; luckily, the purification protocol is identical whether the protein is 

isotopically labeled or not. Purification was started by resuspending the frozen expression 

pellet in Buffer P1 (20 mM tris, 5 mM ethylenediaminetetraacetic acid (EDTA), pH 8.0, 

see Appendix), with a buffer volume of 10 mL per 1 g wet weight of cell pellet. The 

suspension was then sonicated for 10 rounds of 20 sec pulses using a Misonix Sonicator 

3000 (Qsonica, LLC.) with microtip, and centrifuged at 18000 rpm for 30 min at 4 ºC. 

Because hNT4 is expressed insolubly, the resulting supernatant was discarded and the 

remaining pellet solubilized in denaturing urea buffer, Buffer P2 (20 mM tris, 6 M urea, 

25 mM dithiothreitol (DTT), pH 8.0) with 0.2% (w/v) polyethylenimine (PEI)); the 

amount of buffer used was equivalent to Buffer P1. The solution was stirred at 5 ºC for 

30 min and then centrifuged as in the first step. The supernatant was injected onto a 

diethylaminoethyl (DEAE) weak-anion exchange column (GE Healthcare Life Sciences) 

that had been pre-equilibrated with DEAE Buffer A (20 mM tris, 6 M urea, 10 mM DTT, 

pH 8.0; see Appendix) and then washed with 2 column volumes (CV) DEAE Buffer B 

(Buffer A + 1 M NaCl). The resulting flow-through was collected, pooled, and dialyzed 

overnight at 5 ºC against 4 L of SP Buffer A1 (20 mM sodium acetate, 6 M urea, pH 5.0; 

Appendix). The sample was then injected onto a HiPrep 16/10 SP cation exchange 

column (GE Healthcare Life Sciences) pre-equilibrated with SP Buffer A1. The column 

was washed with 2 CV SP Buffer A1 and hNT4 was eluted using 3 CV of 50% SP Buffer 

B1 (Buffer A1 + 1 M NaCl) and stored at 5 ºC for refolding.  
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Refolding of hNT4 consisted of several steps over a 24 hr period. Pooled SP 

fractions containing hNT4 were dialyzed ~ 6 hours in 2 L of Processing Buffer (0.2 M 

tris, 4 M guanidine.HCl, 5 mM DTT, pH 8.3) and then transferred to 2 L fresh Processing 

Buffer to further dialyze overnight at 5 ºC. Using the second dialysis buffer as a blank, 

the protein concentration was determined by absorbance measurements at 280 nm using 

Beer’s Law: 

A = ɛbc 

Where A is the absorbance (A280) of aromatic amino acids tryptophan and tyrosine with a 

small contribution from cystines (although this contribution is usually omitted from the 

calculation when the protein is reduced), ɛ is the average extinction coefficient of hNT4 

(25,608 M-1 cm-1, determined by approximation in 6 M guanidine HCl (Pace et al. 1995)), 

b is the path length of the cuvette (1 cm), and c is the concentration of protein in the 

sample (in M). Although this measurement uses the extinction coefficient for hNT4 only, 

it serves as a good approximation for the overall protein content at this stage. The sample 

was then concentrated to 10 mg/mL at 5 ºC, transferred to a 50 mL conical tube, and 

oxidized glutathione was added to 20 mM and gently stirred for 30 min at 5 ºC. 

Afterwards, 19X volume of Refolding Buffer (0.1 M tris, 1 M guanidine.HCl, 20 mM 

glycine, 5 mM DTT, pH 8.3) was added, followed immediately by 3 mM L-cysteine. To 

allow the disulfide bonds of the cystine knot to re-form, the sample was de-oxygenated 

by bubbling nitrogen through it for 1 hour on ice; it was then sealed tightly and allowed 

to stir for 24 hours at 5 ºC (Tsao et al. 2008; Battala 2011).  
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 After the 24 hour refolding period, the sample was removed from the cold and 

dialyzed at room temperature into 2 L of buffer AB (50 mM sodium acetate, pH 5.0) for 

~6 hours and another 2 L overnight. The same procedure was followed using buffer PB1 

(50 mM sodium phosphate, pH 6.5), after which the sample was concentrated 10-fold. 

The salt content of the sample was increased to 2.5 M NaCl by adding a 4 M NaCl stock 

solution (50 mM sodium phosphate, 4 M NaCl, pH 6.5) after which it was immediately 

injected onto a HiPrep 16/10 Phenyl FF (lowsub) hydrophobic interaction (HIC) column 

(GE Healthcare Life Sciences) pre-equilibrated with Phenyl Buffer A (50 mM sodium 

phosphate, 2.5 M NaCl, pH 6.5). The column was washed with 2 CV Phenyl Buffer A, 

followed by a linear gradient of 0 to 100% Phenyl Buffer B (50 mM sodium phosphate, 

pH 6.5) over 3 CV. Collected fractions were pooled based on varying degrees of salt 

content, i.e. the amount of Phenyl Buffer B (0 to 30%, 30 to 50%, 50 to 80% and 80 to 

100%) and were analyzed for protein content using SDS-PAGE; to prevent streaking, 

samples with a NaCl content higher than 250 mM were first dialyzed into Phosphate 

Buffer prior to loading onto SDS-PAGE gels. Pooled fractions containing hNT4 were 

then dialyzed into NMR Buffer (20 mM sodium phosphate, 75 mM L-arginine HCl, 

75 mM monosodium glutamate, pH 6.3). Samples were stored in 50 mL conical vials at 

ambient temperature and remained stable for about a week. In the event of excessive 

hNT4 precipitation, L-arginine was added to 0.5 M and the sample was dialyzed back 

into NMR Buffer (Hautbergue and Golovanov 2008; Battala 2011). 
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3.3 MATERIALS AND METHODS: NMR CHARACTERIZATION 

 Expression and purification of 15N and triple-labeled (15N, 13C, 2H) hNT4 NMR 

samples followed the protocols described previously in sections 3.2.1 to 3.2.4. Samples in 

NMR buffer were concentrated to 0.5 mL or to a maximum protein concentration of 

0.5 mM (to prevent precipitation). Prior to running NMR experiments, D2O was added to 

the sample to a concentration of 10% v/v; NaN3 (Malinckrodt) and 3-trimethylsilyl-1-

propanesulfonic acid sodium salt (also known as DSS) (TCI Chemicals) were also added 

to final concentrations of 2 mM and 0.2 mM, respectively.  

3.3.1 (2D) 1H-15N-HSQC experiments 

 The two-dimensional 1H-15N heteronuclear single quantum coherence (HSQC) 

experiment is the first NMR experiment performed on a protein sample, as it identifies 

the chemical shift position of the backbone amide of each amino acid, as well as any 1H-

15N side-chain groups. Once amino acids have been correlated to their respective peaks 

on the HSQC spectrum, the data can be used as a chemical shift map for more advanced 

NMR experiments. Both 15N-labeled and deuterated (2H)/15N/13C-labeled proteins can be 

used for the HSQC experiments, with the latter giving a higher resolution spectrum due 

to spin diffusion suppression by the aliphatic deuterium atoms.  

 1H-15N HSQC spectra (Kay et al. 1992) were collected on both 15N-labeled  

(0.37 mM) and 2H/15N/13C-labeled (0.4 mM) hNT4 protein samples. The former was 

recorded at 35 ºC on a Varian 500 MHz spectrometer at CSUCI utilizing the following 

parameters: 16 scans over 516x128 complex points with spectral widths of 7530 and 

2000 Hz, respectively. The latter sample was used to record spectra at 35 ºC on an 
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Agilent 600 MHz spectrometer at CSUN, utilizing the following parameters: 32 scans 

over 642x128 complex points, with spectral widths of 7530 and 2000 Hz.  

3.3.2 Backbone assignment using (3D) HN(CO)Ca and HN(COCa)Cb NMR experiments 

To accompany the HSQC data and begin the process of assigning the backbone 

residues of hNT4 to their respective spectral peaks, HNCaCb (Kay et al. 1994; 

Muhandiram and Kay 1994), HN(CO)Ca (Yamazaki et al. 1994), and HN(COCa)Cb  

(Kay et al. 1994; Muhandiram and Kay 1994) experiments were conducted. Together 

these experiments correlate the 1HN, 15N, Cα and Cβ chemical shifts of i and i-1 residues, 

enabling sequential identification of peaks on the HSQC. The HNCaCb experiment 

consisted of 34 scans, 642x64x32 complex points with spectral widths of 7530, 10000 

and 2000 Hz, respectively. The HN(CO)Ca experiment was obtained using 50 scans with 

642x64x32 complex points and spectral widths of 7530x4500x2000 Hz. Last, the 

HN(COCa)Cb experiment consisted of 56 scans with 642x64x32 complex points and 

spectral widths of 7530x10000x2000 Hz. Two additional experiments that can assist in 

the backbone assignment by correlating the 1HN proton with other protons in the vicinity 

are the NOESY-HSQC (Zhang et al. 1994) and the HSQC-NOESY-HSQC (Zhang et al. 

1997) experiments. The NOESY-HSQC was recorded using 38 scans with 642x64x32 

complex points and spectral widths of 7530x7500x2000 Hz. The HSQC-NOESY-HSQC 

consisted of 58 scans and 642x32x32 complex points with spectral widths of 

7530x2000x2000 Hz. All spectra were obtained on a 600 MHz Agilent spectrometer with 

a room temperature probe. 

3.3.3 (2D) 1H-15N-HSQC titration experiments with unlabeled hTrkB-d5 and hTrkB-d5L 
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 As a preliminary assessment of the level of interaction between hNT4 and its 

hTrkB-d5 receptor, 1H-15N HSQC titration experiments were performed using 15N-

labeled hNT4, and unlabeled hTrkB-d5 or hTrkB-d5L; the latter is a version of domain 5 

which retains the N-terminal membrane linker that attaches it to the trans-membrane 

domain. All titration experiments were conducted at 35 ºC on a Bruker 600 MHz 

spectrometer equipped with a cryoprobe at the Scripps Research Institute in La Jolla, 

California. For these experiments, four 1 L batches of MON105 cells producing 15N 

hNT4 were grown and purified as described in Section 3.2 (see also Results and 

Discussion Section 3.4.1). The first set of experiments involved the addition of increasing 

amounts of a 0.61 mM sample of hTrkB-d5L to a 0.54 mM 15N hNT4 sample in the 

following approximate ratios: 0.1, 0.25, 0.4, 0.55, 0.7, 0.85, and 1:1, respectively. The 

NMR sample was concentrated down to ~ 0.5 mL at the 0.4:1 and 1:1 titrations to 

maintain as much of a constant 15N hNT4 concentration as possible; a significant portion 

of the protein may have been lost to the concentrator membrane during the 0.4:1 

concentration.  

 The second set of experiments involved a similar titration process as above using 

a 1.17 mM sample of unlabeled TrkB-d5, without the linker region. This was added to a 

0.41 mM sample of 15N hNT4 in the following ratios: 0.1, 0.25, 0.4, 0.55, 0.7, 2, and 4:1, 

respectively. Once again, the sample was concentrated to ~ 450 µL at the 4:1 titration 

stage before recording the experiment. 
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3.4 RESULTS AND DISCUSSION 

3.4.1 Expression of 15N and triple labeled (15N, 13C, 2H) hNT4 

 In addition to a decrease in the OD600 measurements (data not shown), SDS-

PAGE gel analysis of the 15N hNT4 expression indicated that the amount of protein being 

expressed did not significantly increase beyond the eleventh hour post-induction, which 

suggests that a 10- or even 8-hour induction period would suffice (Figure 3.1A). 

Conversely, the length of induction was increased to 19 hours for the triple labeled hNT4 

to account for the much slower growth of E. coli in the deuterated medium. As in the case 

of the 15N labeled growth, the OD600 began to drop at the 19th hour, indicating that this 

was the maximum amount of time we could let the cells grow before they started to die 

off. All future hNT4 expressions using the MON-105 cells, including the 4 L 15N labeled 

growth for use in the Scripps Institute analysis, were adjusted to these times. 

3.4.2 Purification and refolding of hNT4 

 As mentioned previously in Section 3.2.4, the purification of hNT4 was identical 

for both isotopically labeled and unlabeled proteins. hNT4 purification began with cell 

pellet resuspension, cell rupture by sonication, and finally solubilization of the target 

protein in high-denaturant buffer. Figure 3.1B shows that sonication of the resuspended 

cell pellet efficiently separated the insoluble hNT4 from the cell lysate, which included a 

significant amount of the cellular protein content. The sample was further purified when 

solubilization of the resulting pellet with Buffer P2 (see Appendix) brought hNT4 into 

solution and the subsequent centrifugation separated the other insoluble protein species. 

Chromatographic separation using the DEAE anion exchange (Figure 3.1B and C) and  
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Figure 3.7. Representative UV traces and SDS-PAGE gel data from expression and FPLC 
purification of hNT4. Arrows beside gels are used to indicate the band position of the desired 
protein. Numbers shown under each gel lane in A represent time after induction with nalidixic 
acid (in hours); for F, the numbers represent FPLC fractions. (A) SDS-PAGE gel of 11 hour 
hNT4 expression in MON-105 cells. (B) SDS-PAGE gel representing the location of hNT4 
during various stages of purification: sonicated cell pellet supernatant (S) and pellet (P), 
solubilized pellet supernatant (S) and pellet (P), pooled DEAE fractions (D), and pooled SP 
fractions (SP). (C/D) FPLC UV-traces (recorded at 280 nm) corresponding to the DEAE and SP 
purifications, respectively. Green lines represent increasing NaCl concentrations. (E/F) UV-trace 
and SDS-PAGE gel, respectively, of HIC purification of refolded hNT4. In this case, the green 
line in (E) represents a decreasing NaCl gradient. Inset in (F) shows contents of the precipitate 
(P), which includes impurities and some hNT4, and soluble (S) hNT4 in the NMR sample. 
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SP FF cation exchange (Figure 3.1B and D) columns further purified the sample (though 

it should be noted that the sample shown in the SP lane (Figure 3.1B) is much more 

concentrated, hence appearing less pure than the DEAE lane). For the 15N and triple 

labeled hNT4 purifications, protein concentration estimates (Pace et al. 1995) made of the 

SP FF pooled samples were 15 mg and 12 mg of protein per 1 L batch, respectively. 

Because the pooled SP sample was mostly hNT4, this served as a decent approximation 

of hNT4 expression yield as well.  

 Because the protein was in a denatured and reduced state during the initial 

purification steps, not much loss due to precipitation or physical manipulation was 

encountered. This, however, changed during the refolding process, where protein 

precipitation seemed to be unavoidable. For example, the post-refold dialysis into Buffer 

AB caused precipitation of remaining impurities, but also some hNT4. While there was 

no mention of precipitation during this stage in the original publication (Tsao et al. 2008), 

the protocol itself was a modification of the original patents for neurotrophin purification 

and refolding (Burton et al. 1999; Lile et al. 1997) where it was stated that the refolding 

process results in unfolded and misfolded variants of hNT4, the former of which tended 

to precipitate out of solution at this stage of the purification.  

After dialysis into Buffer AB, hydrophobic interaction chromatography was used 

to separate properly folded hNT4 from any misfolded variants that remained stable in 

dilute solution (Burton et al. 1999; Tsao et al. 2008). While it is unclear where the 

misfolded hNT4 variants, if any, eluted on the chromatogram from our trials, the majority 

of hNT4 eluted at the very end of the decreasing NaCl gradient for all purifications 

performed using this method (Figure 3.1E and F). To increase the stability of hNT4 and 
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prevent rapid precipitation, the pooled HIC sample was then dialyzed into NMR Buffer 

(without the DSS, D2O, and NaN3 additives). Here again, mild precipitation of species   

comprising primarily impurities occurred; further precipitation of hNT4 beyond this point 

occurred only during concentration of the NMR sample. 

  Significant precipitation was also encountered in the 4 L batch operation 

undertaken for analysis at the Scripps Research Institute. Here, four separate 1 L 15N 

hNT4 expressions (Batches A-D) were performed. Due to time constraints, the batches 

were combined into Set 1 (A/B) and Set 2 (C/D) then purified and refolded as described 

above. The initial estimate of hNT4 content for pooled Sets 1 and 2 were 71 mg and 

32 mg of protein, respectively. Although this seems considerably higher than the initial 

1 L purifications described above, there was a much higher level of impurities in the 

combined SP samples, thereby resulting in the high estimates. Due to the significantly 

higher concentration of hNT4 and impurities, however, mild precipitation was observed 

after the 24 hour refolding period in Refolding Buffer, followed by much heavier 

precipitation after dialysis into Buffers AB and PB. An attempt to resolubilize and refold 

the precipitate yielded only a few additional milligrams of usable hNT4 protein for NMR. 

HIC purification of the remaining protein in solution gave relatively pure protein, with 

any remaining impurities precipitating out in the NMR buffer (Figure 3.1F, inset). 

Additional precipitation of 15N hNT4 was encountered during concentration of the NMR 

samples, but this was allowed to remain in the sample because it was pure hNT4. In the 

end, three 0.5 mL NMR samples were made for use at the Scripps Research Institute with 

15N hNT4 concentrations of 0.61, 0.54, and 0.43 mM. 

3.4.3 1H-15N HSQC (2D) NMR analysis of 15N and 15N/ 13C/ 2H hNT4 
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 As mentioned in Section 3.1, the 2D 1H-15N HSQC experiment serves as a 

foundation for more advanced NMR analysis, and can be performed on uniformly 

protonated or deuterated (at non-labile positions) 15N,13C-labeled protein samples, the 

latter giving a much higher resolution spectrum due to suppression of spin diffusion by 

the absence of aliphatic hydrogens. Combined with the HNCaCb, HN(CO)Ca and 

HN(COCa)Cb experiments, the 1H-15N HSQC forms the standard set of NMR 

experiments for protein backbone assignment of deuterated proteins. 

 For the 15N hNT4 sample produced in Section 3.2.2, a 1H-15N HSQC experiment 

was conducted at 35 ºC on a 500 MHz spectrometer at CSUCI. The resulting spectrum 

(Figure 3.2A) shows overall good peak distribution over a wide chemical shift range in 

both the 1H and 15N dimensions, though with somewhat low peak intensity due to the use 

of a lower field (500 MHz) spectrometer. In contrast, peak intensity within the 7.5 – 

8.7 ppm range in the 1H dimension is considerably greater, suggesting very fast 

conformational exchange in one or more regions of the protein that are flexible or 

potentially disordered. Additionally, significant broadening and low backbone amide 

peak resolution is observed for numerous peaks, most likely due to intermediate 

timescale conformational exchange at those positions. This broadening is further 

exacerbated by loss of magnetization during experiments due to spin diffusion to 

aliphatic hydrogens. 

 Spectral resolution in this region was significantly enhanced using the triple 

labeled hNT4 sample, and a 600 MHz spectrometer. As can be seen in Figure 3.2B, peaks 

in the 7.5 – 8.7 ppm region are much better defined than in the 500 MHz spectrum 

(Figure 3.2A), with significantly less line broadening, suggesting that deuteration (in  
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Figure 3.2. 2D 1H-15N HSQC spectra of (A) 15N hNT4 and (B) 15N/ 13C/ 2H hNT4 in NMR 
buffer.  All spectra were acquired at 35 ºC. The spectrum in A was taken using a 500 MHz NMR 
spectrometer at CSUCI, whereas a 600 MHz NMR spectrometer at CSUN was used to acquire the 
spectrum in B. Assigned peaks in B, corresponding to amino acids in hNT4, are depicted in red. 
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addition to a higher field spectrometer) helped to resolve the spin diffusion problem. 

Although resolution was increased in this region, peak intensity remained high for certain 

peaks (as would be expected, because the high peak intensity is due to an intrinsic 

property of the protein which would not be affected by isotope labeling or a change in 

NMR field strength).  

3.4.4 Peak assignment using the (3D) HNCaCb, HN(CO)Ca and HN(COCa)Cb NMR 

experiments 

 HNCaCb, HN(CO)Ca and HN(COCa)Cb NMR experiments allow for sequential 

assignment of amino acid residues of a protein with deuterated aliphatic groups. Whereas 

the HN(CO)Ca and HN(COCa)Cb experiments correlate the amide chemical shift of a 

residue in the i position of a protein sequence with the Cα or Cβ carbon, respectively, of 

the i-1 position, the HNCaCb experiment correlates amide chemical shift at position i 

with Cα and Cβ carbons of both i and i-1 residues. Used together, these three experiments 

can help in the assignment of an individual peak in the 1H-15N HSQC spectrum to its 

corresponding backbone amide at a particular amino acid position in the protein (as well 

as the Cα and Cβ chemical shifts for each residue). Unfortunately, peak assignment in the 

aforementioned 1H-15N HSQC spectrum (based on data from the assignment 

experiments) was marginal, at best, enabling the assignment of only a few residues 

primarily in the C-terminal region which appears to be quite disordered, thus providing 

better peak intensity (Figure 3.2B).  

The primary reason for the poor progress in assignment was the low intensities of 

most peaks in the HNCaCb spectrum where the alignment of peaks for consecutive i and 
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i-1 residues could not be made for more than two or three consecutive residues. Figure 

3.3 provides an example of some of the best quality strips in the spectrum (corresponding 

to C-terminal residues), which are missing many peaks, themselves. Strips corresponding 

to residues at other positions in the sequence often showed 0 or 1 peaks out of four. 

While this poses a considerable challenge for most proteins, the presence of repetitive 

two- and three-amino-acid sequence motifs throughout the hNT4 protein made reliable 

peak assignment nearly impossible.  

The reasons for the low spectral quality in the 3D assignment spectra are similar 

to those outlined for the 2D 1H-15N HSQC (see Section 3.4.3), namely, intermediate 

timescale conformational exchange in some regions of the protein that cause the peak 

broadening. Part of the problem may also arise from monomer-homodimer exchange. A 

third major issue, which is a recurring problem with this protein, is sample instability. As 

all of these experiments require longer acquisition times than the HSQC, the propensity 

of hNT4 to precipitate over a short period of time in the NMR buffer drastically reduces 

its concentration in solution, which in turn requires even more acquisition time to 

compensate for the decreased amount of dissolved protein in the sample. This vicious 

cycle ultimately ends in loss of peaks and reduction of spectral quality. The NOESY-

HSQC-NOESY and NOESY-HSQC spectra lacked peak intensity altogether, and could 

not be used to assist in peak assignment on the HSQC. 

3.4.5 NMR titration experiments of 15N hNT4 with hTrkB-d5 and hTrkB-d5L 

 The linker region of hTrkB-d5 is a strand of ~37 amino acids connecting the 

extracellular immunoglobulin domain 5 of Trk receptors to their transmembrane domain,  
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Figure 3.3. Representative strips of the HNCaCb spectrum for consecutive amino acids assigned 
in the hNT4 HSQC, demonstrating the lack of peak intensity for certain residues. Individual 
amino acid letter code and number can be found at the top of each strip. Each 2D strip shown here 
has been extracted from the 3D experiment such that the z-axis plane corresponds to the 15N 
chemical shift of the residue in the i position and the x-axis has been narrowed to include only the 
1H region immediately surrounding the amide proton chemical shift for residue i. Cα (black 
peaks) and Cβ (red peaks) atoms of consecutive residues are numbered as such. Dashed light blue 
lines connect identical Cα and Cβ atoms between i and i-1 residues. Dashed ovals represent 
missing peaks of Cα (black) and Cβ (red) atoms for that particular residue. R: arginine; T: 
threonine; G: glycine. 
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and one that we believe plays a role in binding specificity between neurotrophins and 

their Trk receptors (please see Chapter 1.4.4 for more detailed information). To better 

understand this relationship, we expressed hTrkB-d5 with a 21 residue section of the 

linker attached to the C-terminus (hTrkB-d5L), and used this version of the receptor in 

NMR titration experiments. This type of NMR experiment involves the addition of 

increasing concentrations of unlabeled ligand to a solution of isotopically labeled protein 

in the hopes that the process will trigger a change in the chemical shift of peaks on the 

HSQC spectrum, thus identifying specific residues that are directly or allosterically 

involved in interactive regions on the target protein. 

 In the series of experiments described here, unlabeled hTrkB-d5 and hTrkB-d5L 

were added separately in increasing concentration ratios to a solution of 15N labeled 

hNT4, as described in Section 3.3.3. Although HSQC peak assignment was not possible 

at this stage of the work, the hope was that the addition of the receptor would make some 

of the peaks on the HSQC shift in their position, identifying regions of interaction on 

hNT4. If we could observe differences in chemical shift changes between the hTrkB-d5 

and hTrkB-d5L titrations, this could provide evidence that the linker region is engaged in 

stable and specific interactions with hNT4. To account for the potential decrease in 

spectral resolution resulting from a significant increase in molecular weight due to 

binding of a hNT4 homodimer to two hTrkB-d5 monomers (with a combined molecular 

weight of ~ 52 kDa), these experiments were performed on a 900 MHz spectrometer at 

the Scripps Research Institute in La Jolla, CA. 

 The results of the titrations for both the hTrkB-d5 and hTrkB-d5L receptors are 

shown in Figure 3.4B and C, respectively. In both cases, many of the identifiable peaks  
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Figure 3.4. Representative 2D 1H-15N HSQC titration spectra of (A) 15N hNT4 prior to titration, 
(B) 2:1 ratio of hTrkB-d5 to 15N hNT4, and (C) 1:1 ratio of  hTrkB-d5L to 15N hNT4. All titration 
experiments were conducted at 35 ºC on a Bruker 900 MHz spectrometer equipped with a room 
temperature probe at the Scripps Research Institute in La Jolla, California.  
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present in the pure 15N hNT4 HSQC (Figure 3.4A) have disappeared, while others have 

shifted their positions and/or increased in intensity. The slightly greater number of peaks 

present in the 2:1 hTrkb-d5 sample (Figure 3.4B) versus the 1:1 sample with -d5L 

(Figure 3.4C) may indicate a stable population of Trk-bound hNT4 due to the excess 

amount of the receptor, enabling better spectral resolution of the complexed 

neurotrophin. Overall, these data are consistent with a change in the electronic 

environment surrounding the amide groups of the hNT4 backbone, and indicative of 

binding interactions with hTrkB-d5 and -d5L. Although the quality of both spectra 

(Figure 3.4B and C) is low, it is still clear that there are differences in chemical shift 

positions and visible peaks that provide preliminary evidence that hNT4 may interact 

with the linker region. A much more detailed analysis of this interaction, however, will 

require a fully assigned HSQC spectrum of hNT4 which, ultimately, requires complete 

HNCaCb, HN(CO)Ca and HN(COCa)Cb spectra and a very stable NMR sample. 

 

3.5 SUMMARY 

 In an attempt to characterize hNT4 by NMR using a previously developed 

protocol for its expression and purification (Battala 2011), a number of issues arose 

during the process that made NMR characterization difficult, if not impossible. At the 

heart of these issues was the inevitable precipitation of hNT4 during refolding and 

concentration of the NMR sample. While refolding of a single 1 L hNT4 sample 

precipitated mostly impurities along with potentially unfolded hNT4, the significant 

increase in precipitation when hNT4 expression samples were combined for refolding 
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made it clear that a low protein concentration is critical to proper refolding. Furthermore, 

the significant increase in impurities in the combined SP FF pools for analysis at Scripps 

(Section 3.4.2) signify that the FPLC column was potentially overloaded with protein 

causing non-specific interactions between impurities and hNT4 and a decrease in column 

resolution. Taken together, these results suggest that such shortcuts should be avoided, 

despite the savings in time and costs. In addition to the problems encountered during the 

purification and refolding stages, the defined protocol allows for the pure hNT4 sample to 

remain stable for up to a week in the NMR buffer. While this time period is satisfactory 

for running a 2D spectrum such as an HSQC, 3D experiments such as the HNCaCb, 

HN(CO)Ca, HN(COCa)Cb and other more advanced experiments require longer time 

periods for data acquisition, especially when protein concentrations are significantly 

lower than 1 mM, as is the case for hNT4 (a direct result of precipitation). 

 The issues described above represent a significant loss not just in protein, but of 

time and money as well. A single 1 L expression and purification run can take upwards of 

two weeks to complete. While the total cost of this procedure is high, a triple labeled 

(deuterated, 13C and 15N labeled) hNT4 sample can take up to three weeks to make, with 

a cost increase into the thousands of dollars. With the amount of sample loss due to 

protein instability, and the subsequent inability to attain high resolution NMR spectra, the 

decision was made to try and pursue a more efficient expression and purification protocol 

that would provide a higher yield of hNT4 per liter of cell culture. 
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CHAPTER 4: SUMO-hNT4gs: NEW ATTEMPTS TOWARDS hNT4 

PURIFICATION AND HIGH LEVELS OF EXPRESSION USING GENE 

OPTIMIZATION AND THE pET-SUMO PLASMID 

 

4.1 INTRODUCTION 

 Riding off the success of the SUMO-based expression of hGαi1 (Chapter 2), the 

decision was made to test the SUMO fusion system with hNT4 in an effort to increase 

expression yield, lower costs and assist in simplifying purification. In addition to this 

strategy, gene optimization was employed for the hNT4 gene in an effort to further 

increase its expression yield in the E. coli host. While effective E. coli strains have been 

developed to overcome the codon bias problem in bacterial expression platforms for 

eukaryotic proteins (the MON-105 cells from Pfizer (Chapter 3) and the BL21-

CodonPlus (DE3) RIPL strains (Chapter 2) are good examples), another solution is to 

modify the eukaryotic gene sequence to coincide with codons common to the prokaryotic 

host, bypassing any problems of rare tRNA availability and potentially lengthy cell 

engineering (Maertens et al. 2010). For this project, the hNT4 gene was optimized by 

GenScript USA Inc. (and re-named hNT4gs to differentiate it from the unoptimized hNT4 

gene discussed in Chapter 3), placed into the pET-SUMO plasmid, and expressed as a 

SUMO-hNT4 fusion protein. 

 Because this is a rather lengthy chapter comprising many different techniques, a 

brief outline of the chapter contents is provided herein. Starting with the Materials and 

Methods, pages 78 through 90 describe sequential steps for preparing the SUMO-hNT4gs 
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plasmid, expression trials utilizing a variety of E. coli cell lines, and tests determining if 

any of the fusion protein is expressed solubly. Pages 92 through 97 describe a series of 

attempts at purifying NT4 from SUMO after protease cleavage. The series of tests are 

taken from a single 1 L expression where the lysed cell pellet contents were split in half, 

with each half undergoing its own series of purification trials (also outlined in Figures 4.1 

and 4.2; pages 94 and 96, respectively). Follow-up purifications to these initial trials can 

be found in pages 97 to 104, and include TMAO optimization, improved Ni-NTA 

purification and size exclusion chromatography for isolation of the fusion protein, and 

finally isolation of NT4. The last section of the Materials and Methods, starting on page 

105, is a description of the NT4 refolding protocol. 

  The Results and Discussion section, starting on page 106, sequentially follows the 

Materials and Methods with preparing the SUMO-hNT4gs plasmid, expression tests and 

the search for soluble fusion protein in the cell lysate. To begin the discussion on 

separating NT4 from SUMO, results from the initial two part purification series can be 

found on pages 113 through 115. The succeeding sections discuss the Ni-NTA and HIC 

optimization tests starting on page 120, followed by chromatofocusing and anion 

exchange chromatography trials which isolate NT4. As a brief aside, the role of size 

exclusion chromatography in isolating the fusion protein prior to Ulp1 cleavage is 

discussed on page 126, followed by a brief summary of the final expression and 

purification protocol. Chapter 4 concludes with results and discussion of attempts to 

refold NT4 using a newly described method. 
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4.2 MATERIALS AND METHODS 

4.2.1 Preparing the SUMO-hNT4gs plasmid: Primer design 

 5ʹ forward (FWD) and reverse-complement (REV) DNA primers were designed 

based on the following template: 5ʹ – 6 base pair random sequence – restriction site – 

(start) – annealing sequence – (stop) - 3ʹ. Whereas FWD primers may or may not contain 

a start codon sequence (depending on the position of the starting codon of the gene 

sequence), REV primers, which are the reverse complement of the gene from the 3ʹ-end, 

must contain a stop codon sequence at the end. Additionally, primers were designed with 

annealing sequences adding up to a melting temperature (Tm) of 60 ºC, with adenine and 

thymine bases each accounting for a 2 ºC increase in Tm and guanine and cytosine bases 

for a 4 ºC increase. For SUMO-hNT4gs, FWD and REV primers were designed with ScaI 

(blunt end) and BamHI restriction sites, respectively, and ordered from Integrated DNA 

Technologies (IDT). Restriction sites were selected from the multiple cloning site region 

of the pET-SUMO plasmid. ScaI was selected because it would ultimately permit the 

cleavage of hNT4 protein from SUMO with no additional residues left behind at the N-

terminus (once the two proteins were separated during purification). 100 µM stocks were 

made of each oligo obtained from IDT, with 25 µM working solutions being made for 

subsequent PCR reactions. A detailed summary of the designed oligos can be found in 

Table 4.1. 
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Table 4.1: PCR primer design for SUMO-hNT4gs. Forward and reverse hNT4gs 
primers designed for PCR amplification of the hNT4gs gene.  

 

4.2.2 Preparing the SUMO-hNT4gs plasmid: PCR amplification of the hNT4gs gene 

 The lyophilized pUC-57 plasmid (GenScript) containing the optimized hNT4 gene 

(hNT4gs) was resuspended in 20 µL of sterile water and the plasmid DNA concentration 

was determined by absorbance measurements at 260 nm and 320 nm using Beer’s Law: 

A = ɛbc 

Where A is the absorbance of DNA (A260 - A320), ɛ is the average extinction coefficient of 

double stranded DNA (0.020 (µg/mL)-1 cm-1), b is the path length of the cuvette (1 cm), 

and c is the concentration of DNA in the sample. From the master stock, a 10 ng/µL 

working plasmid stock was made and stored at -20 ºC until needed; the master stock was 

stored at -80 ºC. The hNT4gs gene was PCR-amplified from the pUC-57 plasmid on a 

2720 Thermo Cycler (Applied Biosystems) using the aforementioned oligo primers with 

an ScaI (blunt end) restriction site in the forward (5ʹ) direction, and a BamHI restriction 

site in the 3ʹ direction (reverse complement). The 50 µL PCR reaction mixture was 

prepared in a 100 µL PCR tube as follows: 5 µL 10X Pfu buffer (Stratagene), 1 µL of 

100 mM dNTPs (Stratagene), 5 µL of the 10 ng/µL SUMO-hNT4gs stock, 1 µL of 

25 µM FWD primer stock, 1 µL of 25 µM REV primer stock, 36 µL sterile water and 

Primer Random 
sequence Restriction site START

/STOP Annealing Sequence Tm 

(ºC) 

FWD 
hNT4gs 5ʹ GAT ATA 3ʹ 5ʹ AGT ACT 3ʹ 

(ScaI) none 5ʹ GGC GTT AGT 
GAA ACC 3ʹ 62 

REV 
hNT4gs 5ʹ GCA GCC 3ʹ 5ʹ GGA TCC 3ʹ 

(BamHI) 
5ʹ TTA 
TCA 3ʹ 5ʹ GGC GCG A 3ʹ 60 
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1 µL Pfu polymerase (Stratagene). The PCR cycle consisted of a 2 min incubation period 

at 95 ºC followed by 35 cycles of 95 ºC (45 sec), 50 ºC (45 sec) and 72 ºC (2 min); the 

final step was at 72 ºC for 5 min. The amplified DNA was purified using a QIAquick 

PCR purification kit (Qiagen) according to the manufacturer’s instructions, modified to 

use 50 µL of sterile water to elute DNA from the spin-column instead of the suggested 

buffer.  

4.2.3 Preparing the SUMO-hNT4gs plasmid: DNA double restriction digests 

Double restriction digests of the amplified hNT4gs DNA and the pET-SUMO 

plasmid were performed using ScaI and BamHI restriction enzymes (NEB Inc.).  

Digestion with ScaI and BamHI creates blunt and sticky ends, respectively, in both the 

hNT4gs gene and the pET-SUMO vector (originally obtained as a gift from Dr. Rhea 

Hudson at the Hospital for Sick Children, Toronto, Canada), which can be annealed at a 

later step. Digests were performed in 1.5 mL Eppendorf tubes containing the following: 

2 µL 10X NEBuffer3 (New England Biolabs; NEB), 2 µL 10X bovine serum albumin 

(BSA) (NEB), 14 µL of DNA (either the PCR product or plasmid), 1 µL ScaI restriction 

enzyme (NEB) and 1 µL BamHI restriction enzyme (NEB); tubes were incubated for 2 

hours at 37 ºC. Because digestion using the ScaI enzyme creates blunt-ends containing 

phosphate groups in all digested segments, either the DNA insert or the plasmid required 

de-phosphorylation. In this case, the doubly digested pET-SUMO plasmid was incubated 

with 1 µL calf intestinal phosphatase (CIP) for an additional 1 hour at 37 ºC. Doubly 

digested products were analyzed using 1% agarose gel (0.5 g agarose and 0.5 µg 

ethidium bromide in 50 mL of 0.5X tris-borate-EDTA (TBE) buffer (0.01 M EDTA, 

0.045 M tris base and 0.045 M boric acid)) electrophoresis running at 100 V for 50 min. 
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The agarose gel was photographed under UV light, and the bands containing the doubly 

digested hNT4gs and pET-SUMO plasmid DNA were excised and purified using a 

QIAquick gel extraction kit (Qiagen); again, the method was modified using 50 µL of 

sterile water instead of buffer to elute the purified DNA.  

4.2.4 Preparing the SUMO-hNT4gs plasmid: DNA-plasmid ligation reactions 

The purified, doubly digested hNT4gs and pET-SUMO DNA were ligated using 

T4 DNA ligase (New England Biolabs (NEB)) in 1:0 (control), 1:1 and 1:3 (vector : 

DNA) reaction mixtures prepared in 1.5 mL Eppendorf tubes as shown in Table 4.2; 

ligations incubated for 24 hours or more in a 16 ºC water bath. The ligated plasmids were 

transformed by electroporation into XL-1 Blue (Stratagene) and BL21 (DE3) (Stratagene) 

cells (see Table 4.2), and 10 µL, 100 µL, and 900 µL were spread onto LB/kanamycin 

(50 µg/mL) plates and allowed to incubate for ≥12 hours at 37 ºC. Once ample colony 

growth was observed, plates were parafilmed and stored at 4 ºC until later use. 

Table 4.2: DNA-plasmid ligation reaction mixtures and transformations.   

a T4 DNA ligase and 10X ligase buffer were obtained from NEB Inc. 
b dd: double digest 
c Bottom row indicates the volume of ligation mixture transformed into XL-1 Blue and BL21 (DE3) cells. 

Control 1:1 (vector : DNA insert) 1:3 (vector : DNA insert) 

1 µL 10X T4 ligase buffer 1 µL 10X T4 ligase buffer a 1 µL 10X T4 ligase buffer 

50 ng dd b pET-SUMO 50 ng dd pET-SUMO 50 ng dd pET-SUMO 

- 51 ng dd hNT4gs 154 ng dd hNT4gs 

Make up volume to 9 µL 
with sterile water 

Make up volume to 9 µL 
with sterile water 

Make up volume to 9 µL 
with sterile water 

1 µL T4 DNA ligase a 1 µL T4 DNA ligase 1 µL T4 DNA ligase 

2 µL into XL-1 c 2 µL into XL-1 and BL21 2 µL into XL-1 and BL21 
4 µL into XL-1 
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4.2.5 Preparing the SUMO-hNT4gs plasmid: Colony PCR and sequencing 

To confirm the presence of fully ligated SUMO-hNT4gs plasmid, colony PCR 

was carried out on an assortment of suitable colonies taken from the various XL-1 Blue 

and BL21 (DE3) plates. A small amount of each colony was picked using a sterile 

toothpick and added to separate, 30 µL PCR reaction mixtures. Each 30 µL PCR reaction 

mixture consisted of 3 µL 10X Taq polymerase buffer (Fisher Scientific), 3 µL 25 mM 

MgCl2 (Fisher Scientific), 1.25 µL of 2 mM dNTPs (Novagen), 0.4 µL of both 25 µM 

FWD and REV hNT4gs primers (IDT), 21.65 µL sterile water. 1 µL Taq Polymerase 

(Fisher Scientific) was added to each tube just prior to starting the PCR reaction. The 

PCR cycle was carried out on a 2720 Thermo Cycler (Applied Biosystems) and consisted 

of a 10 min incubation period at 94 ºC followed by 40 cycles of 94 ºC (30 sec), 50 ºC 

(30 sec) and 72 ºC (1 min); the final step was at 72 ºC for 10 min. The colonies were 

visualized using agarose gel electrophoresis as described in section 4.2.3, although no 

excision of the bands was necessary in this case. Colonies showing the highest expression 

of the SUMO-hNT4gs gene were picked into 5 mL LB with 50 µg/mL kanamycin and 

grown overnight at 37 ºC. Cultures were centrifuged at 8000 rpm for 10 min, the 

supernatants discarded, and the SUMO-hNT4gs plasmid was extracted from each pellet 

using a QIAprep Spin Miniprep kit (Qiagen). The concentration of purified plasmid from 

each colony was determined by absorbance measurements as described previously 

(section 4.2.2) and 100 ng/µL samples plus a 40 µM SUMO FWD primer were sent to 

Laragen Inc. (Culver City, CA) for sequencing. From the remainder of each sample, 

20 ng/µL working stock solutions were made and stored at -20 ºC while the rest of the 

master stock was stored at -80 ºC.  
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4.2.6 E. coli transformation using electroporation and heat-shock protocols 

 For all subsequent recombinant hNT4 expressions, E. coli strains were 

transformed with the SUMO-hNT4gs plasmid using either electroporation or heat-shock 

protocols. For electroporation, 20 ng of the expression plasmid was added to 50 µL of 

frozen electrocompetent cell stock (either BL21 (DE3) or BL21 CodonPlus RIPL 

(Stratagene) strains) at 4 ºC. The entire volume was placed into a pre-chilled 

electroporation cuvette (Molecular BioProducts, MBP#5510) and pulsed at 1800 V using 

an Eppendorf 2510 electroporator. The contents were then suspended in 450 µL of sterile 

LB medium and shaken for 1 hour at 37 ºC and 225 rpm. 10 µL, 50 µL, or 100 µL of this 

culture was spread evenly on an LB/agar plate containing 50 µg/mL of either kanamycin 

(LB/kan plates) or kanamycin + chloramphenicol (LB/kan-cam) depending on the E. coli 

strain used (please see Table 4.3 for specific antibiotic-E. coli pairings), and allowed to 

incubate for 12 or more hours at 37 ºC. At the end of the incubation period, plates were 

removed, parafilmed, and stored at 4 ºC.  

 For the heat-shock transformation protocol, 50 µL of frozen cell stock were 

thawed on ice for 5 minutes (if using Origami 2 (Invitrogen) or Veggie BL21 (DE3) 

pLysS (Invitrogen)) or 10 minutes (if using SHuffle T7 (NEB Inc.)). Prior to adding the 

expression plasmid, Origami 2 and pLysS cells were transferred to pre-chilled 14 mL 

snap-cap tubes; SHuffle cells remained in the manufacturer’s 1.5 mL tubes. 20 ng of the 

expression plasmid were added to the cell stock, gently mixed and placed back on ice for 

5 (Origami 2) or 30 (pLysS and SHuffle) minutes. Transformation was performed by 

heat-pulsing each cell mixture in a 42 ºC water bath for exactly 30 seconds and 

immediately placing the cell tubes back on ice for 2 to 5 min. Cells were then transferred 
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to 14 mL snap-cap tubes containing 450 µL sterile LB and shaken for 1 hour at 37 ºC and 

225 rpm. Plating and incubation of the cell cultures was performed as described above. 

4.2.7 Expression tests of unlabeled SUMO-hNT4gs using a variety of E. coli cell-lines 

 To determine how well the new SUMO-hNT4gs construct was expressed, a 

variety of E. coli strains were tested in both minimal medium (MM) and MM + 10% 

BioExpress (CIL) rich medium supplement; the combinations of E. coli strains and 

growth media are summarized in Table 4.3. Minimal medium components consisted of 

42 mM Na2HPO4, 22 mM KH2PO4, 8.6 mM NaCl, 1 mM MgSO4, 0.1 mM CaCl2 and 

0.1 mM kanamycin and/or 0.15 mM chloramphenicol for all respective expression 

volumes. Additional media components consisted of 3 g glucose, 1 g NH4Cl, and 10 mL 

100X BME vitamins for the 1 L expression media, with a 1/20th scale-down of each 

component for the 50 mL expression cultures; the rich medium supplement for all 

cultures consisted of 10% (v/v) of 10X BioExpress. All test strains were transformed as 

described in section 4.2.6. After the LB/agar plate incubation, a single colony was picked 

into 50 mL sterile LB/antibiotic and grown overnight at 37 ºC for 12 to 14 hours. It 

should be noted that LB/agar plate incubation and 50 mL overnight growth temperatures 

for the SHuffle cells were done at 30 ºC. For Origami 2 cells, plates were incubated at 

30 ºC or 37 ºC depending on colony growth, but all 50 mL overnight cultures were grown 

at 37 ºC. All other strains were grown at 37 ºC at every step unless otherwise noted in 

Table 4.3.  

Depending on the optical density at 600 nm (OD600) of the overnight culture, 

either all or a fraction of the overnight culture was centrifuged at 5000 rpm for 10 min. 
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Afterwards, the supernatant was decanted and the pellet resuspended in 5 to 10 mL of the 

appropriate expression growth medium and transferred to the expression flask to give an 

initial OD600 of ~0.1. Test expressions were performed in either 250 mL baffled 

Erlenmeyer flasks with a total medium volume of 50 mL, or 3 L Fernbach flasks with a 

1 L medium volume. Once a suitable E. coli strain was determined, all subsequent 

expressions were carried out in 1 L medium using the 3 L Fernbach flask and the best 

growth conditions identified for that strain. All expression cultures, both test and full-

scale, were grown to an initial OD600 of ~0.7 at which point the culture was induced with 

a working concentration of 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) to 

trigger expression of SUMO-hNT4. At this point, and every hour of induction thereafter 

(with the exception of the overnight expressions), 1 mL of the culture was transferred to a 

microcentrifuge tube, centrifuged at 13,200 rpm for 1 min, the supernatant was discarded, 

and the pellet stored at -20 ºC for later analysis of hNT4 expression (using SDS-PAGE). 

At the end of the induction period, 1 L cultures were divided equally into three 500 mL 

centrifuge bottles and centrifuged at 8000 rpm for 20 min at 4 ºC. The supernatant from 

each bottle was discarded, and the pellets were combined into one 50 mL conical tube 

and centrifuged at 8000 rpm for 10 min at 4 ºC. The remaining supernatant was discarded 

and the resulting pellet was stored at -20 ºC until needed. 
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4.2.8 Initial search for soluble, unlabeled SUMO-hNT4 from test expressions 

In reference to this and all subsequent cell lysis and protein purifications, all 

chromatographic purification steps of SUMO-hNT4 were performed on a GE Healthcare 

ÄKTA FPLC system, equipped with two pumps, a mixer, a UV detector and a fraction 

collector, and operated in a chromatography refrigerator at 4 ºC, unless otherwise 

specified. Prior to chromatographic purification, cell lysis of all expression pellets 

utilized either sonication or a French pressure cell, or a combination of both. Cell lysis by 

sonication used multiple rounds consisting of three 20 s pulses with 1 min rest per round, 

and was performed using a Misonix Sonicator 3000 (Qsonica, LLC.) with microtip. 

Liquid samples to be lysed by sonication were transferred to an Oakridge tube prior to 

lysis and kept on ice at all times. For cell disruption by French press, two rounds utilizing 

an Aminco French Pressure Cell Press (SLM Instruments,Inc.) were used; samples were 

also kept on ice at all times. Generally, the French press method was preferred as it was 

considerably faster than sonication for larger samples, and could potentially protect the 

SUMO-hNT4 fusion from degradation by proteases over time. Sonication was generally 

used for small expression samples or to disrupt cell materials not homogenized by the 

French press, both of which usually required only one to three rounds of sonication. 

Separation of solid material from the supernatant of lysed or solubilized samples was 

done by centrifugation at 18000 rpm for 30 min at 4 ºC for all samples, unless stated 

differently. 

4.2.8.1 Test for soluble protein from expression test “A” (BL21 (DE3) E. coli in MM + 

10% BE) 
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 To test for the presence of soluble SUMO-hNT4, cell lysates from the expression 

tests (see Section 4.2.7) were initially purified using a nickel-affinity (His-Trap Ni-NTA) 

column (GE Healthcare Life Sciences) and non-denaturing buffer media. For the first 

test, a frozen cell pellet from expression test “A” (Table 4.3: BL21 (DE3) E. coli in MM 

+ 10% BE) was resuspended in Buffer P3 (20 mM tris, 100 mM NaCl, pH 8.0 (see 

Appendix)), transferred to an Oakridge tube, and sonicated for 8 rounds. The cell lysate 

was centrifuged at 18,000 rpm for 30 min at 4 ºC, as was a 90 µL sample for SDS-PAGE 

analysis. The lysate supernatant was injected onto a Ni-NTA column pre-equilibrated 

with Buffer NT A1 (20 mM tris, 100 mM NaCl, pH 8.0 (see Appendix)) and washed with 

Buffer NT B1 (A1 + 400 mM imidazole (see Appendix)). As there was no SUMO-hNT4 

in the soluble fraction (see Results and Discussion), a direct refolding attempt based on 

the previously described Pfizer protocol (Section 3.2.4) was made on whatever SUMO-

hNT4 was in the lysed cell pellet. Thus, the sonicated pellet was solubilized in 2.5 mL 

Buffer P2 (20 mM tris, 6 M urea, 25 mM DTT, pH 8.0 (see Appendix)); PEI was added 

to 0.2% v/v and the sample stirred 30 min at 4 ºC. The sample was then dialyzed into 1 L 

of Processing Buffer (0.2 M tris, 4 M guanidine HCl, 5 mM DTT, pH 8.3 (see 

Appendix)) for 5 hrs and a fresh liter overnight at 4 ºC. The protein concentration was 

calculated from an OD280 measurement of the dialyzed sample using an extinction 

coefficient (ɛ) for SUMO-hNT4 of 27,345 M-1cm-1, and the sample was then 

concentrated to 10 mg/mL. The remainder of the refolding steps, i.e. the addition of 

oxidized glutathione, L-cysteine, Refolding Buffer, de-oxygenation using an N2(g) stream 

and 24 hr refolding, were carried out as described in Section 3.2.4. Further following the 

Pfizer protocol, the sample was dialyzed at ambient temperature overnight into 2 L of 
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Buffer AB (50 mM sodium acetate, pH 5.0) and for an additional 12 hrs the following 

day in a fresh 2 liters. The sample was then dialyzed into 2 L Buffer PB (50 mM sodium 

phosphate, pH 6.5 (see Appendix)) modified with 50 mM NaCl, and again for 12 hrs the 

next day using a fresh 2 L. The soluble and precipitated protein content from all dialysis 

steps was analyzed using 15% SDS-PAGE gels. Precipitated protein was pelleted by 

centrifugation at 18,000 rpm for 15 min at 4 ºC, separated from the supernatant, and re-

solubilized with 7 mL of Buffer P2. The sample underwent the same refolding process as 

described above; with the exception that dialysis into Buffer AB was done at 4 ºC. After 

Buffer AB dialysis, half the sample was dialyzed at 4 ºC into 2 L Buffer PB. To 

determine if any soluble SUMO fusion protein could be recovered, this sample was 

injected onto a Ni-NTA column pre-equilibrated with Buffer NT A2 (50 mM sodium 

phosphate, 20 mM imidazole, pH 7.0 (see Appendix)) and washed with Buffer NT B2 

(A2 + 400 mM imidazole (see Appendix)). The other half of the Buffer AB sample was 

dialyzed twice at ambient temperature into 2 L Buffer PB. All samples were once again 

analyzed on 15% SDS-PAGE gels. 

4.2.8.2 On-column refolding test 

 Heavy precipitation in the previous refolding steps prompted a plan to attempt a 

more efficient refolding method in the next purification trial by immobilization of 

SUMO-hNT4 onto the Ni-NTA resin, and exchanging the urea-based buffer from 6 M 

urea to 2 M. This on-column refolding method constrains the target proteins onto a solid 

support, effectively preventing them from diffusing towards each other and aggregating 

(Li et al. 2004). While this may not necessarily refold the hNT4 domain of the fusion 

protein, buffer exchange into 2 M urea should allow the SUMO domain to refold into the 
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proper structure, making it amenable to proteolytic cleavage by SUMO protease (also 

named Ulp1) (Malakhov et al. 2004).  

 For this second purification attempt, a frozen cell pellet from expression test “B” 

(Table 4.3: BL21 CodonPlus RIPL in MM + 10% BE) was processed as described in 

Section 4.2.8, with the exception that Buffer P1 (20 mM tris, 5 mM EDTA, pH 8.0 (see 

Appendix)) was used to resuspend the sample, and Buffer P2 (see Appendix) with 0.2% 

v/v polyethylenimine (PEI) was used to solubilize the sonicated pellet after 

centrifugation. After solubilization, the sample was once again centrifuged and the 

supernatant was injected onto a 5 mL Ni-NTA column equilibrated with Buffer P2. The 

urea content over the column was then gradually exchanged from 6 M to 2 M by washing 

it with Buffer NT A3 (20 mM tris, 2 M urea, 25 mM DTT, pH 8.0 (see Appendix)) over 

50 column volumes (CV). The column was washed with an additional 4 CV of Buffer 

NT A3, and then any bound proteins were eluted using Buffer NT B3 (A3 + 400 mM 

imidazole (see Appendix)) to 70% over 20 CV, and finally an additional 3 CV of 100% 

Buffer NT A3. Eluted fractions containing SUMO-hNT4 (identified on 15% SDS-PAGE 

gels) were pooled, diluted 8X with Buffer NT A3 to reduce the imidazole content to 

about 50 mM, and concentrated to 40 mL; approx. 200 µg of SUMO protease was then 

added and allowed to cleave overnight at ambient temperature. The cleaved sample was 

then injected back onto the Ni-NTA column and purified with Buffers NT A3/B3 using 

the method described above for eluting the His-tagged protein. As a last measure to elute 

any potentially precipitated protein, the column was washed with 5 CV of Buffer P2 

modified with 400 mM imidazole; collected fractions were analyzed by SDS-PAGE.  

4.2.8.3 Tests for soluble protein from Origami 2 and SHuffle expressions 
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 Engineered for disulfide bond formation in the cytoplasm, the Origami 2 (DE3) 

and SHuffle T7 E. coli cells were used to try and obtain a fully folded and soluble 

SUMO-hNT4 fusion directly from cell lysis, without having to go through denaturing 

purification and refolding steps. The first test for soluble SUMO fusion protein was 

performed using the cell pellet from expression test “E1” (Table 4.3: the 1 L Origami 2 

expression performed at 37 ºC). The pellet was initially processed under non-denaturing 

conditions in exactly the same manner as the BL21 (DE3) pellet described in Section 

4.2.8.1, with the exception that the French press was used instead of sonication (Section 

4.2.8). As with the BL21 (DE3) sample, the lysed Origami 2 pellet had to be further 

processed to extract insoluble SUMO fusion protein. The pellet was resuspended in 

Buffer P2 and dialyzed overnight directly into 2 L of Processing Buffer and then 12 hours 

into another 2 L the following day. The fully solubilized sample was injected directly 

onto a Ni-NTA column equilibrated with Buffer NT A4 (0.2 M tris, 4 M guanidine HCl, 

5 mM DTT, pH 8.0 (see Appendix)) and bound SUMO fusion protein eluted with Buffer 

NT B4 (A4 + 400 mM imidazole) using the same method as for the other Ni-NTA 

purification tests. Refolding of pooled fractions containing SUMO-hNT4 was identical to 

the Pfizer protocol (Section 3.2.4). In an attempt to slow the refolding process further, the 

sample was dialyzed into 4 L of modified Refolding Buffer containing 0.1 M guanidine 

HCl and 15% glycerol instead of PEG 300. An attempt to try and re-solubilize any 

precipitated protein was made by adding 1 mM zwittergent 3-12 (EMD Millipore) to the 

sample. 

 Part of the effort to obtain soluble SUMO fusion protein consisted of lowering the 

expression temperature of the media after induction to 30 ºC and 16 ºC for the Origami 2 
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and SHuffle T7 cell cultures. The cell pellet from the 30 ºC Origami 2 growth (expression 

test “E2”, see Table 4.3) was processed in non-denaturing buffer as described above and 

the supernatant was once again run on a Ni-NTA column to test the presence of soluble 

protein. Expression pellets for both E. coli strains grown at 16 ºC (expression tests “E3” 

and “F2”, see Table 4.3) were resuspended in 10 mL of modified NMR Buffer (20 mM 

sodium phosphate, 75 mM L-arginine HCl, 75 mM monosodium glutamate, pH 6.3 (see 

Appendix)) and lysed by 4 rounds of sonication; instead of using FPLC, the presence of 

soluble protein was determined by SDS-PAGE. The lysed SHUffle T7 pellet (from the 

1 L expression test “F1”, induced at 30 oC; see Table 4.3) was solubilized in 15 mL of 

Buffer P2, and PEI was added to 0.2% v/v. One third of this solution was centrifuged and 

the supernatant dialyzed against 4 L of Processing Buffer overnight at 4 ºC. Refolding 

steps were performed as described in Section 4.2.8.1, but the Refolding Buffer was 

modified to contain zwittergent 3-12 at its critical micelle concentration (cmc) of 

3.6 mM.  The remaining two thirds of the supernatant were used to test the ability of 

SUMO protease to cleave the SUMO fusion in 2 M urea and high reducing agent. The 

sample was dialyzed into 2 L of Cleave Buffer 1 (20 mM tris, 2 M urea, 17 mM DTT, 

pH 8.0 (see Appendix)) overnight at 4 ºC and transferred to ambient temperature the next 

day. Approx. 120 µg of SUMO protease were added to the sample, which was then 

allowed to cleave for three hours before analyzing it on a 15% SDS-PAGE gel. 

4.2.9 Initial purification efforts to separate SUMO from hNT4 after Ulp1 cleavage 

 Having neither expressed the SUMO-hNT4 fusion protein in the soluble fraction 

of E. coli cell cultures, nor successfully refolded it using variations of the Pfizer protocol 

without heavy precipitation, the following sections describe initial efforts to 
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chromatographically separate the cleaved SUMO and hNT4 domains. The two sub-

sections that follow describe purification attempts using a variety of columns including 

nickel affinity (Ni-NTA), cation exchange (HiPrep SP FF 16/10 (mid-res) and Mono S 

5/50 GL (high-res), and hydrophobic interaction column (HIC, HiPrep Phenyl FF 16/10 

(low sub); all columns are from GE Healthcare Life Sciences) combined with a variety of 

buffer conditions. The SUMO-hNT4 chimera was obtained from BL21 CodonPlus RIPL 

cells grown as described in Section 4.2.7 (see also Table 4.3) and scaled up to 1 L. The 

cell pellet was resuspended in 15 mL Buffer P3 and half of the sample was lysed by 6 

rounds of sonication and the other using the French press. The purification procedures for 

the following sections are outlined in flow charts in Figures 4.1 and 4.2 and described in 

detail below for each set of lysed cells. 

4.2.9.1 Purification attempts using the sonicated pellet 

 The first purification trial (Figure 4.1) consisted of similar nickel-affinity 

purification methods to the ones previously described in Sections 4.2.8.1 and 4.2.8.3. The 

lysed cell pellet was resuspended and solubilized in Buffer NT A5 (20 mM tris, 6 M urea, 

20 mM 2-mercaptoethanol, pH 8.0 (see Appendix)), centrifuged, and purified using the 

same Ni-NTA column method as before. Fractions containing protein eluted using Buffer 

NT B5 were pooled and dialyzed into Cleave Buffer 2 (20 mM tris, 2 M urea, 20 mM 2-

mercaptoethanol, pH 8.0 (see Appendix)) to try and save the use of excessive amounts of 

DTT. Heavy precipitation ended this and any subsequent purification attempts on this 

sample. 

 The second purification trial of the sonicated pellet consisted of re-purifying  
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Ni-NTA 
Buffer NT A5/B5 

Bound Sample Unbound Sample 

Ulp1 Cleavage 
Cleave Buffer 2 

Ni-NTA 
Buffer NT A5/B5 

Bound Sample Unbound Sample 

Ulp1 Cleavage 
Cleave Buffer 1 

SP FF 
SP Buffer A2/B2 

SP FF 
SP Buffer A3/B3 

SP FF 
SP Buffer A4/B4 

Figure 4.1. Flow chart of procedural methods used for the first attempt at purification of hNT4 
from SUMO using the sonicated expression pellet (Section 4.2.9.1). Boxes outlined in red 
represent methods that failed or were discontinued due to low sample volume or inadequate data.   
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SUMO-hNT4 protein that did not bind to the first nickel column by running it through 

the column one more time using the identical method.  Once again, pooled fractions 

containing the fusion protein were buffer exchanged for cleaving, this time by overnight 

dialysis back into 4 L of Cleave Buffer 1. Approx. 450 µg of Ulp1 protease was added to 

the sample, which was simultaneously concentrated down to below 50 mL for easy 

injection onto the HiPrep SP FF cation exchange column. This column was pre-

equilibrated with SP Buffer A2 (20 mM tris, 2 M urea, 17 mM DTT, pH 8.0 (see 

Appendix)), and washed with SP Buffer B2 (A2 + 1 M NaCl (see Appendix)) to elute 

SUMO and hNT4. Fractions showing significant peaks on the FPLC UV-trace were 

tested for protein content on 15% SDS-PAGE gels. Fractions containing both SUMO and 

hNT4 that did not separate were combined, dialyzed into new buffers, and reinjected onto 

the SP FF column for another separation trial. This was performed two more times using 

the following order of buffers: SP Buffer A3/B3 (A3: 20 mM HEPES, 2 M urea, 17 mM 

DTT, pH 8.0; B3: A3 + 1 M NaCl (see Appendix)) and SP Buffer A4/B4 (A4: 20 mM 

sodium phosphate, 2 M urea, 17 mM DTT, pH 7.2; B4: A4 + 1 M NaCl (see Appendix)). 

Once again, fractions containing significant amounts of protein were analyzed using 

SDS-PAGE. 

4.2.9.2 Purification attempts using the French press pellet 

 The second purification trial was performed using a fresh pellet from the 

aforementioned 1 L expression (Section 4.2.9) that was lysed using the French press, and 

is outlined in Figure 4.2. Processing of the cell pellet was identical to the first, and the 

solubilized cell pellet lysate was again run on a Ni-NTA column using Buffers NT 

A5/B5. Once again, only a portion of the SUMO-hNT4 fusion bound to the column and  
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Ni-NTA 
Buffer NT A5/B5 

Bound Sample Unbound Sample 

Ulp1 Cleavage 
Cleave Buffer 1 

Ni-NTA 
Buffer NT A5/B5 

Bound Sample Unbound Sample Mono S 
Mono S Buffer A1/B1 

Mono S 
Mono S Buffer A2/B2 

Mono S 
Mono S Buffer A2/B2 

HIC 
HIC Buffer A2/B2 

Ulp1 Cleavage 
Cleave Buffer 1 

Ni-NTA 
Buffer NT A6/B6 

Ulp1 Cleavage 
Cleave Buffer 1 

Dialysis Only 
HIC Buffer A3 

Ni-NTA 
Buffer NT A7/B7 

Figure 4.2. Flow chart of procedural methods used for early attempts at purification of hNT4 
from SUMO starting from the French press expression pellet (4.2.9.2). Boxes outlined in red 
represent methods that failed or were discontinued due to low sample volume or inadequate data. 
Green boxes represent methods that showed partial success at purification and were investigated 
further to develop the protocol. 
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eluted in the imidazole gradient. The portion that bound was pooled and dialyzed 

overnight into 4 L of Cleave Buffer 1, treated with SUMO protease. Once proteolytic 

separation of the fusion partners was complete, the sample was dialyzed into Mono S 

Buffer A1 (20 mM HEPES, 2 M urea, 17 mM DTT, pH 8.0 (see Appendix)) and 

underwent a series of three purification trials at 4 ºC utilizing the Mono S 5/50 GL cation 

exchange column, with each trial testing a different buffer. The three consecutive buffer 

sets and associated purification trials consisted of Mono S Buffer A1/B1 (A1: 20 mM 

HEPES, 2 M urea, 17 mM DTT, pH 8.0; B1: A1 + 1 NaCl (see Appendix)), A2/B2 (A2: 

20 mM sodium acetate, 6 M urea, 20 mM 2-mercaptoethanol, pH 5.0; B2: A2 + 1 NaCl 

(see Appendix)), and A3/B3 (A3: 20 mM sodium acetate, 2 M urea, 17 mM DTT, 

pH 5.0; B3: A3 + 1 NaCl (see Appendix)). The final purification test for this sample was 

done using a Phenyl FF 16/10 HIC. Fractions containing both SUMO and hNT4 were 

pooled from the last Mono S test purification, dialyzed into 2 L of HIC Buffer A2 

(50 mM sodium phosphate, 2 M urea, 17 mM DTT, 2.5 M NaCl, pH 6.5 (see Appendix)), 

injected onto the HIC, and eluted using HIC Buffer B2 (A2 – 2.5 M NaCl (see 

Appendix)). Representative fractions for all purification trials were analyzed using SDS-

PAGE.  

 Concurrently with the above tests, the portion of SUMO-hNT4 that did not bind 

to the initial Ni-NTA column was re-run using Buffers NT A6 (20 mM tris, 6 M urea, 

18 mM 2-mercaptoethanol, pH 8.0 (see Appendix)) and B6 (A6 + 400 mM imidazole 

(see Appendix)) to reduce the 2-mercaptoethanol content to just below the Ni-NTA 

column threshold. Once again, both bound and unbound fractions were observed and 

underwent subsequent purification trials. Fractions containing unbound fusion protein 
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were pooled and divided in half. The first half of the sample was dialyzed into 4 L of 

Buffer NT A7 (20 mM HEPES, 6 M urea, 150 mM NaCl, 18 mM 2-mercaptoethanol, pH 

8.0 (see Appendix)) and re-purified on the Ni-NTA column using Buffer NT B7 (A7 + 

400 mM imidazole (see Appendix)). The second half of the sample was dialyzed into 

Cleave Buffer 1, cleaved with SUMO protease, and dialyzed into HIC Buffer A3 (50 mM 

sodium phosphate, 2 M urea, 17 mM DTT, 1 M (NH4)2SO4, pH 6.5 (see Appendix)) 

which resulted in total precipitation of hNT4 (see assessment of this in Results and 

Discussion) and ended trials of the unbound fractions of this Ni-NTA purification. Fusion 

protein that bound to the column when the sample was first injected onto the Ni-NTA 

column was dialyzed into Cleave Buffer 1 (see Appendix) and subsequently cleaved with 

Ulp1 protease. The cleaved sample was further dialyzed into Buffer NT A6, and an 

attempt was made to separate hNT4 from SUMO using the Ni-NTA column. 

4.2.10 Attempt at protein stabilization using trimethylamine N-oxide (TMAO) 

 Tetramethylamine N-oxide (TMAO) is a naturally occurring osmolyte commonly 

found in saltwater fish, sharks, rays, and some shellfish where it serves to counteract the 

protein-denaturing effects of urea (a major osmolyte in sharks, skates and rays), pressure, 

and ice (Meersman et al., 2009). Just as TMAO acts as a protein stabilizer in its natural 

environment, it has also been used to counter the effects of urea and other denaturing 

environments in vitro. In an effort to stabilize SUMO-hNT4 during expression, cell lysis, 

and purification, two 1 L expressions and purifications were performed, one with 50 mM 

TMAO and the other without. 
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 The SUMO-hNT4gs gene was transformed into BL21 (DE3) cells and plated on 

LB/kan plates as described previously (Section 4.2.6). From these cells, two 1 L 

MM+10% BE cultures were made, one of which also contained 50 mM TMAO in the 

growth medium; cells were grown, harvested and processed as described previously 

(Section 4.2.7). Because the two expressions were performed on different days, each 

culture was inoculated with a different colony from the same LB/kan plate (but they 

should be similar enough to compare the results directly). Both samples were 

resuspended in Buffer P1 (one of which was modified with 50 mM TMAO) and lysed 

using the French press. The samples were purified separately on the Ni-NTA column 

using buffers NT A7/B7, and fractions containing fusion protein from each purification 

run were combined and concentrated to approximately 60 mL. The combined volume 

was split in half (Batches A and B), and the two samples were dialyzed into Cleave 

Buffer 3 and cleaved using SUMO protease. The NaCl content of Batch A was increased 

to 2.5 M and the sample was purified on the Phenyl FF (lowsub) HIC using HIC Buffers 

A2/B2 (see Appendix).  

 In addition to increasing the NaCl content of Batch B to 2.5 M, TMAO was added 

to 50 mM, and the sample purified on a Phenyl FF (lowsub) column as Batch A. 

Fractions containing the target protein were pooled, and the sample was once again split 

in half (Batch B1 and B2). Batch B1 (approximately 10 mL) was dialyzed into 2 L of 

Processing Buffer and refolded as described in Section 3.2.4. For Batch B2, the purified 

volume was concentrated to less than 1 mL, and a 19X volume of Refolding Buffer (see 

Appendix) was added directly to the sample; the remainder of the refolding process was 

carried out as for Batch B1. After refolding, Batch B2 was again split in half, with each 
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sample being dialyzed into Buffer DD1 (50 mM sodium phosphate, 1 M urea, 150 mM 

NaCl (see Appendix)) and DD2 (DD1 + 50 mM TMAO (see Appendix)) respectively. 

Samples were observed for precipitation and analyzed by SDS-PAGE. 

4.2.11 Optimization of purification conditions: NaCl concentration for Ni-NTA and most 

optimal choice of HIC media. 

 At this point in the protocol development process, using the Ni-NTA column as a 

first stage purification step proved to be the most ideal method. However, certain 

conditions caused the fusion protein to either not fully bind to the column, elute over a 

long range of fractions, or both (see Results and Discussion). To optimize this process, 

the NaCl content in the Ni-NTA buffers was varied for three purification tests. The salt 

concentration serves two purposes in this purification step. First, at concentrations of 0.5-

1.0 M, NaCl eliminates ion-exchange interactions of proteins with the Ni-NTA column 

(GE Healthcare, His-Trap HP Instructions). Second, varying the NaCl concentration 

causes preferential solvation of proteins in general, with higher salt concentrations 

reducing the amount of solvent available to the protein and causing aggregation through 

increased protein-protein hydrophobic interactions. At lower concentrations, this should 

allow for a narrower elution profile of the target protein during purification (SUMO-

hNT4 in this case). At high salt concentrations, this process will cause precipitation of the 

protein, a phenomenon called “salting-out”. Because SUMO-hNT4 is in 6 M urea during 

this step, hydrophobic residues are exposed to the solvent, thus increasing the salting-out 

effect of NaCl. As such, NaCl concentrations of 0 mM, 50 mM, and 250 mM were tested. 

A fresh 1 L expression of SUMO-hNT4 was performed using BL21 (DE3) cells and the 

cell pellet was processed as described previously (Section 4.2.7), except that the cell 
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lysate was separated evenly over three Oakridge tubes before being centrifuged. Each cell 

pellet was then solubilized using Buffer NT A7 modified with 0 mM, 50 mM, and 

250 mM NaCl, run on the Ni-NTA column, and eluted using Buffer B7. 

  To further improve on the second stage purification after Ulp1 cleavage of the 

fusion protein, optimization of the Hydrophobic Interaction Chromatography step was 

performed by varying the HIC column media. This was accomplished by using a variety 

of 1.5 mL HIC columns supplied as a set by GE Healthcare and consisting of Phenyl FF 

(high and low-sub), Phenyl HP, Butyl FF, Butyl HP, Butyl-S FF, and Octyl FF media. 

Similar to previous steps, fusion protein pooled from the Ni-NTA column was cleaved 

using Ulp1 protease in Cleave Buffer 4 and dialyzed into HIC Buffer A4, which was also 

used for all HIC purification steps, combined with HIC Buffer B4 as the elution buffer. 

The HIC tests were followed by a larger scale purification of remaining Ni-NTA sample 

not used in the tests using a 20 mL Phenyl FF (high-sub) column and HIC Buffers A4/B4 

(see Appendix). This was followed by another Ni-NTA purification step to further clean 

the sample, using Buffers NT A8/B8 (A8: 20 mM HEPES, 6 M urea, 250 mM NaCl, 

18 mM 2-mercaptoethanol, pH 8.0; B8: A8 + 400 mM imidazole). Refolding of the 

resulting pool of purified hNT4 was performed as previously described (Section 3.2.4).  

4.2.12 Optimization of purification conditions: chromatofocusing and anion exchange 

For this set of tests, more fusion protein was obtained from a fresh growth of 

BL21 (DE3) cells as described previously (Section 4.2.7), and purified on the Ni-NTA 

column using Buffers NT A8/B8, modified with 30 mM imidazole in Buffer A8 to test 

for better separation of impurities at this stage. Once again, fractions containing the 
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fusion protein were pooled, then dialyzed and cleaved in Cleave Buffer 4 modified with 

100 mM NaCl. At this stage, a new purification method based on protein separation by 

isoelectric point (pI) was employed to try and separate SUMO from hNT4 after cleavage. 

A form of ion exchange chromatography, chromatofocusing uses a linear pH gradient 

over a large pH range which includes the pI of the protein, thus allowing it to elute in its 

neutral form, separate from other proteins with different pIs (Ion Exchange 

Chromatography & Chromatofocusing: Principles and Methods, Handbooks from GE 

Healthcare Biosciences). In the case of SUMO (pI=6.3) and hNT4 (pI=8.9), it was 

expected that this technique would provide excellent separation of the two proteins in the 

post-cleave sample and shed a little more light into their interactions.  

To successfully elute both SUMO and hNT4, a pH range of 9.3 to 6.0 was used 

for the chromatofocusing run. To begin the process, the post-cleave sample was dialyzed 

into 4 L of Buffer MP A (75 mM tris, 6 M urea, 18 mM 2-mercaptoethanol, pH 9.3 (see 

Appendix)) overnight at 5 ºC. This sample was then injected onto a Mono P 5/50 GL 

column (GE Healthcare Life Sciences) pre-equilibrated with Buffer MP A, and hNT4 and 

SUMO were eluted using 8 CV of Buffer MP B (10% v/v Polybuffer 96, 6 M urea, 

18 mM 2-mercaptoethanol, pH 6.0 (see Appendix)). The pH of each fraction eluting from 

the column was monitored using pH strips in order to determine whether a linear pH 

gradient was being established. 

A second chromatofocusing attempt was made on an additional 5 mL of cleaved 

sample, this time with two modifications to help separate the formerly fused SUMO and 

hNT4 proteins. First, Triton X-100 detergent was added to the 5 mL sample to 1% v/v in 

an attempt to disrupt any hydrophobic and ionic interactions between the proteins. 
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Second, the method used to purify the protein on the Mono P column was modified, with 

3 mL of Buffer MP B injected onto the pre-equilibrated column prior to injecting the 

protein sample (this was performed according to column instructions from GE 

Healthcare). The sample was then eluted with 8 CV of Buffer MP B as before. 

Because purification using chromatofocusing proved to be somewhat laborious 

due to the need for proprietary buffers and removing Polybuffer from the collected 

sample, a strong anion exchange column was tested with the hopes of similar protein 

separation results without the complexity. Samples were kept under similar conditions of 

denaturant (6 M urea) and reducing agent (18 mM 2-mercaptoethanol), with the pH being 

changed to that of the pI of hNT4. Three sets of purifications were tested on a Q 

Sepharose 20/10 FF column (GE Healthcare Life Sciences). The first test used Buffers Q 

A1 (20 mM tris, 6 M urea, 18 mM 2-mercaptoethanol, pH 9.0 (see Appendix)) and Q B1 

(A1 + 1 M NaCl (see Appendix)), in trying to stay consistent with the chromatofocusing 

conditions as much as possible. To obtain the necessary stability at pH 9.0, however, 

ethanolamine was used instead of tris in the next two purification tests (Buffers Q 

A2/B2). The first run contained 1 mM zwittergent 3-12 in the protein sample, and the 

second did not. All fractions and pooled samples were analyzed on SDS-PAGE gels. 

To test the functionality of the entire protocol up to this point, 40 mL of pooled 

fractions containing unbound SUMO-hNT4 from the first Ni-NTA purification were 

dialyzed into fresh Buffer NT A8 (see Appendix), this time modified with 15 mM 

imidazole, and purified on the Ni-NTA column as before. Fractions containing the fusion 

protein were pooled, dialyzed and cleaved in Cleave Buffer 4, and finally purified on the 

Q FF column using buffers Q A2/B2. Samples containing hNT4 from this and previous Q 
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FF purifications were combined and processed for refolding as described previously 

(Section 3.2.4). As a last stage effort to remove impurities from soluble, refolded hNT4, a 

HIC purification was performed using HIC Buffers A1/B1.  

4.2.13 Optimization of purification conditions: use of the Superdex 75 FPLC column to 

further isolate the SUMO-hNT4 fusion protein. 

 To further purify the fusion protein prior to protease separation and begin 

obtaining 15N-labeled hNT4 protein for NMR studies, a 1 L scale expression was 

performed as described previously (Section 4.2.7), this time with isotopically (15N) 

labeled BioExpress and ammonium chloride. Cell pellet suspension was done using 

Buffer P1, though this time the resulting pellet was solubilized in Buffer P4 (20 mM 

HEPES, 8 M urea, 18 mM 2-mercaptoethanol, pH 8.0 (see Appendix)) in an effort to 

fully denature the fusion protein and prevent the formation of gelatinous aggregates. The 

urea content of the resulting supernatant was brought down to 6 M by dilution, and the 

sample was injected onto the Ni-NTA column and processed with buffers NT A8/B8 (see 

Appendix). In an effort to remove any low molecular weight proteins that may interfere 

with hNT4 after cleavage from its SUMO partner, half the sample was dialyzed into 2 L 

of Superdex Buffer A1 (20 mM HEPES, 6 M urea, 100 mM NaCl, 18 mM 2-

mercaptoethanol, pH 8.0 (see Appendix)), concentrated to approximately 3 mL, and 

purified using a Superdex 75 column at ambient temperature. The second half of the 

sample was processed the same way with the exception that Superdex Buffer A2 (50 mM 

ethanolamine, 6 M urea, 100 mM NaCl, 18 mM 2-mercaptoethanol, pH 9.0 (see 

Appendix)) was used. The pooled Superdex samples from both purifications were then 

concentrated to about 7 mL, dialyzed into 2 L of Cleave Buffer 4 and cleaved for 
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approximately 6 hours at ambient temperature using approximately 600 µg SUMO 

protease for each. Final purification using the Q FF anion exchange column was 

performed as described in Section 4.2.13 using Buffers Q A2/B2.  

To obtain more 15N-labeled hNT4 protein for NMR studies and to determine 

protein yields at various stages of the purification, a second full scale 1 L expression was 

performed, and the protein purified using the Ni-NTA (Buffers NT A8/B8), Superdex 75 

(Superdex Buffer 2) and Q FF (Buffers Q A2/B2) columns. For this purification set, the 

Superdex Buffer A2 containing ethanolamine was used in conjunction with a new 

refolding protocol, described in the next section. 

4.2.14 Attempts at refolding hNT4 using a new protocol and determination of properly 

folded protein by NMR. 

 To refold purified hNT4, a new protocol developed by Pfizer (Buckley et al., 

2010) was tested. This newer protocol was described as more efficient since it does not 

require a nitrogen sparge or cold temperatures, nor does it use expensive (oxidized 

glutathione) and corrosive (guanidine hydrochloride) chemical components as the 

previous protocol described in Section 3.2.4. The process began by bringing pooled 

samples from the Q FF purification to a protein concentration of 0.2 mg/mL and 

dialyzing into Buffer RF 1 (20 mM tris, 8 M urea, 17 mM DTT, pH 8.0 (see Appendix)) 

to unfold hNT4. This was further accomplished by increasing the DTT concentration to 

100 mM to obtain fully denatured and reduced protein. To sulfonate the cysteine 

residues, sodium sulfite and sodium tetrathionate were then added to 25 mM and 5 mM, 

respectively, and the sample was allowed to incubate for 90 min at ambient temperature. 
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The sample was then dialyzed into Buffer RF 2 (20 mM tris, 6 M urea, pH 8.0 (see 

Appendix)) to remove all traces of reducing agent and sulfonation compounds and to 

serve as a holding buffer for the protein until needed. For the refolding process to occur, 

the sample was dialyzed into Buffer RF 3 (0.4 M L-arginine, 2 M urea, 2.5 mM L-

cysteine, 0.25 mM L-cystine, pH 8.5 (see Appendix)) and allowed to refold for 24 hours 

or more. Dialysis into Buffer RF 4 (50 sodium acetate, 75 mM L-arginine , pH 5.0) was 

performed as the last step prior to analysis for folded protein using NMR.  

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Preparing the SUMO-hNT4gs plasmid 

 Plating the ligation reactions showed a significant number of colonies on the 

900 µL plates for both XL-1 Blue and BL21 (DE3) cells. To test for viable SUMO-

hNT4gs plasmid, colony PCR was performed on four XL-1 Blue colonies and two BL21 

(DE3) colonies, and the products were analyzed by agarose gel electrophoresis, where 

colonies 1, 2 and 4 from XL-1 Blue cells and colony 6 from BL21 (DE3) cells showed 

positive results for the plasmid (Figure 4.3). Of these colonies, sequencing data (Laragen, 

Inc.) showed that only colony 4 had the correct hNT4gs DNA sequence inserted into the 

correct place in the pET-SUMO vector. The plasmid from colony 4 was processed as 

described in Section 4.2.5 and used for all subsequent expression tests of SUMO-hNT4.  
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Figure 4.3. 1% agarose gel of colonies 1-6 from colony PCR performed for hNT4gs (to test gene 
insertion into pET-SUMO vector). Colonies 1-4 are from XL-1 Blue and colonies 5 and 6 are 
from BL21 (DE3) E. coli strains. Viable colonies 1, 2, 4 and 6 were sampled for sequencing. 
MW: molecular weight ladder; kb: Kilobases 
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4.3.2 Expression tests of unlabeled SUMO-hNT4 using a variety of E. coli cell lines 

 To begin the process of determining the most optimal procedure for preparing 

hNT4, the newly made SUMO-hNT4gs plasmid was transformed into a variety of E. coli 

cell lines to test for high-yield expression (summarized in Table 4.3). From the results 

shown in the SDS-PAGE gels in Figure 4.4A, it is clear that BL21 (DE3) cells in minimal 

media (MM) spiked with 10% BioExpress (BE) show the best expression, followed 

closely by BL21 (DE3) cells in minimal media alone and BL21 CodonPlus RIPL cells in 

MM + 10% BE. CodonPlus cells and double-antibiotic pLysS (kan/cam) in minimal 

media alone failed to grow to any significant OD600 after five hours and were not induced 

(data not shown). The remainder of the pLysS variants showed an expression level 

roughly 50% lower than that of the BL21 strain in MM + 10% BE. Additionally, SUMO-

hNT4gs plasmid transformed into Origami 2 (DE3) and SHuffle T7 cells grown at 37, 30, 

and 16 ºC did not show a significant increase over the best BL21 expression, based on the 

SDS-PAGE gels (data not shown).  

In addition to the aforementioned test expressions, two other comparison tests 

were also conducted. First, a SUMO-hNT4 plasmid (containing the unoptimized hNT4 

gene) was constructed just prior to the gene-optimized one as a proof of concept for 

creating the fusion protein. As shown in Figure 4.4B, this fusion construct clearly did not 

produce any hNT4 protein, and provided the motivation for gene optimization. Second, a 

side project aimed at expressing hNT4 using a Cell-Free synthesis method utilized a non-

SUMO pET-15b plasmid with a gene-optimized hNT4 insert. While this project ended 

due to contamination and degradation of expensive kit materials and is not discussed in 

this thesis, expression tests of the pET-15b hNT4 plasmid construct in a variety of  
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Figure 4.4. 15% SDS-PAGE gels of various test expressions. Expressions of (A) gene-
optimized SUMO-hNT4gs in various E. coli strains (with strain and culture information 
summarized below each gel), (B) unoptimized SUMO-hNT4 gene and (C) optimized hNT4gs in 
pET-15b plasmid (no SUMO). Individual numbers represent period of induction, in hours. MW: 
molecular weight protein ladder; MM: minimal media; BE: BioExpress; kan: kanamycin; cam: 
chloramphenicol. 
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E. coli cell lines clearly showed a lack of hNT4 expression (Figure 4.4C). Taken together, 

the SDS-PAGE data clearly show that the SUMO fusion construct, in combination with 

gene-optimized hNT4 DNA, is crucial for sufficient levels of hNT4 expression.  

4.3.3 Initial search for soluble SUMO-hNT4 from test expressions 

 One of the primary goals of recombinant protein expression is to obtain not just 

large quantities of target protein, but to have that protein in a soluble form. Because 

SUMO protein on its own expresses solubly in E. coli, it was expected that it may 

increase the solubility of the target protein. To test for the presence of soluble fusion 

protein, clarified cell lysates from BL21 (DE3) (MM + 10% BE) and the Origami and 

SHuffle test expressions were run on a Ni-NTA column as described in Sections 4.2.8.1 

and 4.2.8.3. It is clear from the SDS-PAGE gel and UV trace in Figure 4.5A that no 

SUMO-hNT4 protein elutes from the column after injection of the soluble fraction of the 

lysate, thereby illustrating that SUMO-hNT4 is retained in the insoluble fraction 

following cell lysis. This result was typical for fusion protein expressed in all cell types, 

including the Origami and SHuffle cells which are specifically engineered to express 

soluble disulfide-containing recombinant proteins in the cytoplasm and therefore 

provided the highest likelihood that SUMO-hNT4 would be expressed in the soluble 

fraction.  

 Two attempts at refolding the fusion protein from the insoluble fraction were 

made. The first, described in Section 4.2.8.2, was an attempt at on-column refolding, as 

this process is known to be effective in preventing aggregation during refolding of certain 

proteins (Li et al., 2004). In brief, solubilized cell lysate containing the His-tagged fusion 
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protein was injected onto the Ni-NTA column, and the urea content of the buffer 

gradually lowered from 6 M to 2 M to encourage refolding. The resulting UV trace and 

associated SDS-PAGE gel in Figure 4.5B show that SUMO-hNT4 eluted not just in 2 M 

urea buffer with 400 mM imidazole but also in a 6 M urea/400 mM imidazole column 

wash, indicating that the fusion protein precipitated on the column during the refolding 

process, making the method unsuitable. In the second attempt at refolding the fusion 

protein, the original refolding protocol developed by former graduate student Naveen 

Battala (described in Chapter 3) was used directly on lysed and solubilized cell pellets 

from all cell types described in Sections 4.2.8.1 and 4.2.8.3. Despite some modifications 

to the protocol using stabilizing agents such as zwittergent 3-12 or glycerol, near 

complete precipitation of SUMO-hNT4 was observed in all attempts (Figure 4.5C), 

ultimately making this path unsuitable for refolding hNT4 when fused to SUMO. 

 Although the aforementioned experiments resulted in a dramatic display of 

protein precipitation of SUMO-hNT4, a few observations were made about the nature of 

the fusion protein. First, it was clear that the SUMO-hNT4 fusion will not refold in the 

fused state using common methods such as dialysis or on-column refolding. Furthermore, 

although refolding the fusion protein using the previously described Pfizer-based protocol 

(Chapter 3) caused nearly all the protein to precipitate, a very small amount of fusion 

protein remained in solution (Figure 4.5C). The extent to which each of the fusion 

partners was folded in this remaining protein was unclear; however, one could guess that 

significant electrostatic and/or hydrophobic interactions between SUMO and hNT4 may 

be the cause for precipitation. With this in mind, and having found a way to readily  
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Figure 4.5. Results from a variety of refolding attempts of 
SUMO-hNT4 prior to cleavage. (A) FPLC UV-trace and SDS-
PAGE gel of Ni-NTA purification of cell lysate, showing no 
evidence of SUMO-hNT4 in the eluent. Arrows represent 
consecutively numbered fractions on the SDS-PAGE gel. (B) UV 
trace and associated SDS-PAGE gel of on-column refolding 
attempt using the Ni-NTA column. Fusion protein is seen in the 
cell lysate, S, before injection onto the column; a portion of the 
sample elutes at fraction 43 in 400 mM imidazole / 2 M urea, 
while precipitated protein elutes after being resolubilized in 6 M 
urea during a column wash, W. (C) Typical result of any attempt 
to refold the fusion protein, with the majority of SUMO-hNT4 
precipitating out of solution, P. MW: molecular weight protein 
ladder; S: supernatant; P: precipitate; W: column wash. 
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cleave the fusion partners with SUMO protease in buffer containing 2 M urea and a high 

level of reducing agent (17 mM DTT), it became apparent that purification of hNT4 from 

SUMO would be necessary prior to refolding the neurotrophin. 

4.3.4 Initial purification efforts to separate SUMO from hNT4 after Ulp1 cleavage 

 To begin the process of separating hNT4 from its SUMO counterpart, a fresh 1 L 

batch of fusion protein was prepared and split in half based on the type of cell lysis 

procedure used, as described in Section 4.2.9. The results from this cell lysis test showed 

that sonication and French press were equally good methods for extracting the SUMO-

hNT4 fusion protein (Figure 4.6A) with the latter, however, being considerably faster. 

Purification of both sets of pellets, outlined in Figures 4.1 and 4.2, began with the 

Ni-NTA column in hopes that the column would efficiently separate the His-tagged 

fusion from the rest of the cellular proteins. The results for both sets of samples showed 

that only part of each sample bound to the column and eluted in a very pure form, while 

the remainder did not bind and eluted with the flowthrough (Figure 4.6B). Rather than 

working to optimize the Ni-NTA purification at this point, the decision was made to 

move forward with subsequent purification steps using eluent with purified fusion 

protein, and to simply re-purify the flowthrough using the Ni-NTA column when needed; 

this procedure was used for all Ni-NTA purifications in the following sections.  

4.3.4.1 Purification trials utilizing the pellet lysed by sonication 

The purification trials for this section are outlined in Figure 4.1. In the first step, 

fusion protein that had bound to, and been eluted from, the Ni-NTA column was next 

exposed to Ulp1 cleavage in Cleave Buffer 2 containing 20 mM 2-mercaptoethanol; 
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because Cleave Buffer 2 uses 2-mercaptoethanol instead of DTT, this procedure was 

done in order to save money on expensive chemicals. Unfortunately, this resulted in near 

total precipitation of the fusion protein due to the lower reducing power of 2-

mercaptoethanol compared to DTT under weak denaturing conditions (2 M urea). The 

situation was remedied in subsequent cleavage procedures by returning to the DTT-based 

buffers for Ulp1 cleavage.  

After discarding the precipitated sample, SUMO-hNT4 that was contained in the 

original flowthrough of unbound protein was re-purified on the Ni-NTA column. Eluent 

containing SUMO-hNT4 was pooled, cleaved, and a series of purification attempts using 

an SP FF strong cation exchange column were conducted, utilizing three different 

buffers: tris, HEPES, and phosphate. It should be noted that for any purification trial that 

produced eluent fractions containing both SUMO and hNT4 proteins, the fractions were 

pooled and used for subsequent tests. All attempts, shown in Figure 4.6C, resulted in 

varied separation of SUMO and hNT4. In the first test, tris buffer was determined to be 

unsuitable due to poor separation and interference with the cationic column media (GE 

Healthcare). A more appropriate buffer for the pH 8.0 range, HEPES, showed a slightly 

better separation of the two proteins, though elution for both was over a wider range of 

fractions. To increase the negative charge of hNT4 (estimated pI 8.9) and therefore its 

exclusion from the cationic solid phase media, the pH was lowered to 7.2 using 

phosphate buffer in the final test. Although the SDS-PAGE gel in Figure 4.6C shows a 

significant improvement in separation at the lower pH, it should be noted that pooling the 

eluent from the HEPES purification excluded a significant portion of SUMO protein, 

ultimately diluting the sample. It became clear, however, that control of the net charge of  
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Figure 4.6. Expression and cell lysis test, as well as initial purification attempts of cleaved 
SUMO & hNT4 proteins, corresponding to the sonicated pellet procedures in Figure 4.1. (A) 
Expression of SUMO-hNT4 in BL21 CodonPlus cells with 3 hour induction period, and cell lysis 
using French press (red pellet, P, and supernatant, S) or sonication (blue pellet and supernatant). 
(B) Representative SDS-PAGE gel of initial Ni-NTA purification runs (Figures 4.1 and 4.2) with 
column-bound (blue arrows) and unbound (red arrows) fusion protein. (C) Initial SDS-PAGE gel 
results of SP FF strong anion exchange purification utilizing SP Buffer A2/B2 (tris pH 8.0, top), 
A3/B3 (HEPES pH 8.0, middle), and A4/B4 (phosphate pH 7.2, bottom). MW: molecular weight 
protein ladder. 
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the two proteins is crucial for their separation, and this process was further tested in the 

purification trials using the French press pellet. 

4.3.4.2 Purification trials using the pellet lysed by French press 

As was the case in the previous purification tests, partial Ni-NTA purification was used 

to obtain test samples to perform purification runs on solubilized sample originating from 

the French press pellet (Figure 4.2). In the first round of tests, pooled eluent of purified 

SUMO-hNT4 was cleaved and a series of attempts were made to separate the fusion 

partners using a Mono S 5/50 GL strong anion exchange column; this column is higher 

resolution compared to the SP FF used previously. Trials included the use of Mono S 

Buffers A1/B1 (pH 8) where SUMO was believed to be folded and hNT4 was unfolded, 

A2/B2 (pH 5.0) where both proteins were unfolded and positively charged, and A3/B3 

(pH 5.0) where they were both positively charged but SUMO was once again folded. This 

refolding strategy was based on two hypotheses: first, having SUMO folded in some 

cases would decrease the ionic interactions between it and hNT4, and second, imparting a 

net positive charge onto both of them would do the same and that the high-resolution 

column could separate them as a result. As can be seen in Figure 4.7A, none of these 

strategies worked to separate the two proteins, although the second trial (in which both 

proteins were positively charged and unfolded) came close. I hypothesized that the 

primary reason for the poor separation could be due to the presence of hydrophobic 

interactions between the two proteins, since hNT4 has many exposed hydrophobic 

residues in the unfolded state. Thus, pooled fractions containing both proteins were 

dialyzed into HIC Buffer A2 (pH 6.5), where SUMO was once again folded with a buffer 

pH close to its pI (6.3) to try and prevent ionic interactions between the two. The dialysis  
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Figure 4.7. Results of initial purification attempts of hNT4 from SUMO, corresponding to the 
French press pellet procedure in Section 4.2.9.2 (A) SDS-PAGE gels of purification attempts to 
separate SUMO from hNT4 using the high resolution Mono S column with Mono S Buffers 
A1/B1 (HEPES + 2 M urea, pH 8, top), A2/B2 (acetate + 6 M urea, pH 5, middle) and A3/B3 
(acetate + 2 M urea, pH 5, bottom). (B) Initial success in separating SUMO from hNT4 using 
the Phenyl FF (lowsub) hydrophobic interaction column with HIC Buffer A2/B2. (C) Further 
separation attempts of hNT4 from SUMO using the Ni-NTA column with Buffers NT A6/B6. 
(D) SDS-PAGE gel and UV trace showing an attempt at increased binding of SUMO-hNT4 
fusion protein to the initial Ni-NTA column using HEPES buffer and increased NaCl content 
(Buffer NT A7/B7). Numbers below lanes on the gels correspond to fractions in the UV trace. 
MW: molecular weight protein ladder. 
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process resulted in significant precipitation (containing primarily hNT4), most likely due 

to the high NaCl content (2.5 M), low denaturant level (2 M urea) and unfolded hNT4; 

however, despite all this, the very faint SDS-PAGE gel image in Figure 4.7B shows a 

significant improvement in separation of the two proteins using the HIC Phenyl FF 

column at 5 ºC.  

The remainder of purification efforts had mixed results (Figure 4.2). An attempt 

to use hydrophobic interaction chromatography on a very impure sample (cleaved fusion 

protein from a Ni-NTA unbound sample) using ammonium sulfate as the salt resulted in 

complete precipitation, and was therefore abandoned. Another attempt to separate the 

cleaved fusion partners using the Ni-NTA column also showed promise, but the 

efficiency of the HIC Phenyl FF column was higher (even though a small amount of 

SUMO protein remained in the hNT4 fractions) (compare Figure 4.7B and C). Last, a Ni-

NTA purification using HEPES buffer with an increased NaCl content (Buffer NT A6) 

was performed on a sample of still-intact fusion protein. Although this also resulted in 

significant precipitation for unknown reasons (perhaps due to re-use of older buffers), the 

result showed a tighter and cleaner elution profile for SUMO-hNT4 than previously 

(Figure 4.7D).  

Taken together, the series of purification trials described above indicate a 

preference for HEPES and higher NaCl content in the buffer for the initial Ni-NTA 

purification of the SUMO-hNT4 fusion. Additionally, hydrophobic interaction 

chromatography showed strong potential towards separating the cleaved fusion proteins 

when the buffer pH was close to the pI of SUMO. The following sections further tested 

these observations in an attempt to optimize the purification process.   
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Figure 4.8. 15% SDS-PAGE gels and FPLC UV traces showing dependence of [NaCl] on 
SUMO-hNT4 affinity for the Ni-NTA column. NaCl concentrations included (A) 0 M, (B) 
50 mM and (C) 250 mM, with 250 mM showing the best combination of binding ability and 
tightest elution profile. Red arrows indicate unbound SUMO-hNT4 eluting with the column 
flowthrough whereas blue arrows indicate regions where column-bound fusion protein eluted. 
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4.3.5 NaCl optimization of Ni-NTA chromatography and optimal choice of HIC media 

 Based on the increased Ni-NTA purification efficiency seen in the previous 

section (Figure 4.7D) using HEPES and 150 mM NaCl, a larger scale test varying the 

NaCl concentration was performed using protein from a fresh 1 L expression in BL21 

(DE3) cells. Results from these tests, shown in Figure 4.8, indicate that a NaCl 

concentration of 250 mM is ideal for the Ni-NTA purification, allowing near complete 

binding of the fusion protein to Ni-NTA column, and giving a very tight elution profile 

(~50 mL pooled volume) (Figure 4.8C). While the SDS-PAGE gel of the 50 mM NaCl 

sample showed zero unbound fusion protein, the elution peak was very broad, spanning 

nearly twice the range (~ 100 mL pooled volume) of the 250 mM NaCl test, with 

additional fusion protein eluting in 400 mM imidazole.  

 Optimization of the separation of SUMO and hNT4 using small (1.0 mL) 

hydrophobic interaction chromatography columns showed similarly good results to the 

initial test described in the previous section. As shown in Figure 4.9A, Phenyl FF 

(highsub) was the most efficient at separating the two proteins, followed closely by 

Phenyl FF (lowsub) and Butyl FF. The other HIC columns failed to separate the two 

proteins and resulted in hNT4 elution over a very wide range of fractions. Because the 

total amount of cleaved sample taken from the Ni-NTA purification tests was about 

70 mL, and the HIC tests used only about 35 mL of it (~ 5 mL per column), the 

remainder was used for a larger-scale test using a 20 mL HIC Phenyl FF (highsub) 

column. The result, shown in the SDS-PAGE gel in Figure 4.9B, demonstrates that the 

separation, although very good, is not as complete as in the small-scale test, with the most 

likely reasons due to either loading too much volume onto the column or having too high  
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Figure 4.9. 15% SDS-PAGE gels summarizing a variety of hydrophobic interaction 
chromatography purification tests to purify hNT4 after cleavage. (A) Small scale tests using 
1.5 mL columns, with the name of the column written above each gel. Of the seven columns 
tested, Phenyl FF (highsub), Phenyl FF (lowsub), and Butyl FF showed the highest resolution in 
separating hNT4 from SUMO. (B) Large scale test utilizing a 20 mL Phenyl FF (highsub) HIC 
column. 
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of a protein content, both of which could result in reduced separation efficiency. Further 

purification of the pooled HIC fractions (containing hNT4, SUMO, and uncleaved fusion 

protein) using the Ni-NTA column managed to separate hNT4 from some other 

impurities, but not its fusion partner. The subsequent refolding attempt using the Pfizer 

protocol resulted in precipitation of hNT4, SUMO, and the uncleaved protein along with 

the remaining impurities. 

4.3.6 Optimization of purification conditions: chromatofocusing and anion exchange 

chromatofocusing 

 Having established that the Phenyl FF (highsub) column is a potentially good 

method for separating SUMO and hNT4, an effort was made to obtain a higher resolution 

separation of the fusion partners based on their pIs; this method is called 

chromatofocusing and utilized the Mono P column (GE Healthcare). The process, 

described in Section 4.2.12, used fusion protein from a fresh 1 L expression, purified on a 

Ni-NTA column and cleaved with Ulp1 protease before proceeding to chromatofocusing. 

The UV trace (Figure 4.10A) and SDS-PAGE gel (Figure 4.10B) from the first test run 

on the Mono P column shows that nearly all hNT4 eluted over a small range of 

consecutive fractions, along with a minor amount of SUMO and uncleaved fusion 

protein; pH strips indicated that a relatively good pH gradient was established for this 

purification run (Figure 4.10C). The remainder of the fractions in the gel showing a dark 

smear is indicative of Polybuffer 96 elution (Figure 4.10B). Cleaved SUMO protein 

bound so strongly that it had to be removed from the Mono P column using a 2 M NaCl 

wash containing 6 M urea and 18 mM 2-mercaptoethanol. The second Mono P trial, 

performed using a protocol that was more similar to the one provided by the column  



124 
 

  

Figure 4.10. Results from an initial attempt to purify hNT4 using chromatofocusing (Mono P 
column). (A) UV-trace from the MonoP column showing various elution segments. (B) 15% 
SDS-PAGE gel shows very good separation of hNT4 from SUMO, the latter of which had to be 
eluted in a high salt (2 M NaCl) wash (W). The majority of Polybuffer 96 eluted after hNT4. The 
lane labeled as “set” represents pooled fractions corresponding to Set (89-103) in (A). (C) pH 
strips showing a good pH range using tris and Polybuffer 96 buffers. 



125 
 

manufacturer (GE Healthcare), showed a similar result, although this time hNT4 eluted 

over a wider range of fractions, some of which included a significant amount of 

Polybuffer 96 (data not shown). Furthermore, the addition of Triton X-100 detergent to 

the sample did not disrupt ionic and hydrophobic interactions between SUMO and hNT4 

as intended; the detergent itself also had a tendency to severely clump up in the high urea 

buffer at 5 ºC.  

These tests with the Mono P column confirmed that good separation of hNT4 can 

be made based on its isoelectric point. However, using the Mono P column was 

somewhat laborious and required the proprietary Polybuffer 96; consequently, an attempt 

was made to get the same results using strong anion exchange chromatography with a Q 

FF column (GE Healthcare). The first test, utilizing tris buffer at pH 9.0, showed a good 

separation of hNT4 from SUMO, with the neurotrophin eluting over a wide range of 

fractions (some of which contained a small amount of SUMO) (Figure 4.11A). At this 

pH, however, tris buffer showed a lower ability to maintain a stable pH so ethanolamine 

was used in the subsequent tests. The first of these used ethanolamine and zwittergent 3-

12 at 5 ºC to further separate hNT4 from impurities. Results once again showed a wide 

elution profile for hNT4, with not much improvement in overall purity (Figure 4.11B). 

Additionally, at this temperature the zwitterionic detergent showed a propensity to 

precipitate and cause the FPLC to go overpressure. Because higher temperatures often 

increase chromatographic resolution, the problem was eventually solved when the 

operating temperature of the purification was increased to that of ambient (~ 25 ºC), with 

good separation of hNT4 from SUMO, even without the use of a detergent (Figure 

4.11C).  
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Figure 4.11. hNT4gs purification results using the Q FF strong anion exchange chromatography 
column. (A) 15% SDS gel showing results using the Q FF column at 5 ºC with tris buffer at 
pH 9.0 (B) 15% SDS gel of the purification attempt with ethanolamine instead of tris at pH 9.0, 
with the addition of zwittergent 3-12 detergent. (C) 15% SDS gel and UV-trace showing the best 
results for Q FF purification, using ethanolamine buffer at pH 9.0 under ambient temperatures 
(Buffers Q A2/B2). Blue numbers and arrows represent hNT4gs elution fractions, whereas those 
in red represent that of SUMO. 
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4.3.7 Optimization of purification conditions: size exclusion chromatography 

 Having made significant progress in separating the SUMO-hNT4 fusion from the 

majority of cellular proteins during Ni-NTA purification, one last attempt was made to 

chromatographically clean the pre-cleave sample of low and high molecular weight 

impurities. The reasoning was that using size exclusion chromatography prior to fusion 

cleavage would isolate the fusion protein based on size, and that cleaved and separated 

hNT4 would be that much purer. SDS-PAGE gel analysis of the first test, which was 

conducted at pH 8.0, showed a good elution profile for the fusion protein, although the 

removal of lower molecular weight impurities still needed improvement (Figure 4.12A). 

This improvement, however, came once again with the use of ethanolamine buffer at 

pH 9.0, instead of tris buffer at pH 8.0 as in the first test. While the purification showed a 

much cleaner elution of the fusion protein, it unclear where the majority of lower 

molecular weight proteins eluted, despite the significantly larger peak at the far end of the 

UV-trace (Figure 4.12B). Despite a considerable effort to keep the sample concentrations 

identical, it is possible that the second sample injected onto the column was much more 

dilute (as evidenced by the much lower UV-trace absorbance level of the main peak in 

Figure 4.12B), making a true comparison of the buffer conditions difficult. Although the 

size exclusion step may improve the overall purity of the fusion protein, and ultimately 

hNT4, this step is not necessary prior to refolding. 

4.3.8 A brief summary of the final expression and purification protocol 

 In the end, none of the various buffer modifications designed to improve the 

purification process were helpful. For example, modifications of Buffer NT A8 with low  
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Figure 4.12. 15% SDS-PAGE gel and UV-trace results of size exclusion chromatography 
purification tests of SUMO-hNT4, using the Superdex 75 column. (A) Purification test using tris 
buffer at pH 8.0. (B) Purification test using ethanolamine buffer at pH 9.0. Both purification trials 
were performed at ambient temperature (~ 25 ºC). It should be noted that the amount of protein 
sample injected onto the column in the second test was considerably lower, and accounts for the 
smaller peak size in the UV-trace and potentially lower impurity level. 
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concentrations of imidazole (Section 4.2.12), as part of an attempt to eliminate weak 

binding of impurities on the Ni-NTA column, reduced (rather than increased) the amount 

of bound fusion protein and so Buffer NT A8 remained without imidazole. Additionally, 

tests using stabilizing agents such as TMAO (Section 4.2.10) and the various detergents 

described in Section 4.2.12 did not improve the expression or purification process in any 

way, and were ultimately kept out of the purification protocol.  

To obtain an approximate yield of purified protein and to have enough sample for 

subsequent refolding trials, a full-scale trial of the best current expression and 

purification protocol was tested using a 1 L sample of 15N labeled SUMO-hNT4. The 

protocol utilized the BL21 (DE3) E. coli strain induced for 3 hours at 37 ºC, Buffers NT 

A8/B8 for Ni-NTA purification, Superdex Buffer 2 for further isolation of the fusion 

protein using size exclusion chromatography, Cleave Buffer 4 for cleaving the fusion 

protein with Ulp1 protease, and Buffers Q A2/B2 for separation of hNT4 from SUMO 

using the Q FF anion exchange column. To account for overloading of the columns, the 

expression sample was split in half (Batches A and B), and each half diluted twofold to 

help prevent non-specific binding of other proteins to the Ni-NTA column during sample 

loading.  

SDS-PAGE gel results for Batch B show excellent purification of the fusion 

protein by the Ni-NTA column, with further purification of the sample by Superdex 75 

chromatography (Figure 4.13A and B). Furthermore, post-cleavage anion exchange 

chromatography using the Q FF column eluted hNT4 in a very tight elution profile, with 

minimal presence of SUMO and uncleaved fusion protein (Figure 4.13C). Accounting for 

the small amount of impurities in the Q FF pooled sample, the hNT4 concentration was  
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Figure 4.13. SDS-PAGE gels and UV traces summarizing the current progress in the  
purification protocol of hNT4 using half the protein content of a 1 L expression in BL21 (DE3) E. 
coli cells. (A) Ni-NTA purification using Buffer NT A8/B8. (B) Further purification of the fusion 
protein using the Superdex 75 size exclusion column with Superdex Buffer A2. (C) Good (but not 
complete) separation of hNT4 from SUMO is accomplished using the Q FF column and buffers Q 
A2/B2. 
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estimated to be at 20 mg for Batch B, indicating that a full 1 L expression can produce 

upwards of 40 mg of pure hNT4 prior to refolding, well over four times that of MON-105 

cells. It is still to be determined how much of this protein will remain after efforts to 

refold the protein. 

4.3.9 Optimizing the refolding of hNT4 

 Mentioned throughout this thesis, the refolding of neurotrophin-4 is a delicate 

process which, especially in the much higher concentrations found in the SUMO fusion 

expressions, results in precipitation and loss of hNT4. As discussed in Chapter 3, the 

Pfizer protocol is able to refold small quantities of hNT4 using cold temperatures, caustic 

and expensive ingredients and a nitrogen atmosphere. As I recently discovered, Pfizer 

published another protocol (Buckley et al., 2010) for refolding hNT4 at much higher 

concentrations (0.2 mg/mL), using cheaper and safer chemical ingredients under ambient 

temperatures (Section 4.2.14). Following the published protocol resulted in the majority 

of the protein content precipitating out of solution (Figure 4.14A), with the remaining 

soluble protein in an unfolded state, as determined by NMR (Figure 4.14B). Efforts to 

remedy the situation included modifying the way L-cystine was dissolved (in 

concentrated acid or base), increasing the cysteine/cystine concentration tenfold, and 

varying Buffer RF 4 from acetate to HEPES along with its arginine content. Results from 

all efforts were identical to the first, with the majority of protein precipitating out of 

solution and the remainder in an unfolded state. 

 The reasons for the precipitation and unfolded protein in Buffer RF 4 are unclear, 

but may revolve around the length of time the protein spends in urea buffers throughout  
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Figure 4.14. Representative 15% SDS-PAGE gel (A) of precipitate contents from every attempt 
made at refolding hNT4 using the new Pfizer-based protocol. Any hNT4 that remained in 
solution was unfolded, as determined by NMR spectroscopy (B) using a 600 MHz NMR 
spectrometer. 
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the purification protocol. Immediately upon dissolution in water, urea begins to 

decompose into ammonium and cyanate ions, the latter of which readily forms isocyanic 

acid which attacks the amines of lysine, arginine, and the N-terminus, and, to a lesser 

extent, the sulfur atom of cysteine (Lippincot and Apostol 1999). This process is 

significantly increased at higher urea concentrations (6 M and above), higher pH (pH 8 

and above), and higher temperatures, all of which play a significant role in the 

purification process described herein. Carbamylation of cysteines could prevent the 

formation of the necessary disulfide bonds, which could explain why hNT4 precipitates 

out of solution. In other instances where disulfides do form, even if partially, 

carbamylation of the N-terminus as well as lysine and arginine residues may prevent 

hNT4 from folding but still maintain the protein in solution in the unfolded state. Either 

way, a return to this issue will be necessary to refold the large quantity of hNT4 produced 

using the protocol described in this chapter. 
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CHAPTER 5: CONCLUDING REMARKS 

   

5.1 SUMMARY OF THE G-ALPHA PROJECT 

This thesis covers an extensive amount of work detailing the recombinant 

expression, purification, and NMR characterization of two human signaling proteins: the 

G protein alpha subunit i1 (hGαi1) and neurotrophin-4 (hNT4). In the case of hGαi1, 

initial expression trials using common E. coli strains and plasmids did not yield sufficient 

amounts of protein. Searching for a better method, we utilized the pET-SUMO vector, 

which enables co-expression of hGαi1 with a fusion partner, in this case a small ubiquitin-

like modifier (SUMO) protein, a method known be useful for increasing expression 

yields and simplifying subsequent purifications. Using the SUMO-hGαi1 chimera, 

combined with an E. coli strain that produces rare codons, a rich media supplement in the 

growth culture, and a low induction temperature, we were able to yield nearly 40 mg of 

hGαi1, and about 15 mg of an N-terminally truncated variant, hGαi1-Δ31. Purification of 

these proteins was significantly simplified using nickel affinity (Ni-NTA) 

chromatography to separate the SUMO-hGαi1 fusion from other cellular proteins, and 

then SUMO from hGαi1 after Ulp1 cleavage. The final purification step used size 

exclusion chromatography to further isolate the 40 kDa hGαi1. To acquire optimal 

resolution in the NMR spectra, temperature titrations revealed an ideal experimental 

temperature of 35 ºC; the NMR buffer was optimized to keep the protein stable at this 

temperature using the zwitterionic PIPES buffer compound and 5% glycerol. The 

resulting NMR spectra of both hGαi1 and hGαi1-Δ31 showed excellent spectral resolution 



135 
 

with well dispersed peaks. The spectrum of the truncated form also showed significantly 

fewer very intense peaks in the middle of the spectrum, a phenomenon caused by fast 

conformational exchange of the unstructured N-terminus (visible in the wild-type form). 

 

5.2 SUMMARY OF THE NT4 PROJECT 

 Analysis of hNT4 by NMR proved to be a double-edged sword. On the one hand, 

1H-15N HSQC spectra of 15N and 15N/13C/2H labeled hNT4 looked promising, with good 

peak dispersion and intensity indicating a well folded protein. Additionally, titrations of 

15N labeled hNT4 with unlabeled TrkB-d5 and –d5L showed a significant change in the 

electronic environment of the hNT4 amide backbone, suggesting binding interactions 

between the two proteins. However, high quality titration spectra and initial attempts to 

assign the backbone residues of hNT4 (an essential part for future NMR experiments) 

were made difficult by low (and costly) expression yields using a previously described 

protocol (Batalla 2011), precipitation at higher concentrations and inherent instability of 

the protein in the NMR buffers. To remedy this situation, we sought to develop a more 

efficient expression and purification protocol that would provide higher yields of hNT4 

per liter of cell culture. 

 Based on the success of the SUMO fusion system in the high-yield expression and 

simplified purification of hGαi1 (Chapter 2), we sought to use the same method to try and 

improve the yields of hNT4. Combined with gene optimization to adjust to the codon 

usage environment for expression in E. coli, the SUMO-hNT4 fusion partner showed 

excellent expression under normal conditions (3 hours at 37 ºC) using standard BL21 
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(DE3) E. coli cells, with an estimated 40 mg protein yield per 1 L of culture. Despite 

numerous attempts at obtaining soluble protein directly from the expression, SUMO-

hNT4 is expressed in inclusion bodies and therefore must be refolded, cleaved from 

SUMO and purified. The purification process turned out to be very difficult, a direct 

result of incredibly strong electrostatic and hydrophobic interactions between SUMO 

(estimated pI 6.3) and hNT4 (estimated pI 8.9). The final protocol, however, utilizes Ni-

NTA affinity chromatography to separate the His-tagged fusion protein from a very 

significant portion of cellular impurities. An intermediate step using size exclusion 

chromatography helps to further isolate SUMO-hNT4, and remove low MW impurities. 

The final purification step, after cleaving the fusion protein with SUMO protease, uses 

strong anion exchange chromatography (with a buffer pH of 9.0 to prevent electrostatic 

interactions between SUMO and hNT4) to separate the two fusion partners. Although this 

last step is very efficient, some SUMO, uncleaved fusion, and other protein impurities 

remain in the sample. A pure sample is not critical at this stage because refolding does 

not require a pure sample; however, all efforts to refold hNT4 resulted in total 

precipitation of the protein. 

 

5.3 FUTURE DIRECTIONS 

5.3.1 hGαi1 and interactions with RGS proteins 

 The completion of a protocol for high yield expression, simplified purification 

and NMR sample stabilization of both wild type and N-terminally truncated hGαi1 

enabled us to acquire high resolution HSQC spectra. Even without backbone chemical 
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shift assignment, our temperature titrations have already indicated significant 

conformational exchange in the apo state of hGαi1, and suggest that further studies into 

the molecular motions of RGS in the apo and hGαi1-bound state will reveal widespread 

intramolecular motions in both proteins. With the backbone assignment of RGS4 already 

complete, we have begun the process of preparing a sample of hGαi1-bound 15N RGS4 

for a variety of NMR experiments. To begin an in-depth analysis of changes in the 

molecular motions of RGS4, we will be performing 1H-15N HSQC titration experiments 

of 15N RGS4 with unlabeled hGαi1 in addition to hydrogen exchange experiments. As 

mentioned earlier, the titration experiments will provide insight into the chemical shift 

changes for amino acids located not just in the RGS4- hGαi1 binding site, but also for any 

other regions of the protein that may be allosterically affected by the interaction. 

Furthermore, hydrogen exchange experiments can provide information about solvent-

protected areas and those exhibiting persistent hydrogen bonding, significantly enhancing 

the molecular interaction details at the interface between RGS4 and hGαi1 (Dyson et al. 

2008). Using spin relaxation experiments such as 15N R1 (spin-lattice relaxation), R2 

(spin-spin relaxation), and steady-state NOE experiments will allow us to probe the 

molecular dynamics of individual residues within these regions at fast (ps-ns) and 

intermediate (µs-ms) timescales (Takeuchi and Wagner 2006). Data acquired from these 

experiments will be invaluable not just in probing the role that protein motions play in 

binding selectivity between RGS proteins and their G-alpha targets, but also in helping to 

develop better drug design to target the diseases caused by the malfunction of these, and 

other signaling proteins. 
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5.3.2 hNT4 and interactions with TrkB-d5 

Once a usable refolding protocol is developed, the aforementioned NMR 

experiments will also be applied to hNT4 in its apo and Trk-bound state. As discussed in 

Section 4.3.9, the most likely cause for the ineffective refolding of hNT4 is 

carbamylation of N-terminal and side chain amines, a direct result of using high 

concentrations of urea (6 to 8 M) at high pH (8 to 9) and ambient temperature in the 

buffers for the above purification protocol. Potential solutions to this issue involve 

significantly reducing the amount of time the protein sample spends in urea buffers by 

using a faster buffer exchange procedure such as desalting columns or spin-concentrators, 

in addition to using isocyanate scavengers such as ethylenediamine, or any free-standing 

strong amines. Additionally, a potential reversal of carbamylation could be accomplished 

by dialysis into low pH guanidine-based buffer utilizing the previously described 

isocyanate scavengers, and then continuing with the protocol.  

Mentioned briefly in the introduction to neurotrophins in Chapter 1 (Section 

1.4.1), the neurotrophin prodomain has recently been shown to have a significant impact 

on the refolding of neurotrophins in vitro (Lu et al. 2005; Rafieva et al. 2012). Although 

not mentioned as part of the experimental procedures in this thesis, we developed a 

SUMO construct with the prodomain of hNT4 (SUMO-proNT4) in the hopes that this 

prodomain would assist in the refolding process. The project, however, was halted with 

the discovery of a more efficient refolding protocol of the mature protein (Buckley et al. 

2010), and the fact that the expression yield of the SUMO-proNT4 appeared to be quite 

low. Additionally, in preliminary purification tests it was found that cleavage using Ulp1 

and furin (for the prodomain) was somewhat difficult, as might be expected for a three-
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part fusion protein. Nonetheless, the proNT4 construct has potential, not just in assisting 

the refolding of the mature protein, but also in examinations of the potential effects of the 

prodomain on the primary domain in relation to its dynamics in the apo state and its 

binding selectivity to TrkB-d5. Because the proNT4 protein has a much higher affinity 

for the p75 receptor, it is quite possible that an entirely different set of molecular motions 

are at play which may provide further insight into NT-receptor interactions.  
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APPENDIX 

Gαi1 BUFFERS (CHAPTER 2) 

BUFFER NAME CONDITIONS pH PAIRED BUFFER 

TE buffer 10 mM Tris, 1 mM EDTA  8.0 - 

Buffer A1 
20 mM sodium phosphate, 

0.5 M NaCl, 10 mM β-
mercaptoethanol 

7.0 
Buffer B 

 (A1 +  400 mM 
imidazole) 

Buffer A2 

20 mM sodium phosphate, 
0.5 M NaCl, 10 mM β-

mercaptoethanol, 15 mM 
imidazole 

7.0 
Buffer B 

 (A1 +  400 mM 
imidazole) 

Superdex Buffer 
50 mM sodium phosphate, 
0.15 M NaCl, 10 mM β-

mercaptoethanol 
7.2 - 

Fluorescence Buffer 10 mM tris, 1 mM EDTA, and 
10 mM MgCl2 

8.0 - 

PIPES Buffer 
20 mM PIPES, 50 mM NaCl, 3 

mM dithiothreitol, 5 mM MgCl2, 
5% glycerol 

7.0 - 

NMR Buffer 

20 mM PIPES, 50 mM NaCl, 3 
mM dithiothreitol, 5 mM MgCl2, 

5% glycerol, 20 µM GDP, 
10 mM NaF, 300 µM AlCl3, 

2 mM NaN3, 0.2 mM DSS, and 
10% D2O 

7.0 - 

NT4 BUFFERS (CHAPTERS 3 AND 4) 

BUFFER NAME CONDITIONS pH PAIRED BUFFER 

P1 20 mM tris, 5 mM EDTA 8.0 - 

P2 20 mM tris, 6 M urea, 25 mM 
DTT 8.0 - 

P3 20 mM tris, 100 mM NaCl 8.0 - 

P4 20 mM HEPES, 8 M urea, 
18 mM 2-mercaptoethanol 8.0 - 
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DEAE Buffer A 20 mM tris, 6 M urea, 10 mM 
DTT 8.0 DEAE Buffer B 

(A + 1 M NaCl) 

SP Buffer A1 20 mM sodium acetate, 6 M 
urea 5.0 SP Buffer B1 

(A1 + 1 M NaCl) 

SP Buffer A2 20 mM tris, 2 M urea, 17 mM 
DTT 8.0 SP Buffer B2 

(A2 + 1 M NaCl) 

SP Buffer A3 20 mM HEPES, 2 M urea, 
17 mM DTT 8.0 SP Buffer B3 

(A3 + 1 M NaCl) 

SP Buffer A4 20 mM sodium phosphate, 2 M 
urea, 17 mM DTT 7.2 SP Buffer B4 

(A4 + 1 M NaCl) 

Processing Buffer 0.2 M tris, 4 M guanidine.HCl, 
5 mM DTT 8.3 - 

Refolding Buffer 0.1 M tris, 1 M guanidine.HCl, 
20 mM glycine, 15% PEG 300 8.3 - 

AB 50 mM sodium acetate 5.0 - 

PB 50 mM sodium phosphate 6.5 - 

HIC Buffer A1 50 mM sodium phosphate, 
2.5 M NaCl 6.5 HIC Buffer B1 

(A1 – 2.5 M NaCl) 

HIC Buffer A2 50 mM sodium phosphate, 2 M 
urea, 17 mM DTT, 2.5 M NaCl 6.5 HIC Buffer B2 

(A2 – 2.5 M NaCl) 

HIC Buffer A3 
50 mM sodium phosphate, 2 M 

urea, 17 mM DTT, 1 M 
(NH4)2SO4 

6.5 - 

HIC Buffer A4 20 mM HEPES, 2 M urea, 
17 mM DTT, 2.5 M NaCl 8.0 HIC Buffer B4 

(A4 – 2.5 M NaCl) 

NMR Buffer 

20 mM sodium phosphate, 
75 mM L-arginine.HCl, 75 mM 
monosodium glutamate, 2 mM 
NaN3, 0.2 mM DSS, and 10% 

D2O 

6.3 - 

NT A1 20 mM tris, 100 mM NaCl 8.0 NT B1 (A1 + 400 mM 
imidazole) 

NT A2 50 mM sodium phosphate, 
20 mM imidazole 7.0 NT B2 (A2 + 400 mM 

imidazole) 
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NT A3 20 mM tris, 2 M urea, 25 mM 
DTT 8.0 NT B3 (A3 + 400 mM 

imidazole) 

NT A4 0.2 M tris, 4 M guanidine.HCl, 
5 mM DTT 8.3 NT B4 (A4 + 400 mM 

imidazole) 

NT A5 20 mM tris, 6 M urea, 20 mM 2-
mercaptoethanol 8.0 NT B5 (A5 + 400 mM 

imidazole) 

NT A6 20 mM tris, 6 M urea, 18 mM 2-
mercaptoethanol 8.0 NT B6 (A6 + 400 mM 

imidazole) 

NT A7 
20 mM HEPES, 6 M urea, 
150 mM NaCl, 18 mM 2-

mercaptoethanol 
8.0 NT B7 (A7 + 400 mM 

imidazole) 

NT A8 
20 mM HEPES, 6 M urea, 
250 mM NaCl, 18 mM 2-

mercaptoethanol 
8.0 NT B8 (A8 + 400 mM 

imidazole) 

Cleave Buffer 1 20 mM tris, 2 M urea, 17 mM 
DTT 8.0 - 

Cleave Buffer 2 20 mM tris, 2 M urea, 20 mM 2-
mercaptoethanol 8.0 - 

Cleave Buffer 3 20 sodium phosphate, 2 M urea, 
17 mM DTT 6.5 - 

Cleave Buffer 4 20 HEPES, 2 M urea, 17 mM 
DTT, 100 mM NaCl 8.0 - 

Mono S Buffer A1 20 mM HEPES, 2 M urea, 
17 mM DTT 8.0 Mono S Buffer B1 

(A1 + 1 M NaCl) 

Mono S Buffer A2 20 mM sodium acetate, 6 M 
urea, 20 mM 2-mercaptoethanol 5.0 Mono S Buffer B2 

(A2 + 1 M NaCl) 

Mono S Buffer A3 20 mM sodium acetate, 2 M 
urea, 17 mM DTT 5.0 Mono S Buffer B3 

(A3 + 1 M NaCl) 

Superdex Buffer A1 
20 mM HEPES, 6 M urea, 
100 mM NaCl, 18 mM 2-

mercaptoethanol 
8.0 - 

Superdex Buffer A2 
50 mM ethanolamine, 6 M urea, 

100 mM NaCl, 18 mM 2-
mercaptoethanol 

9.0 - 

DD1 50 mM sodium phosphate, 1 M 
urea, 150 mM NaCl 6.5 - 

DD2 
50 mM sodium phosphate, 1 M 

urea, 150 mM NaCl, 50 mM 
TMAO 

6.5 - 
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MP A 75 mM tris, 6 M urea, 18 mM 2-
mercaptoethanol 9.3 

MP B 
(10% v/v Polybuffer 96, 

6 M urea, 18 mM 2-
mercaptoethnaol, pH 

6.0) 

Q A1 20 mM tris, 6 M urea, 18 mM 2-
mercaptoethanol 9.0 Q B1 

(A1 + 1 M NaCl) 

Q A2 20 mM ethanolamine, 6 M urea, 
18 mM 2-mercaptoethanol 9.0 Q B2 

(A1 + 1 M NaCl) 

RF 1 20 mM tris, 8 M urea, 17 mM 
DTT 8.0 [DTT] increased to 100 

mM in sample 

RF 2 20 mM tris, 6 M urea 8.0 - 

RF 3 
0.4 M L-arginine, 2 M urea, 

2.5 mM L-cysteine, 0.25 mM L-
cystine 

8.5 - 

RF 4 50 sodium acetate, 75 mM L-
arginine 5.0 - 

M9 Minimal 
Medium (1 L) 

(Gαi1/NT4) 

100 mM Na2HPO4, 25 mM KH2PO4, 10 mM NaCl, 1 mM 
MgSO4, 0.1 mM CaCl2, 100X Basal Medium Eagle Vitamins (MP 
Biochemicals), 3 g glucose, 1 g NH4Cl, 0.1 mM kanamycin, 
0.15 mM chloramphenicol (Gαi1 only)  

M9 Minimal 
Medium (500 mL) 
(NT4, MON-105 

cells) 

42 mM Na2HPO4, 22 mM KH2PO4, 8.6 mM NaCl, 1 mM MgSO4, 
0.1 mM CaCl2, 5 mL Basal Medium Eagle Vitamins (MP 
Biochemicals), 1 g glucose, 0.5 g NH4Cl, 75 mg kanamycin, in 
500 mL H2O 

 


