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ABSTRACT 

 

Selenium can be used as a surrogate atom to sulfur in nuclear magnetic 

resonance spectroscopy (NMR) in order to understand the biological properties of 

sulfur, such as that thiols as activating groups in thioester biochemistry and disulfide 

bonds make up structural features of proteins. The 77Se chemical shielding tensor is 

highly sensitive to the protein environment and can report on which molecular 

interactions and degrees of freedom are available for seleno-containing amino acids. 

Particularly, the substitution of methionine (Met, M) to selenomethionine (SeM) was 

consistently shown to have minimal impact on structure and dynamics. Therefore, SeM 

can be used as probe of its local environment in proteins. However, for biological 

systems, data interpretation has yet to be developed systematically for 77Se NMR to 

explain which variables most affect the spectra.  

To start building a biological 77Se magnetic resonance databank we constructed 

a library of GB1 variants with a single SeM at dissimilar locations. X-ray 

crystallography was used to obtain a direct visualization of the local environment 

surrounding SeM in each variant at atomic resolution. The structures confirmed the 

conformational flexibility solvent exposed locations at Ile6 and Val29, as well as the 

local rigidities at Leu5 and Val39. The SeM sidechain at position 34 exists on a 

continuum of conformations stabilized by aromatic or nonpolar interactions. These 

structures are used as the basis for the development of DFT calculations to investigate 

the 77Se NMR parameters.    
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Chapter 1 

SELENIUM IN HUMAN PHYSIOLOGY 

1.1 Background 

1.1.1 Chemistry of Selenium 

 

Selenium was discovered in 1817 by Swedish chemist Jöns Jacob Berzelius. [1] 

While working with sulfuric acid he observed a reddish-brown sediment that collected 

at the bottom of the flask in which the acid was prepared. He noted that this substance 

possessed similar properties to sulfur and tellurium, and later realized it was the minute 

presence of this substance that gave tellurium its characteristic odor. The substance was 

eventually determined to be a new element, which Berzelius named selenium, after the 

Greek moon goddess Selene. During his research Berzelius became physically affected 

by selenium due to its absorption through his skin and caused him to experience the bad 

breath typically associated with people who worked with selenium in other capacities.  

In earth’s crust, selenium is present at four-fold less abundance than sulfur and 

this difference is reflected also in biological systems. Whereas sulfur is present in 

humans in gram quantities, selenium in comparison is an order of magnitude less, in 
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low milligram quantities only. [2] However, since selenium is located directly below 

sulfur on the periodic table, these two elements are expected to share many 

physicochemical similarities. For example, there are only minor differences between 

sulfur and selenium in terms of electronegativity, ionic radius and available oxidation 

states. Selenium has a larger atomic radius making it more polarizable and can act as 

both a nucleophile and an electrophile, depending on its oxidation and protonation state. 

[3] 

Some bioavailable forms of selenium include both inorganic selenate and 

selenite, and organic SeM and Sec. More than 50 Sec-containing proteins have been 

identified to date and of which the functionally studied ones contain selenocysteine 

(Sec, U) as the enzymatically active seleno-amino acid. [4,6] Sec has a pKa of 5.3 

compared to cysteine (Cys) at 8.3 and is therefore a better nucleophile. The strength of 

its nucleophilicity has been explored in abiological nad biological systems alike. [5-9] 

Due to this striking difference in pKa, selenols in selenoproteins typically exist as 

selenolates under physiological pH, whereas their thiol counterparts are present in the 

neutral form. Disulfides function as both structural moieties and redox centers in 

proteins, while diselenide bonds identified so far exist as active functional groups in 

proteins. [8-9] Selenylsulfide bonds are also present in a number of selenoproteins, the 

most well studied selenium enzymes are glutathione peroxidase (GPx) and human 

thioredoxin reductase (TrxR). To date, the redox potential of many selenoproteins 

possessing this functional moiety have not been determined, largely due to the increased 
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reactivity of the selenylsulfide bond, and the short lifetime of the reduced selenolate-

thiolate species. [2] 

1.1.2 Selenium and Health 

 

Selenium was originally recognized as associated with toxicity. First evidence 

of the health benefits of selenium came from a study by Schwarz and Foltz in 1957 who 

observed that selenium negated necrotic liver damage in mice. The optimal range of 

selenium intake for humans is narrow, with both lower and higher intakes associated 

with disease states. It took another two decades for selenium to be identified as an 

essential cofactor of GPx, confirming its importance in health. Of the identified 

mammalian selenoproteins, however, the exact functions of most of them have not been 

identified. [5-15] The health benefits of selenium include antioxidant properties, 

modulations of immune systems, detoxification and thyroid hormone metabolism. In 

addition, due to its suspected antioxidant activity, selenoproteins in brain functions and 

neurodegenerative diseases have also drawn research interest.  

 The GPx family of seleno-enzymes are expressed in the neurons and are widely 

recognized for their roles in protecting against damage by reactive oxygen species 

(ROS). More specifically, GPx4 is found in the cerebellum, hippocampus and 

hypothalamus where it protects the cells against lipid peroxide damage. [6,7,10-12] 

 The TrxR family is another seleno-enzyme family of proteins. TrxRs are 

abundant in the central nervous system. In the mouse brain, the cytosolic isoform of 
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TrxR is abundantly expressed in the glial cells while the mitochondrial isoform is found 

in the cell bodies of neurons. Along with its substrate thioredoxin, these two proteins 

form the cellular disulfide reductase system. [6,7,10] 

 Outside of the GPx and TrxR families of seleno-enzymes, another family of 

selenoproteins are characterized by a conserved Cys-x-x-Sec motif which includes 

SELENOH, SELENOM, SELENOW, SELENOT and SELENOO. Selenoprotein 15 

(Sep15) has an abbreviated Cys-x-Sec motif while SELENOP has a reversed version of 

Sec-x-x-Cys. Complete physiological roles of this family are not known. It is generally 

regarded that they act as thiol-disulfide oxidoreductases, but new research in the field 

have shed light on updated functionalities. [6-7] 

 Due to the proposed roles of selenoproteins against cellular oxidative challenges, 

there have been research interest into their roles in neurodegenerative diseases such as 

Alzheimer’s and Parkinson’s diseases. Oxidative damage is a central component of 

Alzheimer’s disease. However, to date, research in this field remains inconclusive. [11] 

Of the various health benefits that have been attributed to selenium and 

selenoproteins, its possible ties to cancer has no doubt received the most attention. [7] 

Over the years, while some clinical trials found decreased incidences of prostate, colon 

and lung cancers associated with selenium supplementation, others have found no 

particular positive effects with increased selenium intake. In fact, the largest cancer 

prevention trial ever taken was terminated early. [12-14] Failure of these studies could 

partially be attributed to poor understanding of the molecular functions of selenium. In 

addition, little consideration was given to the type of selenium that was administered in 
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each case, which may have affected the outcome of each study and possibly even lead 

to undesired negative effects.  

Research into the health effects of selenium have largely focused on its role in 

cancer however it is clear that selenium and selenoproteins participate in a myriad of 

cellular activities. [6,7,10,12,15-18] A deeper understanding of these roles could help 

to explain the biological roles of selenium and its relationship to human health, in 

additional this knowledge can also provide insight for developing protein targets for 

therapeutics or even new therapeutics themselves.   

1.1.3 Selenium and Sulfur 

 

Physicochemical properties of sulfur and selenium are summarized in Table 1. 

It is immediately clear that the two elements share many commonalities, and therefore 

not surprising that many sulfur compounds have selenium analogs. A few examples 

include disulfides for which there exists diselenides, sulfites and selenites, sulfides and 

selenides, sulfenic and selenic acids and so forth.  

Significant differences between the two atoms were reviewed extensively by 

Reich and Hondal in “Why Nature Chose Selenium”. [19] These differences arise as a 

result of the higher polarizability of the heavier selenium atom compared to sulfur. 

Increased polarizability makes nucleophilic and electrophilic reactions about the 

selenium atom faster. Bond strengths with selenium are weaker both in general and with 

hydrogen. The larger atomic size of the selenium atom compared to sulfur, and its 
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marginally higher electronegativity contribute to the selenol functional group being 

more basic compared to its thiol counterpart by 3-4 pKa units. For example, the pKa of 

the free amino acid cysteine is 8.25 but for selenocysteine it is 5.24; and the pKa of 

hydrogen sulfide is 7.0 while for hydrogen selenide it is 3.74. [19-20] 

While the selenol functional groups are more acidic, they are at the same time 

better nucleophiles by approximately 1 order of magnitude compared to thiolates. [19] 

Nucleophilicity refers to the propensity of an atom to donate electrons to a foreign 

nucleus or to supply a pair of electrons when forming a new bond with another atom. 

The strength of a nucleophile is guided by three major factors: Lewis basicity, 

polarizability, and access to unshared electrons in a chemical reaction. [21,22] The 

difference in nucleophilicity between sulfur and selenium becomes more pronounced at 

physiological pH, as selenols are completely deprotonated to selenolates but thiols 

remain protonated. Therefore, in the event of a nucleophilic attack, where the 

deprotonated selenoate or thiolate is the active nucleophile, the selenolate will be the 

more reactive species of the two, as it possesses both higher nucleophilicity and a larger 

percentage of it exists in the more nucleophilic anionic form. However, it is worth noting 

that in the context of the protein, the pKa values of an amino acid can be significantly 

perturbed as evidenced by the various cysteine-containing enzymes such as papain, 

caricain and ficin, whose cysteine pKa values are 3.3, 2.9 and 2.5, respectively. [19] 

The pKa of Sec has also been measured by NMR in the peptide hormone and 

neurotransmitter vasopressin, which have had two Sec residues artificially incorporated. 

[23] In the engineered vasopressin, the Sec residues are located four amino acids apart 
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in the sequence UYFQNUPRG, and form a diselenide bond. The pKa of Sec1 and Sec 

6 were found to be 3.3 and 4.3, respectively, both significantly lower than that of the 

free amino acid. This further corroborates that the local protein environment 

significantly influences the protonation characteristics of residues. Vasopressin is a 

small peptide yet its two Sec residues possess remarkably different pKa values. 

Therefore, it is possible that the pKa of Sec residues are not just dependent on the protein 

environment, but also the primary amino acid sequences. [23] 

1.1.4 Biochemical and Biophysical Characterizations of Selenium and Sulfur 

 

Cys and Met, two canonical amino acids which contain sulfur, and their 

selenium-containing analogs Sec and SeM, are four amino acids with versatile 

chemistry and fulfill a wide range of essential biological functions. Together with their 

chalcogenide congener oxygen, these elements form the functional groups that 

participate in redox reactions in vivo. Redox homeostasis is of paramount importance to 

cellular health, where an imbalance of ROS species leads to many diseases, 

neurodegenerative disorders and the aging process. [24-27] Understanding these 

reactions and diseases processes is of biochemical and pharmacological interest to 

understand the enzymatic roles of these amino acids.  

Functionalized thiol-labeling is an easily accessible biochemical method for 

determining the redox potential of proteins. Cys residues are sparsely present in proteins 

and whether they are part of a disulfide or a sulfhydryl, or in any one of sulfur’s 
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oxidation states, these changes can be monitored by biochemical assays. Many 

selenoproteins contain a selenylsulfide bond (Se-S) formed between a Sec and a Cys 

residue, in place of the more common disulfide bond (S-S) between two Cys. A 

selenylsulfide bond typically has a lower reduction potential, making it more resistant 

to reduction and thus a more stable linkage compared to the disulfide bond. [27-31] To 

probe the reduced sulfhydryl and selenohydryl groups, there are many reagents that are 

commercially available with a wide range of selectivity from pH to probe size. Such 

reagents include maleimide, iodacetate amides or disulfide moieties, and several 

different reporter choices are also available such as radiolabel, chromophore, 

fluorophore or affinity tags. [26] In the simplest case, Sodium Dodecyl Sulfate 

PolyAcrylamide Gel Electrophoresis (SDS-PAGE) can be used to separate oxidized 

proteins from the reduced and label-conjugated version because when conjugated the 

protein has retarded motion due to increased molecular weight. These assays can be 

more challenging for selenylsulfide groups due to increased reactivity of selenium, 

making the reduced form of the protein more difficult to trap. In addition, in vitro redox 

assays are limited to probing only the equilibrium redox potential and cannot provide 

an accurate reflection of a protein’s true behavior intracellularly. Alternative in vivo 

assays are available using fast-conjugation coupled with fast-quenching probes, but 

these methods are not absolutely quantitative. As a result, important information about 

turnover rates of a redox active enzyme are lost, as well as dynamic information 

regarding flux of cellular oxidants and reductants that regulate the redox processes. [26]  
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While the reactivity of selenium poses challenges in assaying the redox 

properties of these proteins, both biologically and artificially the properties of selenium 

has allowed its use as a sulfur substitute to fulfill certain functionalities. [32-33] As 

previously discussed, of the three biologically observed chalcogenides, selenium is 

chemically most similar to sulfur. Where the two elements show considerable difference 

is in their atomic mass number and polarizability. The selenium atom is 10% larger than 

sulfur (Table 1) which means its electrons are more loosely held compared to the smaller 

sulfur. Accordingly, the vibrational property of a selenium bond is expected to be 

considerably different than that with sulfur and this difference was exploited by Meyer 

et al. in studying iron-sulfur proteins using resonance Raman spectroscopy. [33-34] 

Resonance Raman spectroscopy is a selective and sensitive probe method for 

chromophores in biological systems. The basic theory of this technique relates the 

polarizability of an atom to its excitation by an incoming photon. The photon excites 

the atoms in a molecule through inelastic light scattering, and after interaction with the 

electron cloud, the sample is left in a different rotational or vibrational state. A key 

aspect of the Raman scattering technique is that only transitions which lead to a change 

in the polarization of the bond can be observed. This is because when the incoming 

photon interacts with the electron cloud of the sample, it causes a momentary distortion 

to the electron cloud, thus re-shaping the chemical bond temporarily. An induced dipole 

is created and disappears upon relaxation. This reliance on polarizability explains the 

popularity of using selenium as a surrogate in studying iron-sulfur clusters. As the 

rotational and vibrational properties of each selenium isotope is different from the native 
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sulfur, a systematic series of substitutions were in fact carried out using isotopes of both 

sulfur and selenium in order to catalog the Fe-S(e) stretching frequencies in a number 

of iron-sulfur active centers. [33-34] 

Two other major techniques which will be discussed in the bulk of this text, that 

have both derived successes from selenium-sulfur substitution are X-ray 

crystallography and NMR.  

The number of crystal structures solved by X-ray diffraction has increased 

exponentially since the early 2000s. [35] As the database of known structures expands, 

the use of molecular replacement (MR) in solving a crystal structure naturally becomes 

the more popular choice. MR has the advantage of being operationally simple, fast, and 

highly automated. [36] In fact, MR has been used to solve up to 70% of the structures 

currently deposited in the PDB. [36-37] The foundation of molecular replacement is to 

start with a model structure that closely approximates the unknown structure of interest, 

and calculate the best fit between the data and possible orientations in order to find 

where the predicted diffraction from the model best matches the observed diffraction of 

the unknown protein. [37] The phases for the reflections of the model is then lent to 

obtain the phases for the unknown, from which an initial electron density map cam be 

calculated.  

The derivation of the electron density ρ in a unit cell is empirically 

straightforward. With unit cell of volume V, the electron density ρ at point (x, y, z) for 

reflection (h, k, l) is written as: [38]  
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ρ(𝑥, 𝑦, 𝑧) =
1

𝑉
 ∑∑|𝐹ℎ𝑘𝑙|cos [2𝜋 (ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧 − 𝛼ℎ𝑘𝑙)] 

In this expression, |𝐹ℎ𝑘𝑙| represent the structure-factor amplitudes recorded in a 

diffraction experiment, and 𝛼ℎ𝑘𝑙 represent the phase information which is lost in the 

data acquisition process. [39] Therefore, once an X-ray diffraction data set has been 

recorded, its electron-density map can only be calculated when the phases are obtained 

either through molecular replacement as previously discussed, or if a de novo structure 

is to be solved, through a process called experimental phasing.  

Multiple approaches have been developed for de novo phase estimation: 

Multiple Isomorphous Replacement (MIR), Single Isomorphous Replacement (SIR), 

Single-wavelength Anomalous Dispersion (SAD) and Multi-wavelength Anomalous 

Dispersion (MAD). [39-42] These approaches require the presence of “phasing probes” 

or heavy atoms in the protein crystal lattice, and the most commonly utilized heavy 

atoms are gold, mercury, platinum and selenium. [43] when X-rays interact with the 

electron cloud of an atom, the more electrons there are, the more X-rays will be 

scattered, and the larger the change in the diffraction pattern compared to the native 

crystals, which makes obtaining the phase information an easier task. 

Methods of incorporation of the probes range from solution diffusion or 

incorporation into the protein during expression, such is the case when 

selenomethionine is used. [44] The application of SeM is the most robust and 

widespread. [38,45-51] The strategy for SeM incorporation is simple, adaptable to a 

variety of expression systems, and often results in quantitative replacement of Met to 
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yield a highly homogenous sample suitable for crystallization. Many studies have 

shown that this modification does not significantly alter the structure of the protein, so 

the end structure obtained is essentially that of the native protein of interest. [51] 

Another structural biology method that benefits from having selenium in place 

of sulfur is NMR spectroscopy. Cys and Met both participate in a variety of biochemical 

interactions, ranging from enzymatic catalysis to protein recognition and binding. [52-

58] NMR is a popular biophysical technique that can be utilized to probe the mechanistic 

changes of the sulfur atom during a chemical reaction, because chemical shift measured 

by NMR is intimately related to the local electronic environment of the nucleus of 

interest. Unfortunately, the only NMR-active isotope of sulfur, 33S is a quadrupolar 

nucleus (I = 3/2) whose quadrupole moment results in fast relaxation of the free 

induction decay (FID) which leads to broad lines that are difficult to analyze. 

Additionally, its natural abundance is 0.76% which is within the same order of 

magnitude as 13C and 15N, which combined with its inherent low sensitivity, means that 

isotopic labelling would always be required to obtain adequate signal to noise ratio in 

an experiment. [59-61] These challenges can be overcome in small sulfur-containing 

organic molecules. It has been demonstrated that for highly symmetric molecules such 

as SO4
2-, the NMR peak is sufficiently sharp, while for asymmetric environments such 

as a biological macromolecule, the NMR peak is broad and often undetectable. [61-64]  

On the contrary, 77Se NMR could potentially be an ideal alternative for 

examining the nature and interactions of sulfur in biological molecules.  77Se is a spin 

1/2 (I=1/2) nucleus with natural abundance of 7.5% and good sensitivity (6.93x10-3), 
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allowing its detection in protein molecules using conventional NMR instrumentation. 

[65] In fact, 77Se signal can be detected at natural abundance with sample concentration 

of 1.5 mM which allows straightforward detection using samples containing SeM. [66] 

As discussed in earlier sections, Cys and Met both have selenium-containing analogs in 

the form of Sec and SeM, both of which are naturally occurring amino acids and can be 

used as substitutes to Cys and Met. In addition, unlike NMR with 13C or 15N, in the case 

of selenium there is unlikely to be significant background contribution from the rest of 

the protein, as Cys or Met are found less than 4% of the time in protein sequences. [67-

68] The selenium chemical shift range is also an order of magnitude wider compared to 

that of 13C (~ 200 ppm) or 15N (~ 800 ppm) at 3000 ppm, which makes selenium more 

sensitive to changes in bonding and conformation changes surrounding the nucleus. [69-

70] However, this sensitivity brings about a paradoxical challenge as well: the selenium 

atom has large anisotropies in its chemical shift, which results in efficient spin-spin 

relaxation and as a consequence has broad peaks and decreased signal to noise ratio. 

The natural countermeasure for reduced sensitivity is to increase the magnetic field 

strength. Yet, the efficiency of relaxation through chemical shift anisotropy increases at 

high field strength which again leads to decreased sensitivity. [69] The feasibility of 

selenium NMR in biological systems has been demonstrated in multiple systems, using 

both natural and semi-synthetic systems. The full potential of this technique has not 

been realized due to challenges in sensitivity, and a lack of available literature aside 

from the pioneering work taken place some decades ago. [65,66,69-75] Another added 

layer of complication comes from the fact that while SeM incorporation into proteins 
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are straightforward, the substitution of Cys with Sec has been a challenge until recently. 

[65,76] 

1.1.5 Biological Interactions of Met and SeM 

 

Research over the past two decades has largely refuted the notion that the amino 

acid Met is a generic nonpolar residue synonymous to valine (Val), leucine (Leu) and 

isoleucine (Ile). Lack of branching compared to Leu and Ile bestows flexibility to the 

sidechain of Met and allows it to adapt to protein partners of different primary sequences 

but the same secondary structural characteristics. [77-78] In fact, Met engages in 

specific nonpolar interactions that contribute to stability and molecular recognition 

events. [80] Pathologies including von Willebrand disease have been traced back to the 

mutation of key Met residues which results in the loss of protein stability. [81] 

Methionine, due to its nonpolar properties, is likely to be found in the interior of 

proteins, much like the aromatic residues. [77] However, the preference of finding Met 

residues close to aromatic residues may be due to more than their shared aversion to the 

polar exterior of a protein solution. The possibility of sulfur interacting preferentially 

with aromatic residues such as phenylalanine (Phe), tyrosine (Tyr), tryptophan (Trp) 

and histidine (His) was proposed in 1978. Morgan et al. observed high incidence of 

sulfur-containing amino acids located near other aromatic residues. [81-82] Such 

interactions are thought to be important in the stabilization of protein secondary and 

tertiary structures. [83] The energy associated with S-aromatic interactions are 3 to 5 
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times higher than van der Waals forces alone, therefore are likely to serve functional 

roles in both non-biological and biological systems. [84-86] Many approaches have 

been taken to shed light on the chemistry of this type of interactions, including data 

mining from the Protein Data Bank, model peptides systems, proteins examples, and ab 

initio calculations. [87-96]  

The molecular basis specifically for the S-H/π interactions have been attributed 

to energetically favorable geometries between the aromatic residue HOMO and the S-

H residue antibonding LUMO orbitals. [84] When examining the X-ray diffraction data 

from small molecules deposited in the PDB, Forbes et al. concluded that the distance 

between the proton from a thiol group and the carbon atom of the nearby aromatic 

residue, specifically the S-H···Caromatic interaction distance is 2.63 Å, below the typical 

interaction distance for van der Waals interactions at 2.90 Å, suggesting a particularly 

favorable interaction between a thiol functional group and an aromatic amino acid. [84] 

Data mining from the PDB often yields incomplete results because the electron 

density of a hydrogen atom cannot be observed for about 50% of the structures, 

particularly for macromolecular systems. [84,97-98] In this case, Forbes et al. applied 

Density Functional Theory (DFT) to investigate the driving force of S-H/π interactions, 

as well as the energies associated with these systems.  

The formation of classical hydrogen bonds is driven by electrostatic and induced 

dipole/polarization interactions. An X-H/π interaction resembles that of a hydrogen 

bond, where the negatively charged ring face interacts with the partial positive charge 

on the hydrogen atom. [84] By comparing two systems, one in which a thiol group 
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interacts with an aromatic ring and the other system in which the thiol does not, Forbes 

et al. calculated that in the non-interacting system, Hthiol carries a partial positive charge 

of +0.21 and the sulfur a partial negative charge of -0.29, while in the interacting system, 

the charges on Hthiol and sulfur are +0.21 and -0.34, respectively. The partial positive 

charge on Hthiol is also comparable in strength with H on the aromatic ring, indicating 

the ring face is not strongly electron-withdrawing, therefore the partial negative charge 

on the ring face would be modest as well. These measurements lead the authors to 

conclude that a S-H/ π interaction is only modestly electrostatic in nature. Such effect 

is even further diminished in water - whose H atoms carry larger partial charges than 

Hthiol. [84]  

The geometry of sulfur-aromatic interactions has also been the source of debate, 

again largely due to the absence of electron density around the thiol hydrogen, or in the 

case of methionine the entire terminal methyl group, thus making the assignment of the 

bond angle around the sulfur atom ambiguous. [84-85] Ringer et al. mapped the optimal 

geometry of a prototype H2-S-benzene complex to model S/π interactions, and 

compared the results to sulfur-aromatic interactions in protein structures. [85] The 

authors identified that in the small molecule prototype system, the most energetically 

favorable configuration is to place SH2 directly over the benzene ring, with hydrogens 

directed towards the face of the ring. The interaction energy of this configuration is -

2.64 kcal/mol. Two other energetic minima were also identified. In one, the hydrogen 

atoms are directed away from the face of the ring with interaction energy of -1.12 

kcal/mol. In the other, the hydrogen atoms are also directed away from the ring but the 
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SH2 group is positioned in-plane with the ring face. In this latter case, the interaction 

energy is -0.74 kcal/mol. [85] This is an updated result compared to Reid et al. [80], 

whose survey of 36 proteins from the PDB determined that the in-plane configuration, 

where the sulfur atom interact with the edge of the aromatic ring is the most 

energetically preferable.   

In biological systems, sulfur-aromatic interactions have been identified in the 

D2 dopamine receptor, 7TMRs (7-transmembrane receptors), and methionine sulfoxide. 

[94-96] In the D2 dopamine receptor, a sulfur-arene interaction between Cys and Trp 

was identified at the conserved ligand binding site. However, the exact geometry of this 

interaction cannot be determined due to lack of hydrogen resolution in the crystal 

structure. Computational studies also could not definitively determine if the sulfur atom 

preferentially interacts with the aromatic ring through its lone pair of electrons or 

through the Hthiol. [94] In 7TMRs, Met/Cys-aromatic and Met-Met interactions together 

participate in ligand binding during activation and signal transduction. [95] Finally, 

Aledo et al. determined that a S-aromatic motif decreases the reactivity of the sulfur 

towards oxidants and in turn protects the enzyme during oxidative stress. [96]  

Sulfur-aromatic interactions have been shown to be stronger compared to 

aromatic interactions with other aliphatic amino acids. These interactions are postulated 

to provide additional driving forces for maintaining protein structure, which was 

specifically shown to be important for membrane proteins. [99] Sulfur atoms can both 

act as hydrogen bond donors and acceptors. This property can be harvested in crystal 

engineering to produce stable crystal structures. [100] Overall, there is much to be 
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understood about these noncovalent interactions involving the sulfur atom, and research 

in this field is still ongoing. [101-103] 

1.1.6 Open Questions 

 

The two sulfur containing amino acids in nature, Cys and Met, together with 

their selenium-containing analogs Sec and SeM, are found at enzymatic active sites and 

have become important targets for therapeutic intervention. Biochemical and 

biophysical characterizations of sulfur can be challenging depending on the technique 

of choice, in which case their selenium analogs have been successfully employed to 

expand the capabilities of certain techniques. The application of SeM substitution is 

almost ubiquitous but Sec substitution has not yet become generally applicable. This is 

because a complex molecular machinery is required to decode the UAG codon as Sec 

instead of a translational stop codon. This limitation makes the incorporation of Sec in 

proteins a much more challenging task and also severely restricts the amount of proteins 

that can be obtained using currently available Sec-insertion methods. Furthermore, 

while NMR is an attractive method for studying protein activity due to its exquisite 

sensitivity to the electronic structures of the target, selenium NMR is still in its infancy 

stage and the paucity of available research means data interpretation is difficult.  

In the present work, a method for producing milligram quantities of Sec-

containing proteins is described using expressed selenoprotein ligation. This method 

helps to address the limitations on protein availability and paves the way for more Sec-
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containing systems to be investigated in the future – using either artificially incorporated 

Sec or natural human selenoproteins. The second half of this work describes the efforts 

undertaken to systematically construct a library of SeM-containing model proteins in 

order to understand the influence of the protein environment on 77Se SeM chemical 

shifts.  
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Table 1. Physicochemical properties of sulfur and selenium [20] 

  Sulfur Selenium 

Atomic Radius (Å) 1.80 1.90 

Covalent Radius (Å) 1.04 1.18 

Electron Affinity 

(kJ/mol) 
200.41 194.97 

Electronegativity 

(Pauling Scale) 
2.58 2.55 

Oxidation States -2, 0, +4, +6 -2, 0, +4, +6 

Electron Configuration [Ne] 3s23p4 [Ar] 3d104s24p4 

Free Amino Acid  

pKa 
8.25 5.24 
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Chapter 2 

SELENOCYSTEINE MEDIATED EXPRESSED PROTEIN LIGATION OF 

SELENOPROTEIN M 

 

REPRINTED BY PERMISSION FROM SPRINGER CUSTOMER SERVICE 

CENTRE GMBH: SPRINGER NATURE. METHODS IN MOLECULAR BIOLOGY 

VOLUME “SELENOPROTEINS: METHODS AND PROTOCOLS”. JUN LIU, 

QINGQING CHEN AND SHARON ROZOVSKY. COPYRIGHT 2017. 

 

2.1 Background 

 

A large percentage of the selenoproteome is composed of selenoproteins whose 

catalytic Sec resides in a thioredoxin (Trx) fold. The fundamental Trx fold is composed 

of a four stranded -sheets, packed on one side flanked by two -helices, although 

variations to this basic unit are common. [1] This fold encompasses several 

superfamilies of enzymes with functions from detoxification, to the formation and 

reduction of disulfide bonds in proteins and hydroperoxides. [2] In the majority of 

enzymes possessing the Trx fold, the redox-active site is typically positioned right 

before an  helix, capping it (Figure 1). In contrast, in a subset of selenoproteins, the 

redox active motif Cys-X-X-Sec (where X stands for any amino acid and Sec stands for 

Sec) is positioned immediately after the first -sheet. [3] A conformational switch 

following the reduction of the intramolecular selenylsulfide bond was proposed to 
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trigger a signaling event or binding of protein partners. [4] In humans, SELENOH, 

SELENOM, SELENOT, SELENOV, SELENOW, and SELENOF exhibit this common 

Trx fold and placement of the selenoredox motif. [5,6] This chapter details the 

preparation of a representative member of this group, SELENOM, in a manner that can 

be generalized to other selenoproteins with a minimal Trx fold. [7] 

Like many selenoproteins, SELENOM (UniProt Q8WWX9) is tied to the 

management of cellular oxidative stress. [8-14] SELENOM resides in the endoplasmic 

reticulum [15] and its overexpression governs the expression of antioxidant enzymes 

like glutathione peroxidase and superoxide dismutase. [10] SELENOM knock-out mice 

showed increases in weight gain and changes in metabolism. [16] It was proposed to 

regulate energy metabolism through participation in leptin signaling. [17] The NMR-

derived structure of Mus musculus SELENOM U48C mutant was reported (Figure 1a) 

but the redox properties and precise function of the wild type SELENOM with its 

CGGU motif remain undetermined. [4] 

This chapter presents a versatile chemical approach based on native chemical 

ligation (NCL) to prepare the wild-type selenium-containing SELENOM. [18] In Sec-

driven NCL, a Sec residue mediates the formation of the peptide bond from two 

respective protein fragments to form the target protein. [19-22] As shown in Figure 2, 

an N-terminal Sec from one fragment initiates the nucleophilic attack of the C-terminal 

thioester from the complementary fragment and subsequently undergoes a Se→N acyl 

shift to generate the native amide bond (Figure 2). The ligation rate of Sec-mediated 

NCL is faster and more pH tolerant than Cys-mediated ligation, and the resulting 
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ligation efficiency is often higher than that of Cys-mediated reactions. [19,23] Sec-

mediated NCL is an attractive method for preparing selenoproteins because it is possible 

to achieve high yield, and in addition it is compatible with introducing posttranslational 

modifications or chemical tags into the protein. However, since the preparation of 

selenium-containing protein fragments has traditionally relied on chemical synthesis, 

this method was restricted by limitations on the size of the Sec-containing peptide 

fragment and its solubility. [24-27,21] The production of SELENOM discussed here is 

distinguished from previous approaches in that all fragments are prepared by 

heterologous expression in E. coli and rely only on standard protein expression and 

purification. [7,28] This reduces cost and simplifies preparation by alleviating the need 

to synthesize the seleno-containing part of the protein.  

To generate the Sec-containing fragment of SELENOM (SELENOMCT 

(residues 48-145)), a cytosolic maltose binding protein (MBP) is coupled to its N-

terminus for enhanced expression and solubility, generating MBP-SELENOMCT. A 

Tobacco Etch Virus (TEV) protease cleavage site is introduced between the MBP and 

SELENOMCT so that SELENOMCT can be efficiently released since TEV protease has 

good tolerance at its P1’ position in the recognition site ENLYFQ/P1’ (where P1’ stands 

for any canonical amino acid except P). [29] The Sec residue is incorporated into the 

fragment by mutating the Sec to Cys and subsequently expressing the protein in E. coli 

grown on defined growth medium supplemented with L-selenocystine. [30] The 

cysteinyl-tRNA is misloaded with Sec, which becomes incorporated instead of Cys. The 

thioester-containing fragment of SELENOM is produced by intein technology. The N-
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terminal fragment of SELENOM (residues 25-47) is fused to the Saccharomyces 

cerevisiae Vacuolar Membrane ATPase (Sce VMA1; 454 residues; 56 kDa) intein. [31] 

SELENOM is then prepared by ligation of the SELENOMCT to SELENOMNT under 

native conditions (Figure 2). Following ligation, SELENOM is purified to homogeneity 

and characterized by SDS-PAGE, mass spectrometry, and circular dichroism 

spectroscopy.  

 

2.2 Materials and Methods 

2.2.1 Gene, Plasmids and Molecular Cloning 

 

The expression vector pMAL-c5X, designed to produce fusion proteins with 

MBP, is from New England Biolabs (NEB). To aid purification, a general cloning vector 

was prepared by introducing a hexahistidine tag to the N-terminus of MBP. [32] In 

addition, a TEV protease site was inserted at the C-terminus of MBP to facilitate 

efficient release of the target protein or protein fragment. The VMA intein was 

introduced following MBP and the TEV cleavage site allowing cloning of the protein 

of interest fused to MBP, the VMA intein or both. This pMAL-c5X-VMA cloning 

vector is made available through Addgene (plasmid #86590). [7] 

The gene of Homo sapiens SELENOM (accession number: NP_536355.1) 

optimized for E. coli expression can be obtained from Addgene (plasmid #86579). The 
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gene was inserted into a pMAL vector to allow expression of SELENOM U48C fused 

to hexahistidine-tagged MBP creating the plasmid pMAL-c5X-SELENOMU48C. A TEV 

protease cleavage site exists between MBP and SELENOM U48C so that SELENOM 

U48C can be efficiently released from MBP. [7] 

Molecular cloning of the SELENOM N and C termini were done using the 

SELENOM U48C as the starting point. The MBP-SELENOMNT gene, which includes 

MBP, TEV cleavage site and SELENOM residues 25-47, was cloned into vector pMAL-

c5X-VMA using restriction sites NdeI and Sapl to create the vector pMAL-c5X-

SELENOMNT for the expression of SELENOMNT fragment (Figure 2). A TEV protease 

cleavage site assists the efficient release of SELENOMNT fragment from the fusion 

construct. 

The expression vector for SELENOMCT is prepared by deleting residues 25-47 

from pMAL-c5X-SELENOMU48C to generate pMAL-c5X-SELENOMCT (SELENOM 

residues 48-145, beginning with U48 mutated to C48). Restriction enzymes SapI and 

NdeI are from NEB as well as the Q5™ site-directed mutagenesis kit which was used 

in all mutagenesis of this work. 

 

2.2.2 Protein Expression and Purification 

 

Expression and purification of SELENOM U48C   For protein expression of 

SELENOM U48C mutant, the plasmids were transformed into E. coli strain 
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BL21(DE3). Cells were grown in low salt LB (10 g tryptone, 5 g yeast extract, 5 g 

NaCl), supplemented with 0.2% glucose at 37 °C, with good aeration and relevant 

antibiotic selection (100 μg/mL ampicillin). When the optical density (OD) at 600 nm 

reached 0.5, the temperature was lowered to 18 °C, and the cells were allowed to shake 

at the lower temperature for an additional 1 h. Protein expression was induced with 0.5 

mM isopropyl 1-thio-β-D-galactopyranoside (IPTG). The cells were harvested pH 7.5) 

and 200 mM NaCl, pH 7.5 (amylose buffer), supplemented with 0.5 mM benzamidine, 

1 mM phenylmethanesulfonyl fluoride (PMSF), and 2 mM ethylenediaminetetraacetic 

acid (EDTA). Cells were lysed using a high-pressure homogenizer (Emulsi-Flex-C5, 

Avestin) on ice, and all subsequent procedures were conducted at 4 °C. Cell debris was 

removed by centrifugation at 20000 g for 1 h. The supernatant was loaded onto an 

amylose column, and the column was washed with the amylose buffer. The SELENOM 

U48C fusion protein was eluted using amylose buffer containing 20 mM maltose. 

Cleavage of the fusion partner cMBP was conducted by incubating a 1:20 molar ratio 

of TEV protease to MBP-SELENOM U48C at 4 °C overnight. Following cleavage, the 

protein was dialyzed to remove EDTA and loaded onto a 5 mL histidine affinity column 

(Histrap FF, GE Healthcare) to remove MBP and TEV protease. The flowthrough was 

pooled, concentrated and loaded onto a size exclusion column (HiPrep 16/60 Sephacryl 

S-100 HR column, GE Healthcare), as a polishing step to further purify SELENOM 

U48C to homogeneity. Protein purity, as determined with 16% Tris-glycine sodium 

dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−PAGE) gel, was greater than 

95%. 
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Expression and purification of MBP-SELENOMNT thioester    For protein 

expression of the MBP-SELENOMNT-VMA, the plasmid was transformed into E. coli 

strain BL21(DE3). Cells were grown in low salt LB, supplemented with 0.2% glucose 

at 37 °C, with good aeration and the relevant antibiotic selection (100 μg/mL 

ampicillin). When the optical density (OD) at 600 nm reached 0.5, the temperature was 

lowered to 18 °C, and the cells were allowed to shake at the lower temperature for an 

additional half hour. Protein expression was induced with 0.5 mM IPTG. The cells were 

harvested after 18−20 h. Cell paste (13 g/L) was resuspended in amylose buffer 

supplemented with 0.5 mM benzamidine, 1 mM PMSF, and 2 mM EDTA. Cells were 

lysed using a high-pressure homogenizer on ice, and all subsequent procedures were 

conducted at 4 °C. Cell debris was removed by centrifugation at 20000 g for 1 h. The 

supernatant was loaded on an amylose column, and the column was washed first with 

15 column volumes (CV) of the amylose buffer followed by 2 CV with 25 mM 2-(N-

morpholino)ethanesulfonic acid (MES), 200 mM NaCl, 2 mM EDTA, pH 6.5 (wash 

buffer). The MBP-SELENOMNT-VMA fusion protein was eluted using wash buffer 

containing 20 mM maltose. The MBP-SELENOMNT thioester was generated either by 

on column or in solution cleavage by 2-mercaptoethanesulfonic acid (MESNA). For on 

column cleavage, the elution from the amylose column was loaded onto a 40 mL chitin 

column, then incubated with 2 CV 25 mM MES, 200 mM NaCl, 2 mM EDTA, 75 mM 

MESNA, pH 6.5 (thioester cleavage buffer) after the column was drained completely. 

For off column cleavage, 75 mM MESNA was added to the above MBP-SELENOMNT 
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amylose elution, and left to react at room temperature (RT) for 12 h. The cleavage 

mixture was then loaded onto a 40 mL chitin column, and MBP-SELENOMNT was 

collected in the flow through when the column was washed with 2 CV of wash buffer 

2. Thioester cleavage buffer as well as wash buffer should have pH at or below 6.5 as 

higher pH accelerates thioester hydrolysis. The thioester cleavage process was repeated 

twice to obtain maximum yield. The formation of MBP-SELENOMNT thioester was 

confirmed by mass spectrometry (Figure 3). 

Expression and purification of MBP-SELENOMCT   For protein expression 

of MBP-SELENOMCT, the expression vector was freshly transformed into E. coli strain 

BL21(DE3). The procedure for Sec incorporation was modified from previous 

protocols. (5,6) In brief, 1 mL of an overnight culture in LB broth was spun at 2500 g 

for 5 min, then resuspended in modified MDAG media from Studier et al. as listed in 

Table 2 step 1. [7] Cells were grown at 37 °C with good aeration. When the OD at 600 

nm reached 1.5 (about 10-14 h), the growth medium was supplemented as detailed in 

Table 2 step 2, and continuously shaken for an additional 10 min. The temperature was 

then lowered to 18 °C, and the cells were allowed to recover for 10 min. Protein 

expression was induced with 0.5 mM IPTG, and the cells were grown for 20-24 h at 18 

°C. Cells were harvested by centrifugation and subsequent purification by amylose 

affinity chromatography was the same as described for SELENOM U48C. When adding 

L-Sec at Step 2, our experience with various suppliers of L-Sec suggest that the 

compound is best purchased through Sigma-Aldrich or Acros Organics. Batches 

acquired through other vendors may contain contaminants that impede cell growth and 
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reduce Sec incorporation. Purification of MBP-SELENOMCT is carried out under non-

reducing conditions, and because the Sec-containing MBP-SELENOMCT forms an 

intermolecular diselenide bond faster than the formation of disulfide bond by the Cys-

containing variant, extended wash can help to enrich the fraction of Sec-containing 

MBP-SELENOMCT due to tighter binding of the dimeric diselenide-containing form to 

affinity columns over that of the monomeric Cys-containing form. This is often a helpful 

strategy especially for protein targets unable to achieve high Sec incorporation.  During 

handling of the Sec-containing terminus, whenever possible avoid the use of TCEP and 

tris(hydroxypropyl)phosphine (THP) which can promote selenium elimination from 

Sec. The yield of MBP-SELENOMCT using this method ranged from 60 to 80 mg per 

L. The ratio of Sec incorporation into MBP-SELENOMCT was evaluated by mass 

spectrometry after its reduction by 100 molar excess DTT at 37 °C for 20 min. MBP-

SELENOMCT was cleaved by TEV protease at a 1:5 molar ratio of TEV protease to 

MBP-SELENOMCT at 25 °C for 16 h in amylose elution buffer supplemented with 10 

mM DTT. The cleavage was monitored by 16% Tris-Glycine SDS-PAGE (Figure 4). 

2.2.3 Expressed Protein Ligation of SELENOM 

 

The purified MBP-SELENOMNT thioester in 25 mM MES, 200 mM NaCl, 2 

mM EDTA, pH 6.5, and the MBP-SELENOMCT with TEV protease in 50 mM sodium 

phosphate, 200 mM NaCl, 2 mM EDTA, pH 7.5, were mixed together in the molar ratio 

of SELENOMCT to SELENOMNT thioester of 1:5. The ligation reaction was initiated 
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by adding to this mixture 100 mM MESNA, 50 mM MPAA (4-Mercaptophenylacetic 

acid), and 5 mM DTT. The pH of the ligation mixture should be about 7 without 

additional adjustments. Reaction progress was monitored by the disappearance of 

SELENOMCT and the appearance of the full length SELENOM at 14.1 kDa using 16% 

Tris-Glycine SDS-PAGE or Tricine-SDS-PAGE. Ligation typically reaches 90% 

completion within 1 day at 25 °C and pH 7.0 (Figure 5). However, the optimal pH as 

seen in Figure 6 was at 6.5. 

Upon completion of the reaction, the MES-phosphate buffer mixture of the 

reaction was exchanged into the IMAC binding buffer of 50 mM sodium phosphate, 

200 mM NaCl, pH 7.5, either by desalting column such as HiPrep 26/10 or by dialysis. 

This buffer exchange was necessary in order to remove EDTA and DTT which are 

incompatible with IMAC resin at their current concentrations of 2 mM and 10 mM, 

respectively. The desalted protein mixture was loaded onto another IMAC column and 

washed with 5 CV IMAC binding buffer. The tag-free full length SELENOM could be 

collected from the column flow through.  

 Fractions containing SELENOM was pooled and concentrated to 5 mg/ml using 

an Amicon Ultra-15 centrifugal filter unit with MWCO of 3 kDa.  The concentrated 

protein was loaded onto an appropriate size exclusion column suitable for small proteins 

(<20 kDa) such as Superdex™10/300 GL or Sephacryl™ S-100, pre-equilibrated with 

gel filtration buffer such as 50 mM sodium phosphate, 200 mM NaCl, 2 mM EDTA, 

pH 7.5. Fractions containing SELENOM was collected and visualized on 16% Tris-

Glycine SDS-PAGE.  Select fractions with purity > 90% were pooled and SELENOM 
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protein concentration was determined by UV-Vis spectroscopy with an extinction 

coefficient of 18450 M-1 cm-1.  

2.2.4 Removal of Co-purified Cellular Thiols 

 

Co-purified cellular thiols may present an obstacle to downstream applications. 

An estimated 0.1 – 1 mM of cellular free thiols is usually present in the purified 

SELENOM protein sample after size exclusion chromatography. It is recommended that 

this free thiol population be removed to avoid downstream interference with protein 

activity. Purified SELENOM was reduced with 10 mM DTT for 2 h at 25 °C or 

overnight at 4 °C. The protein was then extensively dialyzed against 50 mM sodium 

phosphate, 200 mM NaCl, 2 mM EDTA, pH 7.5, until the free thiol count of the protein 

is undetectable using 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) assay. [35] 

2.2.5 Intact-Mass Spectrometry Characterization 

 

Generally speaking, incorporation of selenium is best carried out by Inductively 

Coupled Plasma (ICP) - atomic emission spectrometry or ICP - mass spectrometry. 

However, in simple cases such as proteins with a single amino acid substitution (such 

as Cys vs. Sec), intact mass spectrometry provides a good estimation. During 

acquisition, avoid oversaturating the detector which causes an inaccurate reflection in 

the respective ion counts of the Cys and Sec-containing species, which in turn leads to 
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errors in deconvolution and misrepresented peak intensities of identified masses. Sec 

incorporation in SELENOM typically exceeds 90% (Figure 7b).  

2.2.6 Tandem mass sequencing 

 

The position of the Sec residue is confirmed by sequencing the Sec-containing 

peptide using a Q Exactive Orbitrap mass spectrometer interfaced with an Ultimate 3000 

LC system (or equivalent set up). In brief, 6 μg of SELENOM in 60 μL of trypsin digest 

buffer was reduced by the addition of 5 mM DTT. The protein was incubated for 5 min 

at 95 °C to achieve full reduction and denaturation. When sample returned to ambient 

temperature, 12 mM IAM was added immediately and incubated for an additional 20 

min to fully alkylate exposed Sec and Cys residues, as well as the remaining DTT.  

 Total of 0.3 μg of the trypsin enzyme was added into the above mixture and 

digested at 37 °C for 16 h. A ZipTip™ with 15 µm, 200 Å pore size was employed to 

desalt the trypsin digested protein sample using the vendor procedure. 1 µg of trypsin 

digested SELENOM was loaded onto a reverse-phase LC column such as C18 suitable 

for small peptide analysis. The LC performed an acetonitrile gradient supplemented 

with 0.1% formic acid over a run time of at least 45 minutes to ensure complete elution 

of all digested fragments. Mass spectrometry data was acquired using a stepped 

normalized collision energy of 28, 30, 35 eV. A representative sequencing of 

SELENOM Sec-containing peptide is shown in Figure 7c. 
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2.2.7 Circular dichroism spectroscopy of SELENOM 

 

 SELENOM was exchanged into the CD buffer and interfering chloride ions are 

removed during this buffer exchange. The far-UV spectra of the sample was recorded 

using a 1 mm path-length cell from 190 nm to 250 nm at 20 °C. Three accumulation 

scans were taken for baseline, and an average of eight accumulation scans were taken 

for SELENOM. Mean residual ellipticity was plotted against wavelength for each 

sample. A representative CD spectrum for SELENOM prepared by Sec-mediated native 

chemical ligation is shown in Figure 7a. 

 

2.3 Summary of Chapter 2 

 

This chapter presented a versatile strategy through Sec-assisted expressed protein 

ligation to assemble the full length, native, human SELENOM. SELENOM is an ER-

residing selenoenzyme with a minimal thioredoxin fold and a catalytic CXXU motif. In 

the proposed method, full length SELENOM U48C was split into two fragments: N 

terminus with residues 25-47, and the C terminus of residues 48-125 which bears the 

only Sec in the sequence. The N terminus is expressed as a fusion protein with VMA 

intein, which through thiol cleavage, becomes an activated thioester. Meanwhile, the C 

terminus was expressed by misloading the cysteinyl tRNA with Sec to incorporate Sec 

at the 48th amino acid position. Due to the low pKa of the Sec residue, it exists as the 
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deprotonated selenolate and initiates a nucleophilic attack of the activated thioester, then 

through subsequent acyl-transfer, generates the native peptide backbone. The distinct 

advantage of this strategy is that each fragment of SELENOM can be expressed 

recombinantly in E. coli and with high yield and Sec incorporation exceeding 95%. 

Typical yield of SELENOM using this method is 10 mg/mL, far exceeding those 

obtained with currently reported methods. In addition, no expertise in peptide synthesis 

or in the complex challenges of tRNA engineering is required. This strategy opens the 

possibility of characterizing wild type SELENOM using crystallography and NMR, 

methods which historically have not been possible due to the lack of sufficient yield or 

homogeneity of the protein sample.  

This work was done in collaboration with Dr. Jun Liu.  
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Table 2. Two-step strategy to Sec incorporation in SELENOMCT 

Component Volume (mL) 

Step 1 

H2O (autoclaved) 926 

1 M MgSO4 2 

1000 X metals* 0.2 

Vitamin mix* 1 

Ampicillin 100 mg/mL 1 

40 % glucose (W/V) 5 

50 X M* 20 

Step 2 

40 % glucose (W/V) 5 

25 % aspartate (W/V) 10 

17 amino acids (10 mg/mL) * 20 

25 mg/mL Met 4 

Selenocystine* 0.1 g 

 

* The recipes to prepare the 1000 X metals, Vitamin mix, and 50 X M (salts 

mixture) and 17 amino acids are as described by Studier.7 

** Excess selenocystine can lead to decreased yield due to toxicity. In our 

experience, 0.1 g L-selenocystine per L growth medium resulted in 

incorporation of over 90% Sec into target proteins. If incorporation levels are 

low, then L-selenocystine concentration should be increased to 0.15 g per L 

growth medium. 
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Figure 1. Selenoproteins with a minimal thioredoxin fold position their redox motif 

next to the first -sheet. (a) The structure of Mus musculus SELENOM (PDB entry 

2A2P) is representative of this class. (b) Thioredoxin and related proteins position their 

redox motif immediately before an -helix. The structure of human thioredoxin (PDB 

entry 1ERU) exemplifies this class. The catalytic selenylsulfide bond of SELENOM 

and disulfide bond of Trx are depicted as spheres. Selenium is in orange and sulfur in 

yellow. 
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Figure 2. Scheme of Sec mediated expressed protein ligation of SELENOM. E. coli 

bearing the expression vector pMAL-c5X-MBP-SELENOMCT (residues 48-145 of 

SELENOM) is grown in defined growth medium supplemented with L-selenocystine 

for the incorporation of Sec into the protein. Following TEV cleavage, the exposed 

selenolate of SELENOMCT initiates the nucleophilic attack on SELENOMNT-thioester. 

SELENOMNT-thioester is prepared by intein technology (see Figure 3). The native 

peptide bond is formed through the attack of selenolate onto the thioester, followed by 

a Se→N shift. 
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Figure 3. MBP-SELENOMNT thioester characterization by mass spectrometry. (a) 

Scheme of MBP-SELENOMNT thioester production. MBP-SELENOMNT-VMA fusion 

is purified by amylose affinity chromatography and then bound to a chitin column 

through the chitin-binding domain fused at the C-terminal of intein. During cleavage of 

intein, the thioester form of MBP-SELENOMNT (MBP-SELENOMNT-MES) is formed 

and eluted from the column with the addition of 75 mM MESNA. (b) MBP-

SELENOMNT thioester detected by mass spectrometry. The theoretical mass of the 

MBP-SELENOMNT thioester is 45322 Da, and measured as 45324 Da. The 42809 Da 

peak arises from a truncation. Inset shows the M/Z spectrum. 
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Figure 4. MBP-SELENOMCT purification and the release of SELENOMCT from MBP 

by TEV protease cleavage. (a) Deconvoluted electrospray ionization mass spectrum of 

reduced MBP-SELENOMCT. The calculated molecular mass of MBP-SELENOMCT is 

53674 Da. The 53933 Da form is due to a 6-phosphogluconolactone modification, most 

likely on the His6-tag at the N-terminal of MBP [36]. Inset shows the M/Z spectrum. (b) 

MBP-SELENOMCT can be efficiently cleaved by TEV protease in the presence of a 

reductant (here DTT). Proteins are identified by 16% Tris-Glycine SDS-PAGE under 

reducing conditions. MBP-SELENOMCT is incubated with TEV protease at a molar 

ratio of 5:1 in 50 mM sodium phosphate, 200 mM NaCl, 2 mM EDTA, and 10 mM 

DTT, pH 7.5.  

  



 56 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. SELENOM ligation as monitored by SDS-PAGE: Lane 1: MBP-

SELENOMCT; lane 2: same as lane 1 but after TEV protease cleavage; lane 3: MBP-

SELENOMNT-VMA; lane 4: MBP-SELENOMNT thioester; lanes 5-7: the ligation of 

SELENOM monitored on days 0, 1, and 2. Lane M: molecular mass standards. After 

TEV protease cleavage, SELENOMNT thioestser cannot be detected because of its 2 

kDa mass.  
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Figure 6. The rate of SELENOM ligation at 25 C at pH 6 to 8. MBP-SELENOMNT 

was incubated with TEV cleaved SELENOMCT at a molar ratio of 5:1 in 50 mM sodium 

phosphate, 200 mM NaCl, and 2 mM EDTA, supplemented with 100 mM MESNA, 50 

mM MPAA, and 5 mM DTT. The reaction was monitored for 48 hours. Proteins are 

identified on a 16% Tricine-SDS-PAGE with reducing agents. The reaction yield is 

higher than 90% at pH 6 and above as judged by the disappearance of SELENOMCT. 
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Figure 7. Characterization of SELENOM. (a) CD spectrum of SELENOM prepared by 

Sec-EPL. (b) Deconvoluted ESI-MS of intact SELENOM. (c) Tandem MS sequencing 

of the peptide from panel b confirms Sec’s presence in SELENOM. Sec and Cys 

residues were alkylated with iodoacetamide (purple star). Fragment ions that contain 

Sec are colored red.  
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Chapter 3 

PREPARATION OF SELENOMETHIONINE-CONTAINING GB1 PROTEINS 

3.1 Background 

 

Sulfur participates in a vast repertoire of biological functions. [1] Biologically 

relevant forms of sulfur include the canonical amino acids cysteine and methionine, but 

also homocysteine and taurine. Cysteine residues are incorporated into proteins as 

redox-active centers, which regulate cellular oxidative stress. Methionine is among the 

most hydrophobic of the amino acids. It is often found in the interior of the protein, or 

in the case of membrane proteins, they are found to interact with the lipid bilayer. 

However, surface exposed methionine residues are regarded as antioxidants to proteins. 

[2] In addition, there exists an endogenous pool of sulfide compounds including 

hydrogen sulfide and polysulfide and the cysteine-containing enzymes that produce 

them, which are involved in sulfur metabolism and regulatory functions. [1] 

NMR is a spectroscopic tool that analyzes the changes in the electronic structure 

surrounding an atom. This technique can be used to identify a chemical species, or to 

follow the reactions that the species undergoes by monitoring perturbations at the 

nucleus of interest. This makes NMR an attractive method for studying sulfur chemistry. 

As a sulfur-containing species becomes chemically transformed, its local electronic 

environment will be changed as atoms are added or taken away, bonds formed or 
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broken. However, the sulfur nucleus itself is not amenable to biological NMR. [3-4] 

This is because the only NMR active nucleus of sulfur, 33S is a quadrupolar nucleus with 

low natural abundance on par with that of 13C, and broad linewidth making detection 

and data interpretation a challenging task. [3] Sharp spectroscopic lines are only 

attainable for high symmetric sulfur species, rendering this technique ineffective for 

studying sulfur species in any biological samples. [5] 

Since sulfur cannot be directly probed using NMR, selenium was found to be a 

viable surrogate to sulfur. 77Se is a spin 1/2 nucleus with 7.63% natural abundance, 

roughly 10 times that of 33S. It has good NMR sensitivity and can be detected by 

conventional hardware and experiments. [3-9] In addition, sulfur and selenium share 

many physiochemical properties such as comparable electronegativity and the same 

redox states. [6] The difference in sulfur and selenium’s atomic radius and the length of 

covalent bonds with carbon is about 10%. 77Se chemical shifts in biological systems 

spans over 3000 ppm for different chemical species in selenium-containing amino acids, 

that is the biologically relevant Se-, Se-Se, SeH, Se-OH, Se-O2H, SeO3H, CH2-Se-CH3, 

CH2-Se(O)-CH3 and CH2-Se(O2)-CH3. [4] 

The feasibility of biological selenium NMR has been demonstrated nearly 40 

years ago. [10-11] Like most heavy atoms, selenium has large chemical shielding 

response which translates to efficient relaxation routes resulting in short transverse 

relaxation rates and broad spectroscopic lines. [3,4,8,12] In addition, currently there is 

sparse research on biological selenium NMR which makes data interpretation difficult.  

Unlike for other established NMR nuclei such as 1H, 13C, 15N for which there exist 
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comprehensive chemical shift libraries such as the BMRB Biochemical Reference, there 

is no such systematic for selenium. Therefore, this study aims to establish a model 

system which can be used to compile 77Se chemical shift tensors in proteins to 

understand how the chemical environment in biological molecules influences 77Se 

spectra.  

The model protein selected for this task is the well-characterized 

immunoglobulin - binding B1 domain of Streptococcal Protein G (GB1). This is a highly 

compact and stable small protein unit, with its melting point approximately 20 °C above 

that of the average protein. [13-14] Furthermore, GB1’s fold contains all secondary 

structural elements: helix, beta sheets both parallel and antiparallel, as well as loops. 

(Figure 8) The entire protein is 56 residues long and the core of the protein is solvent 

inaccessible, consisting of residues Leu5, Leu7, Ala26, Phe30, Ala34, Trp43, Phe52 and 

Val54. The sole Trp at position 43 is found on β-strand 3, and its sidechain is in van der 

Waals contact with Phe30 and Phe52, as well as aliphatic residues Leu5, Ala34 and 

Val54. Phe30 and Phe52 are arranged so that the aromatic sidechains are perpendicular 

to each other, with Trp43, Tyr33 and Tyr45 packed loosely in the vicinity. With this 

configuration, 95% of GB1’s hydrophobic residues are shielded from the solvent 

environment, which is a significant contributor to its high thermodynamic stability.  

Within the protein there is also an extensive hydrogen bonding network. As 

much as 80% of the residues in GB1 are hydrogen bonded (H-bonded). The first pair of 

anti-parallel β-ribbons is fully H-bonded, with Gln2 and Asp22 sharing two H-bonds 

between them. In the second anti-parallel β-ribbon pair, there are three H-bonds between 
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residues Glu42 and Thr55, Thr44 and Thr53, and Asp46 and Thr51. Between the central 

parallel β-strands 1 and 4 there are six H-bonds on the peptide backbone. In addition, 

there are four hydrogen bonds between the sidechains of Thr49 and Thr51, Thr44 and 

Thr53, Glu56 and Lys10, as well as Glu56 and Asp40.  

Extensive biochemical and biophysical studies are available on GB1, and its 

structure is well documented using X-ray crystallography, solution- and solid-state 

NMR with over one hundred structures deposited in the Protein Data Bank. Stability of 

the GB1 protein is also well-documented, multiple studies reported mutations to the 

primary amino acid sequence of GB1 in order to investigate the impact on the protein’s 

structure and stability. [13-30] Taken together, these studies suggest that GB1 has a 

stable fold, where mutations of up to 14% of the sequence do not significantly alter 

protein structure. [19,25,31]  

In the present study, six dissimilar locations were selected for mutagenesis to 

selenomethionine: Leu5, Ile6, Val29, Ala34, Val39 and Val54. Of these locations, Ile6 

and Val29 are located on the solvent exposed sides of the first β-strand and the α-helix, 

respectively. Because neither are involved in the hydrophobic packing of the protein 

core, these mutations are expected to not alter the protein structure. [16,31-34] Similar 

mutations to Thr16 and Thr18 posed no structural disruptions to β-sheet propensity, so 

it can be postulated that Ile6 mutation will yield the same result. In the case of Val29, it 

has been identified as a “boundary position” on the GB1 structure, where its sidechain 

can be solvent exposed to shielded based on its local interactions. [32-33] For example, 

V29F is stabilizing to the global structure by 1.7 kJ/mol, while V29K is destabilizing 
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by 2.2 kJ/mol. This destabilization can also be rescued by placing the protein in high 

salt environment, where up to 2M of NaCl shows destabilization by 1.5 kJ/mol. The 

authors hypothesized that it is due to Lys29 forming unfavorable electrostatic 

interactions with the solvent which becomes partially diminished in a high salt 

environment. In the wild type GB1, a packing defect has been identified involving the 

sidechains of Val29, Phe30 and Tyr33, where a void in space was created by these three 

residues and which could be stabilized by substituting Val29 to larger aromatic residues. 

Bulky sidechains at the 29th position can potentially turn inward to enhance packing and 

stability in this area. [31,33] In general, it has been reported that mutations which fill 

hydrophobic pockets are generally stabilizing. [34] Therefore, since the SeM sidechain 

is larger than the wild type Val, it is postulated that Val to SeM mutation will be 

stabilizing to the global protein structure.  

The contiguous core of GB1 where the remaining four mutations are selected 

from, is formed by residues at positions 3, 5, 7, 20, 43, 52 and 54 on the β-strand, 

positions 26, 30, 34 on the α-helix and position 39 on the loop. [34] It has been shown 

that when mutations at these core positions disrupt the natural packing of the protein, it 

is compensated by the protein burying additional sidechains in the hydrophobic core 

and to reduce the volume of the core. Thus the size of the core residues tends to increase 

for mutations that present a stabilizing force to the structure. [35] Mutation at Leu5 had 

no significant impact on overall structure but increasing the size of the sidechains at 

positions 34 and 54 have both demonstrated to drastically alter the native structure. 

[19,35] Thoms et al. showed that with A34L and V54F mutations, both of which 
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increase the size of the residue from the wild type, displace Trp43 and partially expose 

its sidechain to the solvent environment. As a result, new hydrophobic driving forces 

may emerge to compensate for the loss of local stability. When Trp43 is displaced, the 

resulting structure shows increased disorder in this region, as competing forces attempt 

to reestablish favorable interactions in the protein core. [35] However, it is worth noting 

that these mutations still produce a stable protein structure, and it may be interesting to 

investigate the new interactions that arise from mild core-destabilizing mutations.  

Overall, the six SeM mutations identified for this study are expected to produce 

stable proteins whose global structural features resemble those of the wild type GB1 

(Table 3). This chapter discusses the relevant strategies in preparing these SeM-

containing GB1 variants for both solution and solid-state NMR. Data from solution 

NMR compiles the characteristic isotropic chemical shifts of the selenium atom. 

However due to rapid molecular tumbling in a liquid medium, individual configurations 

of the protein cannot be resolve and only an averaged conformation can be obtained. In 

the case of solid-state NMR, although in many cases similar to a solution NMR 

experiment, contains a wider range of information including the means to determine 

molecular orientation.  

Detection of SeM in GB1 by solution NMR can be achieved using natural 

abundance selenium. [3] However, for efficient data acquisition using solid-state NMR, 

GB1 proteins enriched with 77Se were prepared.  
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3.2 Materials and Methods 

3.2.1 Gene, Plasmids and Molecular Cloning 

 

The gene of the immunoglobulin-binding B1 domain of streptococcal protein G 

(GB1) was codon optimized for expression in E. coli and the gene synthesized by 

DNA2.0. The synthetic gene of N-terminal hexahistidine-tag tagged GB1 was cloned 

into the bacterial expression vector pJexpress414 (DNA2.0). The hexahistidine-tag 

included the TEV protease cleavage sequence ENLYFQG to allow for affinity tag 

removal of the hexahistidine-tag. The tag-free GB1 has Gly at position 1 instead of Met 

so that a sole Met residue can be inserted at other locations of the protein. In addition, 

the engineered GB1 sequence following cleavage with TEV protease also contained a 

substitution of Gln for Thr at position 2 since the majority of studies on GB1 utilize this 

mutation to improve sample homogeneity. [16] This vector was subsequently used as a 

template to introduce all the Met variants using PCR-based mutagenesis. 

3.2.2 Protein Expression and Purification for Solution NMR 

 

Proteins samples for solution NMR were prepared by utilizing the direct 

incorporation of the SeM amino acid into the protein chain, which results in samples 

containing natural abundance 77Se at 7.63%.  
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To begin, the appropriate Met variant was transformed into E. coli BL21(DE3) 

cells. To incorporate the expressed protein with SeM, a defined media was used that 

supplied no Cys or Met sources by the time protein expression was induced. In brief, an 

overnight starter culture in low salt LB broth (10 g of tryptone, 5 g of yeast extract, 5 g 

NaCl per L), supplemented with 100 µg/ml ampicillin was inoculated and grown at 37 

°C with good aeration.  

Next day, 10 ml of starter culture was used to inoculate 1 L of LB broth, 

supplemented with 100 µg/ml ampicillin. When optical density (OD) at 600 nm reaches 

0.7, the cells were pelleted by centrifugation for 10 min at 4°C and 5000 rpm in a Sorvall 

RC5B floor centrifuge equipped with a SLA3000 rotor. The supernatant was discarded, 

and the cell pellet was washed with ice cold sterilized water. The cells were pelleted 

again and resuspended in modified MDAG media from Studier (Table 4). [36] The 

temperature was lowered to 18 °C, and the cells were allowed to recover for 15 – 30 

min. L-SeM (Acros Organics) was supplied at 0.1 g/L with no additional Met 

supplementation, and after an additional 10 min, protein expression was induced with 

0.5 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG). The cells were grown for 20 

hours at 18 °C.  

The cells were pelleted as described and resuspended in 50 mM sodium 

phosphate, 200 mM NaCl, 10 mM imidazole, pH 8.0, supplemented with 1 mM 

phenylmethylsulfonyl fluoride (PMSF) and 1 mM benzamidine. Cells were disrupted 

by homogenization and the cell debris was removed by centrifugation at 17000 rpm for 

1 hr. The supernatant was pooled and loaded onto a 15 ml immobilized metal affinity 



 73 

chromatography (IMAC) column that was pre-equilibrated with 5 CV (Column 

Volume) of IMAC equilibration buffer (50 mM sodium phosphate, 200 mM NaCl, 10 

mM imidazole). The column was washed with 15 CV of buffer supplemented with 30 

mM imidazole and His6-GB1SeM protein was eluted with a final imidazole concentration 

of 500 mM.  

The yield of His6-GB1SeM is on average 50 mg per L of defined media. The ratio 

of SeM incorporation into GB1 was assessed by mass spectrometry after removal of the 

polyhistidine tag due to its post-translational modification which interferes with 

accurate mass calculation. Using this method, SeM incorporation typically reaches > 

95% with the Met variant undetectable in some preps. (Figure 10a) His6-GB1SeM 

variants were cleaved by TEV protease at 1:3 molar ratio in 50 mM sodium phosphate, 

200 mM NaCl, pH 8.0, supplemented with 5 mM of β-mercaptoethanol (BME). The 

progress of the cleavage was monitored by 16% tris-tricine SDS-PAGE.  

After TEV cleavage, the protein mixture was loaded onto a second IMAC 

column in order to remove the TEV protease. The flow through containing the tag-free 

GB1 was pooled and concentrated using an Amicon Ultra-15 centrifugal filter unit with 

MWCO of 3 kDa.  The concentrated protein was loaded onto an appropriate size 

exclusion column suitable for small proteins (< 20 kDa) such as Superdex™10/300 GL 

or Sephacryl™ S-100, pre-equilibrated with gel filtration buffer such as 50 mM sodium 

phosphate, pH 5.5.  Fractions containing GB1 was collected and visualized on 16% Tris-

tricine SDS-PAGE.  Protein concentration was determined by UV-Vis spectroscopy 

with an extinction coefficient of 9970 M-1 cm-1, or 1.617 g L-1 when appropriate.  
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3.2.3 Sample Preparation for Solution NMR 

 

GB1 SeM variants containing natural abundance SeM were used for solution 

NMR experiments. This is a viable strategy due to the comparably high natural 

abundance of the 77Se nucleus (7.63%). Purified GB1 in 50 mM sodium phosphate 

buffer pH 5.5 and 10% D2O was concentrated to approximately 10 mM in 500 uL using 

Amicon Ultra-15 centrifugal filter unit with MWCO of 3 kDa. Such a high sample 

concentration is required in order to observe the 77Se signal under natural abundance 

conditions.  

3.2.4 Protein Expression and Purification for Solid-State NMR 

 

Proteins samples for solid-state NMR were prepared based on the method 

reported by Schaefer et al. to incorporate elemental 77Se in order to isotopically enrich 

the sample. [3] 

To begin, the appropriate Met variant was transformed into E. coli BL21(DE3) 

cells. A 10 mL starter culture supplemented with 5 mM Na2SO4 and 100 μg/mL of 

ampicillin was grown at 37 °C for 9 hours. The starter culture contained 50 mM 

Na2HPO4, 50mM KH2PO4, 10 mM NaCl, 50 mM NH4Cl, 2 mM MgCl2, 0.2x metals, 

1x vitamins, 0.4% glucose and 200 μM CaCl2. The 1x trace metal solution contained 50 

μM FeCl3, 20 μM CaCl2, 10 μM MnCl2, 10 μM ZnCl2, 2 μM CoCl2, 2 μM CuCl2, 2 μM 

NiCl2, 2 μM Na2MoO4 and 2 μM H3BO3. The recipe for 1000x vitamin solution was as 
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detailed by Studier. [36] It is worth noting that the components used in this media 

including the antibiotic selection were kept sulfur-free except for Na2SO4 which was 

the sole source of sulfur.  

When the optical density of the starter culture reached approximately 1.2, 1 ml 

of the starter culture was used to inoculate 1 L of growth media supplemented with 50 

μM Na2SO4 and 100 μM/ml of ampicillin in 2.8 L baffled flasks. Cells were grown at 

37 °C with good aeration until sulfur depletion, which was indicated by a plateau in 

OD600nm measurements at about 0.95 that was typically reached after 15 hours. At this 

point, the cells were provided with a mixture of 20 μM Na2SO4/70 μM Na2SeO3.  Protein 

expression was induced with 0.8 mM IPTG. Cells were grown for an additional 12 hours 

at 37 °C then harvested by centrifugation as previously described. (Figure 10b)  

When 77Se isotope was to be used, an appropriate amount of elemental 77Se 

powder was carefully oxidized to 77selenite using nitric acid. No more than 100 μM of 

nitric acid can be present in the cell culture to minimize cellular toxicity.  

Purification procedure for the isotopically labeled protein is exactly as described 

for the natural abundance version. However, when using gel filtration to polish the 

purified GB1, the column was pre-equilibrated with buffer suitable for solid-state NMR 

experiments such as 25 mM sodium acetate, pH 5.5.  Fractions containing GB1 was 

collected and their purity was evaluated using 16% Tris-tricine SDS-PAGE.  Protein 

concentration was determined by UV-Vis spectroscopy with an extinction coefficient 

of 9970 M-1 cm-1, or 1.617 g L-1 when appropriate.  Recombinant expression strategies 

of GB1 are robust and consistently yield 50 mg of pure protein per each liter of rich 
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media. The yield does not suffer significantly when using minimal expression media for 

the production of isotopically labeled samples, with average final yield of 40 mg per 

liter of medium, and average isotopic labeling of 80% as confirmed by mass 

spectrometry (Figure 11).  

3.2.5 Sample Preparation for Solid-State NMR 

 

Microcrystalline protein samples for solid-state NMR experiments were 

prepared by batch crystallization on ice, similar to the conditions previously reported by 

Schmidt et al. [22] In brief, a solution of GB1 protein at 50 mg/ml in 25 mM sodium 

acetate buffer pH 5.5 was added by increments of the precipitant of 2-methyl-2,4-

pentanediol (MPD) to isopropyl alcohol (IPA) in 2:1 v/v ratio. After the addition of each 

increment, the mixture was gently tapped to mix. Small increments of the precipitant 

were continuously added in this fashion until microcrystals begin to form. This was 

evident by the appearance of a birefringent cloudiness that appears in the mixture and 

did not disappear upon tapping. The mixture was then left undisturbed at 4 °C overnight. 

Crystal growth typically fully formed in 2 days. Crystals were packed by gentle 

centrifugation into a 3.2 mm Bruker MAS thin-wall rotor, immersed in excess mother 

liquor. Typical experiments utilized ~45 mg of GB1 of which up to 80% was enriched 

with 77Se.  
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3.3 Summary of chapter 3 

 

This study aims to establish a model protein system which can be used to 

compile 77Se chemical shift tensors to readily identify specific types of interactions. As 

a viable surrogate to sulfur, selenium NMR will help to shed light on the chemistry of 

sulfur and sulfur reaction mechanisms in biological processes. To this end, six SeM-

containing GB1 variants were expressed and purified, each to be used in a series of 

solution and solid-state NMR experiments. Solution NMR samples were prepared using 

protein containing natural abundance selenium, while solid-state NMR samples were 

prepared via batch crystallization of isotopically enriched GB1.  
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Table 3. Local interactions of six engineered GB1-SeM variants 

Mutation Location Interaction 

L5M Hydrophobic; close to Phe30 Trp43 Sulfur – Aromatic 

I6M 
Solvent exposed near Lys4 and 

Glu15 
London Dispersion 

V29M Surface exposed on helix London Dispersion 

A34M Hydrophobic; close to Phe30 Trp43 Sulfur – Aromatic 

V39M Loop, oriented into core Flexible 

V54M Hydrophobic; close to Trp43 Sulfur – Aromatic 
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Table 4. Defined growth medium for natural abundance SeM-incorporation 

Components Volume (ml) 

Sterilized water 940 

1 M Mg2SO4 2 

1000x metals* 0.2 

1000x vitamins* 1 

40% w/v glucose 10 

50 XM* 20 

25% aspartate 10 

17 amino acids (10 mg/mL)* 20 

L-SeM 0.1 g/L 

 

*The recipes for the preparation of 1000x metals, 1000x vitamins, 50XM salts 

and 17 amino acids are as described by Studier [36].  
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Figure 8. Global structural features of the wild type GB1 domain obtained through X-

ray diffraction (PDB Accession Code: 2QMT). Left: front view of the GB1 structure, 

comprises a four-stranded β-sheet and a long central helix connecting strands 2 and 3. 

Right: side view of the same structure showing packing of the α-helix against the β-

strands. [15]  
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Figure 9. Energy minimized structures of the six GB1 Met variants. The sulfur atom of 

Met is colored yellow. The structures were minimized using the Met instead of SeM as 

Force fields for SeM were not yet reported. Residues within van der Waals contact to 

each Met sidechain are also shown in sticks. Energy minimization and figure courtesy 

of Shiping Xu.  
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Figure 10. Schematic diagrams of the expression and purification of GB1 SeM variants. 

A) protein sample for solution NMR was expressed by direct incorporation of natural 

abundance SeM amino acid; B) protein sample for solid-state NMR was prepared via 

sulfur depletion and the incorporation of elemental 77Se isotope in the form of selenite.  
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Figure 11. Representative deconvoluted intact-mass electrospray ionization mass 

spectrum of GB1 proteins. A) GB1 V39SeM prepared by the incorporation of SeM 

amino acid at natural abundance ratio during protein expression. B) GB1 V29SeM 

prepared by the random incorporation of 77Se isotope. Met variant is present at 30%.   
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Chapter 4  

STRUCTURES OF GB1 SELENOMETHIONINE VARIANTS BY X-RAY 

DIFFRACTION 

4.1 Background 

4.1.1 Structure Determination through X-ray Diffraction  

 

Structure determination through crystallography began at the dawn of the 20th 

century with the discovery of X-rays by German scientist Wilhem Conrad Röntgen. The 

next 60 years saw tremendous advances in both the theory and experimentation in the 

analysis of crystal structures using X-rays, resulting in a number of Nobel Prizes in the 

fields of physics, chemistry and medicine. [1-2] In 1958, the first high resolution protein 

structure was determined for myoglobin and soon after for hemoglobin through X-ray 

crystallography by John Kendrew and Max Perutz. [3-5] These high resolution 

structures revealed vastly different shapes and features of each protein, and sparked 

intense interest in studying protein structural diversity that has lasted to the present day. 

For their seminal work in macromolecular crystallography, Kendrew and Perutz shared 

the 1962 Novel Prize in chemistry. [2] 

The latest survey of the Protein Data Bank shows over 1.3 million structures 

deposited and 90% of them were obtained using X-ray crystallography. This is a 

powerful biophysical technique that allows direct visualization of the atomic makeup of 
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a target. With this method, the arrangement of atoms in proteins and nucleic acids can 

be determined and often at the atomic level with advances in building more powerful 

radiation sources. The ability to visualize biological macromolecules in 3-dimensional 

space and near-atomic resolution allows us to explore enzymatic mechanisms or 

protein-ligand interactions. These discoveries bridge the understanding between 

structure to function, and the results have often found use in rational therapeutic designs. 

[5-7] 

The “structures” obtained through an X-ray diffraction experiment, or more 

precisely, the atomic coordinates determined by any structural biology technique, 

represent both a temporally and spatially averaged set of molecular properties. 

Specifically, the structure obtained using X-ray diffraction is an averaged representation 

of all the molecules periodically arranged in the protein crystal lattice. [8-10] During 

data collection, a single protein crystal containing millions of copies of the protein 

molecule is subjected to a beam of X-ray for minutes or hours. [10,11] Thermal energy 

excites the molecules in the crystal allowing them to sample their conformational energy 

landscape. X-ray diffraction captures the protein structure averaged across all the copies 

of molecules in the crystal lattice across the entire length of data acquisition time, thus 

providing a thorough sampling of the energy landscape available to each molecule. The 

electron density map that is produced represents this averaging across all molecules and 

the energy landscapes available to each, and can be said as “blurred” by the combination 

of motions the protein experiences. Therefore, while it is possible to extract motional 

information from an X-ray diffraction experiment, the information about the rates at 
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which such motions occur is lost due to this averaging. Also, static vs dynamic disorders 

cannot be distinguished by X-ray diffraction. Where motion does occur in a crystal 

structure, whether it is static (spatial disorder) or via site exchange (temporal disorder) 

by rapid jumping between different conformations, these phenomenon results in 

structures with fractional populations. [19] This is a key disadvantage to the X-ray 

diffraction technique, where differences between equivalent sites remain undetected and 

where exchange rates information cannot be extracted. [8,12-15] 

A complementary structural biology technique to X-ray diffraction that has 

emerged in the last 40 years is NMR. There is a synergy between X-ray crystallography 

and NMR spectroscopy [5] and these techniques can be used together in trying to solve 

the structure of a biological macromolecule. In fact, these two techniques have long 

been recognized as complementary methods in structural biology. [7-9] 

When an NMR experiment is performed on a protein molecule, the resulting 

spectrum is informative of several aspects of the protein’s properties, such as the 

identity, quantity, and relative location within the protein molecule that the nucleus of 

interest can be found. A solution NMR experiment provides a structure that is averaged 

over the random orientations of the molecule tumbling in a liquid medium.  In solid-

state NMR, since the samples can be either powder materials or crystalline, this 

technique permits the direct visualization of molecular orientations. [16] The 

complementarity of NMR to X-ray diffraction arises from the experimental time scales 

that can be accessed by NMR. Unlike X-ray diffraction which takes place over seconds 

to hours, NMR time scales are typically micro- to millisecond range, where many types 
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of protein motions occur. [17-19] In situations where structural disorders are present, 

instead of taking an average over the entire crystal, NMR can potentially reveal 

individual configurations if the exchange rate between the configurations are slower 

than the NMR experiment timescale. [19] For example, if a given sidechain residue 

samples two conformations, the local environment between the two conformations are 

likely to be different as well. As the local electronic environment changes, the frequency 

at which the nucleus absorbs radio frequency will change, thereby changing the 

observed NMR spectrum. When the rate of exchange between the two conformations is 

slow, it is possible to observe distinct peaks representing each of the conformations. 

However, when exchange rate between the two conformations happens on the same time 

scale as the molecular motion that induces the exchange between the two conformations, 

the observed peaks may coalesce, and become one broader peak. Therefore, in NMR 

experiments peak width can be indicative of molecular motions experienced by the 

nucleus of interest. [19] The possibility to determine individual configurations coupled 

with the fact that exchange rate information can also be extracted make NMR a powerful 

approach for full structural characterization of crystalline protein molecules. 

In summary, X-ray diffraction and NMR are complementary techniques that 

together become informative of the structure of a protein molecular and the rate at which 

the molecule samples different conformations available to it. Using X-ray 

crystallography, the relative population of different conformational states along with 

their respective orientation information can be obtained, including the determination of 

the favorable energy landscapes for each of the conformations. NMR experiments are 
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informative of the rates at which exchanges occur between these available 

conformational states, but provide little information on the distance or direction of these 

conformations.  

4.1.2 Motivation for obtaining GB1 crystal structures 

  

As previously discussed, this research project seeks to establish a comprehensive 

library of selenium NMR chemical shift parameters. Information about selenium’s 

chemical shielding tensors will be sought after using both solution and solid-state NMR 

strategies. 

Because selenium exhibits high sensitivity to its local environment, it is 

expected that the isotropic chemical shifts of the SeM sidechain will vary between each 

GB1 SeM variant, as they each experience a different set of chemical environment. Such 

differences in the chemical shifts are indicative of the differences in the local electronic 

environment around the selenium nucleus. Preliminary solid-state CP/MAS NMR data 

using 77Se isotopically labeled V29SeM showed two major peaks and two minor peaks. 

This data suggests that up to four conformations are possibly available to the SeM 

sidechain in this structure (data not shown). Methods of quantum chemistry, such as 

DFT calculations, can be used to calculate the chemical shift tensors, and relate 

theoretical predictions to experimentally observed NMR spectra. [20] 

DFT calculations can be performed using an optimized or predicted structure of 

the protein molecule, or in the case of GB1, structures obtained by X-ray 
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crystallography. The structure of the wild type GB1 is well documented, and the 

conditions to grow diffraction-quality crystals can be easily reproduced, as already 

discussed in the preceding chapter. Crystals grown from GB1 proteins frequently 

diffract to atomic resolution, where backbone trace and most sidechains can be clearly 

observed. At this resolution, it is possible to determine if multiple conformations exist 

for the same sidechain. This is especially critical when determining if any variations 

exist for the SeM local environment. Recent advances in X-ray crystallography software 

have nearly fully automated structure solution. [21-23] With a number of high resolution 

GB1 structures to use as search templates for molecular replacement, obtaining a fully 

refined structure of a variant GB1 is an easily accessible task. 

Applying quantum chemical calculations of the chemical shift tensor is crucial 

to understanding the relationship between structural characteristics and the observed 

chemical shifts as results of these structures. Obtaining high resolution, accurate X-ray 

crystal structures of the GB1 SeM variants provides the structural factors that can be 

used in said quantum chemical calculations. Taken together, the experimental chemical 

shielding tensor, and the quantum chemical calculations using structural information 

from the same protein crystals used to obtain experimental NMR data, allow the 

interpretation and prediction of the local environment of the selenium nucleus in a given 

protein. Once a match between experimental data and theoretical calculations is 

established, theoretical studies can be expanded to systematically study the environment 

of SeM in proteins and to understand ligand binding, protein-protein interactions and 

protein dynamics in isolation and in protein complexes. [5] 
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4.2 Materials and Methods 

4.2.1 Crystallization Screening 

 

Conditions for single crystal growth were screened based on the original 

conditions reported by Gallagher et al. [24] and Schmidt et al. [25], but with the 

exception of zero salt concentration to facilitate the applicability of the successful 

condition in subsequent NMR experiments. Each GB1 variant was screened using the 

identical set of conditions, as the structural differences between the SeM variant and the 

wild type were minimal. Initial screening was conducted using the hanging-drop vapor-

diffusion method in 48-well plates at 283.15 K. Equal volumes of protein and reservoir 

solutions of 0.5 µl were mixed together and equilibrated against 0.25 ml of the reservoir 

solution. Single crystals formed in 2 to 3 days and finished growing within 1 week. 

Preliminary crystals were obtained for each type of variant from the broad screening 

range of 45-50% v/v of MPD (2-methyl-2,4-pentanediol), 20% v/v of IPA (isopropyl 

alcohol), in 25 mM sodium acetate buffer with pH ranging from 4.5 to 4.9. The 

conditions which yielded the most promising morphologies were optimized by varying 

the precipitant gradient, buffer pH, and protein concentration. The optimized conditions 

were then prepared with freshly purified protein in duplicates by multiple operators to 

ensure reproducibility as well as to maximize the chances for harvesting the highest 

quality of crystals.  
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Due to the high concentration of MPD in the crystallization condition, no 

additional cryoprotectants were required during the freezing process. Instead, a single 

crystal was picked up in a cryoloop and directly flash-cooled in liquid nitrogen. X-ray 

diffraction data were collected on beamline 5.0.1 at the Advanced Light Source (ALS) 

at the Lawrence Berkeley Laboratory equipped with a Pilatus 6M detector. Each data 

set was indexed and integrated with XDS. [26] Data reduction was done using 

AIMLESS, all of which are parts of the CCP4 program suite. [22-23,27] 

4.2.2 Structure Refinement 

 

The structure of wild type GB1 reported by Schmidt et al. [25] (PDB ID: 2QMT) 

was used as the initial search model in molecular replacement for each GB1 SeM 

variant. [28] The six GB1 variant structures were refined independently and without 

reference to each other. Refinement was performed iteratively using phenix.refine and 

then with COOT to visualize the model after each cycle of refinement [29-30]. Each 

model was initially refined with rigid body and simulated annealing. Hydrogens were 

refined as riding hydrogens. The fit of the model to the electron density map was 

analyzed for each amino acid residue, and manual adjustments such as alternate 

sidechain conformations or chirality centers, were made using COOT with the decisions 

guided by the density map. Ligands were identified both with LigandFit [31] as part of 

the PHENIX program suite, as well as manually by inspecting the map. Placement of 

the ligands was verified by monitoring improvements in the map and the refinement 
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statistics. The density map of the entire structure was inspected after each round of 

refinement to determine the appropriateness of the fit. The SeM sidechain was refined 

with the help of the anomalous difference signal derived from the selenium atom and 

the anomalous maps calculated by PHENIX. [32] Occupancy of the selenium atom was 

refined iteratively. X-ray verses stereochemistry weights, as well as X-ray verses atomic 

displacement parameters (ADP) were refined at the end of the refinement process. 

Refinement progress was monitored by the analysis of the results using POLYGON and 

MolProbidity. [33] A randomly selected subset of the data which was omitted before 

the start of refinement was used to calculate the free R value which was used to cross-

validate the model. [34] 

A simulated annealing omit map calculated from PHENIX was used to validate 

each of the final refined models and to reduce potential bias that can arise from the probe 

model structure. [35] In each case, the omit map was virtually identical with the 2F0- Fc 

electron density map and for each variant the omit map showed continuous density for 

all amino acid residues.  

4.3 Crystal Structures of GB1 SeM Variants 

4.3.1 GB1 SeM Variant Crystal Morphologies  

 

Thin rod-shaped crystals were obtained for five of the six SeM variants: L5SeM, 

I6SeM, V29SeM, A34SeM and V39SeM. The dimensions for these crystals averaged 
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800 µm in length, 50 µm in width and approximately 10-20 µm in depth. Crystal 

morphologies for each variant largely resembled thick needles, often growing out of a 

single nucleation point in the hanging drop. Such “dendrite” morphology is a common 

phenomenon in protein crystallization (Figure 12). When a nucleus is formed through 

heterogeneous epitaxy, which happens via attachment to a mechanical surface such as 

particles in the protein drop or the glass slide, a protein crystal begins to develop. 

However, one face of the crystal cannot develop through restriction by the mechanical 

barrier, while the other face extends unhindered. This one-dimensional growth 

introduces tremendous stress to the crystal lattice. In order to relieve the strain, the 

crystal splinters and initiates multiple separate growths in all other unrestricted 

directions. The end result of this process is a dendritic crystal often referred to as a 

“crystal bouquet”. [36] 

No diffraction quality crystals were obtained for the V54SeM over several 

attempts.  The crystals that grew from V54SeM lacked visible birefringence and had 

rounded edges. Lack of sharp crystal facets is often an indication that the growth rate is 

too fast and the resulting crystals tend not to diffract well or at all. [37-38] Multiple 

protein concentrations and temperatures were attempted but without improvement to the 

morphology of these crystals. The location of the V54SeM mutation is completely 

shielded from solvent on the last β-strand, though may be located near the crystal contact 

edges, which can disrupt crystal packing. Therefore, for this particular variant, wider 

screening conditions are still required in the future in order to produce diffraction quality 

crystals.  
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From these crystals, the structures of the five GB1 SeM variants have been solved 

at atomic resolution and deposited into the Protein Data Bank (PDB). Overall structures 

of the variants resemble that of the wild type protein (Figure 13). The PDB accession 

codes for the GB1 variants are: L5SeM (6CNE), I6SeM (6CPZ), V29SeM (6C9O), 

A34SeM (6CHE) and V39SeM (6CTE). A sample of the electron density map for 

A34SeM is shown in Figure 14.  

4.3.2 Crystal Contacts 

 

Crystal contact for protein crystals can be complex to analyze, especially if more 

than one copy of the molecule is found in the asymmetric unit (AU), which adds 

interactions between the two copies in the asymmetric unit on top of the interactions 

formed at the crystal packing interface. An AU is the smallest unit which contains all of 

the structural information. From the AU and by application of the symmetry operators 

the unit cell can be constructed. The content of the AU depends on both the crystallized 

protein’s position and conformation within the unit cell. Two generalized scenarios can 

occur for the AU depending on the crystallization conditions and local packing: 1) each 

copy of the protein within a unit cell has identical conformation and occupies symmetry-

related positions. In this scenario, the biologically-relevant assembly can be a 

monomeric protein chain or two or more symmetry-related chains coming together to 

form a larger complex; or in case 2) copies of the protein in the AU each have unique 

positions and different conformations from each other. As a result, each copy of the 
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protein in the unit cell may represent structurally similar but functionally diverse states 

of the biological assembly. [39-41]  

All five GB1 variants crystallized in the monoclinic P1 21 1 space group, the 

same as the wild type structure. [24,25,41,50] In fact, from a survey of nearly 10,000 

nonredundant crystal structures deposited in the Protein Data Bank, more than 75% of 

them crystallized in one of the primitive lattice types. [42] The monoclinic crystal 

system is one of seven crystal systems in crystallography. Each crystal system is 

described by three vectors and three angles which the vectors intersect. For the 

monoclinic, the vectors of the crystal are of unequal lengths to each other, and form a 

rectangular prism with a parallelogram as its base. Therefore, through this morphology, 

the angles can also be determined: two vectors intersect at 90° to each other, while the 

third vector meets the other two at a non-right angle.  

The preference for proteins to adopt some symmetries over others cannot be 

fully explained yet. [42] Wukovitz and Yeates developed an entropic model which 

describes the nonuniformity using rigid-body degrees of freedom (D). [43] The model 

suggests that space groups with higher D-values occur more frequently and in the case 

of the series of GB1 SeM variants, D was calculated to be 6 using the entropic model, 

which placed the P1 symmetry group as the sixth most frequently observed for protein 

crystals. A number of similar studies attempted to also address the preference for certain 

symmetries in protein crystals. [42-46] An interesting observation was that lower 

symmetries are associated with lower solvent content, which is why triclinic, 

monoclinic (such as GB1 SeM variants), and orthorhombic systems are found to have 
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10% lower average solvent content compared to cubic crystals. Solvent content of GB1 

crystals are L5SeM 25.18%, I6SeM 24.80 %, V29SeM 28.87%, A34SeM 22.56% and 

V39SeM 23.92% (Table 5). Average solvent content of a protein crystal is 43%. [47] 

However, even when available studies are taken collectively, the overall frequency 

distribution of crystal symmetries cannot be adequately explained by solvent content, 

or the theory of entropy, or symmetry operators that promote closer packing alone. It is 

indeed possible that distribution of space-group frequencies is simply the result of errors 

in the reported crystal symmetry: either error in the space group but correct crystal 

system, or errors in both the space group and the crystal system. [48-49] 

An intrinsic property of the GB1 protein is that it favors association via stretches 

of unsatisfied hydrogen bonds along its edge β-strands 2 and 3. [41] In dilute solutions 

individual GB1 molecules will not spontaneously associate due to energetic penalties in 

decreasing entropy of the system. However, at high protein concentrations the formation 

of edge hydrogen bonds becomes favored and is the stabilizing force to drive crystal 

growth. In fact, the crystal contact surface for GB1 variants are found along these edge 

strands.  This preferred site of association also explains the tendency of these GB1 

variants to form needle-shaped crystals. As growth and elongation is favored only along 

one face of the structure, the crystal propagates by aligning itself along these β-strands 

as shown in the schematic graph below, where blue dashes indicate hydrogen bonds that 

can be satisfied upon association.  
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The crystal contact interface for each GB1 SeM variant are formed between the 

second β-strand of one molecule and the third β-strand of another (Figure 15). Strand 2 

includes residues TLKGETT (amino acids 11 to 17) and strand 3 includes residues 

GEWTYDD (amino acids 41 to 47), which are positioned within 3 Å anti-parallel to 

each other. Nine polar contacts are found within this stretch: five of which are formed 

between backbone amide protons and carbonyl groups (Glu15 to Trp43, Lys13 and 

Tyr45, amide proton of Asp47 and carbonyl of Thr11), the other four of which involve 

sidechain interactions (amide proton of Thr17 to Glu42 sidechain as well as to hydroxyl 

of Thr16, indole ring proton of Trp43 to Glu15 carboxyl sidechain, hydroxyl of Tyr45 

to carboxyl sidechain of Asp47). However, it is worth noting that in order to promote 

crystallization, the pH of the system is generally poised close to the theoretical pI of the 

protein, making the charge state of the amino acids in a crystal structure ambiguous. 

[51-52]  

Interactions involved in crystal packing are generally considered to be non-

specific, so long as the interactions favor the formation and growth of crystals. This 

generalization is based on the wide polymorphism exhibited by protein molecules and 

the crystals which are derived from them. [53] Carugo et al. systematically analyzed 78 
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non-redundant crystal structures deposited in the PDB and determined that the 

composition of amino acids that form the crystal contact region is statistically 

indistinguishable from that which form the solvent exposed surfaces of the protein. [53-

54] The residues that participate in forming the crystal packing interface tend to 

participate in hydrogen bonding in order to form stable interactions and also quite 

counter-intuitively, have higher atomic thermal factors compared to their solvent-

shielded counterparts, suggesting they share the flexibility generally associated with 

protein surfaces. This conclusion was later verified by Luo et al. using a database of 773 

protein structures, who concluded that there exist no significant geometric or 

physiochemical properties in the amino acids that form crystal packing interfaces. [56]  

 

4.3.3 Description of the Global Features of GB1 SeM Crystals 

 

In each GB1 SeM variant, the initiating Met residue of the wild type protein was 

mutated to Gly so that the protein sequence was devoid of any other sulfur containing 

amino acids except the engineered Met residue which was expressed as SeM. In 

addition, the Thr at position 2 in the wild type was substituted for Gln in order to 

improve the homogeneity of the purified protein. [57] These modifications to the N-

terminal sequence is not expected to have a significant impact on the global structure of 

the protein. SeM substitutions located on the solvent exposed surface of GB1 also 

should not destabilize the protein such as for I6SeM and V29SeM, however a detailed 
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comparison of local structural perturbations may be required for the residues whose 

SeM substitution is on the interior of the protein (L5SeM, A34SeM and V39SeM).  

Root-mean-square distance, or RMSD is a standard measurement of the 

similarity between two superimposed proteins through pairs of their equivalent Cα 

atoms. The expression for RMSD calculation is as follows: [58-59] 

𝑅𝑀𝑆𝐷 =  √
1

𝑛
∑ 𝑑𝑖

2

𝑛

𝑖=1

 

In the expression above, n represents the number of pairs of equivalent atoms, 

di is the distance between the two atoms in any given i-th pair. From the expression 

above it is clear there are several precautions that should be taken into consideration 

when RMSD is used to compare protein structures.  

The main disadvantage of RMSD lies in the fact that it is easily biased by the 

amplitude of errors. [58] If two structures are similar but possess regional differences 

through conformational change or the presence of flexible terminal loops, their RMSD 

value could be artificially high due to these localized structural discrepancies even 

though the two protein molecules are virtually identical. In other words, RMSD cannot 

effectively distinguish between two pairs of structures where one pair is 

indistinguishable from each other except for a significant regional deviation, and the 

other pair where a multitude of smaller scale rearrangements occur. For the series of 

SeM variants, it will be particularly important to examine the stretches of amino acids 

around the SeM residue mutation, as that is likely where the highest degree of structural 
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perturbations is found. An additional feature of the RMSD measurement is its 

dependence on resolution. Caruugo et al. demonstrated that smaller RMSD values are 

associated with structures refined at higher resolution, and that it tends to increase for 

two structures under comparison that have dissimilar resolutions.  [59] 

GB1 Wild Type   The structure of the GB1 protein has been extensively 

characterized by a large number of studies and covered in detail in the preceding section. 

[60-64] Briefly, the domain is made up of four strands of β-sheets and one α-helix which 

crosses over them. The central two β-strands are parallel to each other, with residues 1 

to 8 making up of strand 1 and residues 50 to 56 forming the second strand. The two 

outer strands, β2 and β3, are anti-parallel to β1 and β4, respectively. The β2 strand 

consists of residues from 13 to 20 and β3 strand encompasses residues 42 to 47. 

Residues 9 to 12 form a type I connecting loop between the first and second strand, 

while the third and fourth strands are connected by an unusual six residue turn formed 

by residues 46 to 51. [60]  

Overview of GB1 SeM Variants   The structures of five GB1 SeM variants 

obtained by X-ray diffraction is shown in Figure 16. Each horizontal panel of the figure 

depicts the overall structure of the variant, indicating the relative position of the SeM 

sidechain to the body of the protein. In addition, residues found within 4.5 Å of the 

selenium atom are illustrated in middle and bottom panels. The SeM sidechains are 

clearly observed for each variant; in the case of I6SeM, two conformations were 

modeled as was justified by the 2Fo-Fc electron density map as well as anomalous 

diffraction map of selenium.  
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L5SeM   L5SeM is a solvent-inaccessible site on the first β strand. Despite having 

the SeM mutation oriented into the core of the protein, RMSDs between chains A and 

B of L5SeM to 2QMT are 0.140 and 0.180, respectively, which indicates no significant 

structural difference from the introduction of the mutation. This could be explained by 

Leu and SeM having similar sized sidechains so that the substitution of Leu does not 

affect packing. Both amino acids contain Cα, Cβ, Cγ and Cδ (which is substituted for 

selenium in SeM), with Leu having an extra branched methyl group and SeM instead 

having a linear methyl group. This finding is consistent with previous reports that L5V 

does not alter GB1 structure. [66-67]  

Six amino acids are found within 4.5 Å of SeM5: Leu7, Phe30, Trp43 and Val54 

interact more strongly with selenium while Thr16 and Ala34 have weaker interactions. 

From the orientation of each interacting sidechain, they are engaged in non-polar 

interactions with the SeM residue. Only one of the terminal branched methyl groups of 

Leu7 and Val54 is within van der Waals distance to the selenium: Cδ2 of Leu7 is 3.96 

Å from selenium, while Cγ2 of Val54 is found 4.14 Å away. The other methyl group in 

each case is > 5 Å from the selenium atom and pointed away therefore unlikely to 

interact. Two aromatic residues, Phe30 and Trp43 are found 4 Å away from the 

selenium. The phenyl ring of Phe30 is staggered over SeM5, placing the Cβ of SeM5 

over the ring face but not the selenium atom itself. Instead, the selenium atom 

approaches the edge of the Trp43 phenyl ring at 3.8 Å (Figure 17). These distances are 

too long to be hydrogen bonds, which typically range from 2.3 to 2.7 Å with selenium 

being the acceptor group. [68] However, energetically favorable sulfur – aromatic 
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interactions have been identified from as much as 5 to 7 Å apart. [69] Nonetheless, the 

interactions surrounding the SeM sidechain locked the sidechain into one distinct 

conformation (Figure 18A). In addition, anomalous data from selenium was used to 

further confirm the localization of the selenium atom in the sidechain (Figure 18B).  

While the interactions described above are for subunit A of the two copies of the 

molecule in the asymmetric unit, the configurations in subunit B are similar. One 

notable difference is that Thr16 in subunit A is modeled with two alternate 

conformations, whereas in subunit B only one conformation can be clearly observed. In 

either case, the selenium atom does not form any interactions with the Thr sidechain, 

rather it is the Cε of SeM5 that approaches the Thr hydroxyl group at 3.5 Å in both 

subunits.  

I6SeM   GB1 I6SeM contains a SeM located on the exterior of the first β-strand 

of the protein. Because it is solvent accessible, it is not expected to cause significant 

structural perturbations compared to the native protein. Structural alignment showed 

little global variation between them as expected, with alignment RMSD of 0.202 

between 2QMT to chain A and 0.152 to chain B – the two copies of I6SeM molecule in 

the AU. SeM incorporation did not alter the backbone of the protein, and the Cα of the 

residues surrounding the mutation site for both chains exhibit an exact match to the 

model structure.  

Solvent exposed sidechains exhibit more flexibility compared to the buried ones, 

and several residues in this structure have been modeled with alternate conformations: 

Gln2, Lys10 and SeM6 of chain A, and SeM and Thr16 of chain B. Gln2 occupies two 
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conformations, one of which the amide proton of the sidechain interacts via hydrogen 

bonding (2.8 Å) with the carboxylic acid sidechain of Glu19. Gln is capable of hydrogen 

bonding through its two amine groups, the backbone amine cation NH3
+ and the amine 

on the sidechain NH2. [65] Thus Gln can hydrogen bond through donation from NH3
+ 

and NH2 to surrounding water molecules or other eligible sidechains. Lys10 also 

exhibits two conformations, one of which extends into the solvent and engages a water 

molecule while the other forms a salt bridge with Glu56. Based on the refined 

occupancy of each conformation for Gln2 and Lys10, there is no preference for the 

sidechain to adopt one conformation over another. The two alternate conformations of 

Thr16 on chain B do not form specific interactions with nearby residues however in the 

more preferable conformation with occupancy refined to 70%, the hydroxyl group is 

found within polar contact distance to a nearby water molecule.  

 In each subunit, the SeM6 sidechain was modeled with two alternate 

conformations, guided by the 2Fo-Fc as well as the anomalous map density. Of the two 

conformations, the 2Fo-Fc density can be observed for Cε of one of them which enables 

an exact measurement of the C-Se-C angle, as well as the C-C-Se-C χ3 torsion angle 

surrounding the selenium atom (Table 6). This is the dominant conformation at 80% of 

occupancy. The relevant angles for the less populated conformation was measured on 

the final refined structure, however since density around Cε cannot be observed, the 

angles also cannot be accurately measured (Figure 19). [71] 

 The dominant conformation in each subunit is surrounded by Cγ of Thr51 and 

Thr53 at 4 Å, as well as the C5 methyl group of MPD which is 4.7 Å away. There are 
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no specific interactions for the less populated conformation of SeM6 in subunit A, 

however in subunit B, the selenium atom is within 5 Å of the salt bridge formed between 

Lys4 and Glu15 (Figure 20). At 1.12 Å resolution, the assignment of the sidechains is 

unambiguous. Therefore, it can be clearly distinguished that the interacting functional 

groups with the selenium atom are the aliphatic methyl groups of Thr and MPD, instead 

of the hydroxyl groups. Water molecules are found within hydrogen bonding distances 

of the hydroxyl groups of each Thr sidechain, further confirming the assignment of the 

sidechain (Figure 21). [72] Sulfur-aliphatic interactions are moderately stabilizing, 

which may be the underlying explanation that electron density of SeM6 Cε methyl group 

is observed for the dominant conformation located near three aliphatic groups. [73] 

 V29SeM   V29SeM is the only other GB1 variant with SeM mutation designed 

to be solvent exposed. Here, SeM29 is positioned in the helical surface of the protein. 

RMSD between chain A of V29SeM and 2QMT is 0.173, and with chain B is 0.210 

indicating no major structural perturbation caused by the mutation. Minor 

conformational variations for surfaced exposed residues exist however for most residues 

located in the core of the protein, their conformations match exactly with 2QMT. One 

distinct positional difference in the protein core is seen for Tyr33 whose hydroxyl group 

is shifted by 1.5 Å compared to 2QMT in chain A and 1.3 Å in chain B. Thr15 of chain 

B has two sidechain conformations with one configuration rotated 90° from the other. 

Interestingly, while Val29 in the wild type protein is surface exposed, the sidechain of 

SeM29 extends back into the core of the protein and is not surface accessible though the 

peptide backbone still remains exposed (Figure 22, Upper Panel). This is more 
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pronounced for SeM in chain A whose terminal methyl is within 4 Å Thr18, Ala20 and 

Ala26, the latter amino acids being solvent-shielded residues. In chain B, the methyl 

group of SeM extends outward towards the solvent, while the Se atom is angled inward. 

The closest residues near Se are the sidechains of Ala20 and Thr25. In the case of Thr25, 

it is the methyl group which faces the Se.  

 Multiple conformations of SeM29 sidechain exist in both subunit A and B in 

this structure (Figure 22, Lower Panel). Anomalous diffraction map acquired at the 

selenium absorption edge shows a continuum which is in distinct contrast to that of 

SeM5 and SeM6 previously discussed. Each of the anomalous diffraction map exhibits 

a “peanut” shape, where two positions appear to be more favored compared to the 

conformation that exists in the pinched region of the peanut. Nonetheless, the selenium 

atom cannot be accurately located in this variant. In addition, electron density 

surrounding the terminal methyl group (Cε) is not observed. Therefore, bond angles for 

each sidechain cannot be accurately measured. The following residues are located 4.5 

Å away from the selenium atom in subunit A: Thr18, Glu19, Ala20, Thr25, Ala26. One 

MPD molecule is 4.39 Å away from the Cε methyl group of SeM29, and > 5 Å away 

from the selenium atom. The distances in subunit B are similar.  

 A34SeM   This is the only GB1 SeM variant which crystallized with one copy 

of the molecule in the AU. In addition, this is also the only structure that displays the 

largest degree of deviation from the model structure of 2QMT. RMSD between this 

variant and the wild type is 0.446, the highest of all five crystal structures. Unlike 

L5SeM which a structurally similar SeM was substituted for Leu, in this case a much 
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smaller Ala residue located inside the protein core was replaced by larger SeM. Located 

at the C-terminal end of the helix, Ala34 sidechain points up towards strand β4 and 

inward to the core of the protein. [67] Placement of SeM forces the protein core in the 

immediate vicinity to expand, and as a result the N-terminal of the β3 strand is displaced 

by 1.0 Å outwards compared to the wild type GB1. Residues found in the immediate 

surroundings of the mutation also exhibited displaced positions. Lys31, Glu42, Trp43 

side chains are in new positions relative to the wild type GB in order to accommodate 

the larger SeM sidechain, with the exception of Asp40 which shifted inward by as much 

as 1.6 Å (Figure 23). In this conformation Asp40 possibly interacts via hydrogen bond 

to Lys31, and together they effectively form a “cap” at the end of the protein, in order 

to compensate for the loss of hydrophobicity within the core due to the structural 

displacements. The sidechain from Val39, the central residue of the hinge-loop, twists 

90° inward possibly to complete the formation of the “cap” (Figure 23 Inset). The C-

terminal of the neighboring strand 4 also expanded outward by 1.1 Å, however there are 

no sidechain displacements on this strand, except for Thr55 being shifted outward but 

without any conformational differences on the sidechain. 

The conformation of Trp43 presents an interesting phenomenon in protein 

structure stabilization (Figure 24). In the wild type protein, Ala34 is directly across from 

the plane of the phenyl ring of Trp43, and the distal end of Lys31 is perpendicular to its 

ring face. Both Ala34 and Lys31 are 3.7 Å away. The sidechain projects inward with 

the plane of the rings perpendicular to the α-helix across the central channel. In A34SeM 

variant, if the position of Trp43 were to remain unchanged, the distance from the 
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selenium atom to the phenyl ring of Trp would be 1.7 Å, leading to steric clashes in the 

region. In order to accommodate the SeM sidechain, the aromatic ring of Trp43 is 

dislocated from being completely solvent shielded to partially solvent exposed. The 

sidechain of Lys31 is displaced further away from Trp. The distance between the amide 

group of Lys to the ring face of Trp increases from 3.7 Å to 6.9 Å. This conformation 

may become destabilizing to the highly hydrophobic protein core, however the crystal 

structure clearly reveals a bound imidazole ligand placed halfway between Lys31 and 

Trp43. GB1 SeM variants were prepared via IMAC therefore during purification 

imidazole was used to elute the protein and as an additive to prevent nonspecific binding 

to the column. It is likely at this point the imidazole was incorporated into the protein 

chain in order to stabilize the structure. At pH 4.7, both imidazole nitrogens should be 

protonated to give the cationic imidazolium, and one of the charged nitrogens is stacked 

directly over the center of the Trp43 phenyl ring approximately 4 Å away. At the same 

time, the imidazolium is 3.9 Å away from the selenium atom of SeM34, the center of 

the ring placed over the selenium atom.  

The crystal structure also revealed less populated conformations of SeM34. It is 

possible that the SeM sidechain is populated across a sweep of locations (Figure 25). In 

its alternate conformations, the carbons at Cα, Cβ and Cγ remain stationary, and motion 

predominantly came from the selenium atom and the terminal methyl group. The 

distance between the terminal methyl groups of conformations A and C is 3.0 Å and 

conformation B is sandwiched in between and 1.5 Å away from each of the other two. 

The configuration of B and C are shifted downward where they may be able to engage 
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the nearby Leu7 and Val54 in nonpolar interactions. It also moves the SeM away from 

the imidazole and Trp43 possible to minimize clashing in the region.  

V39SeM   The SeM39 sidechain is located on the loop connecting the α helix to 

the third β-strand. Residues found on loops in a protein structure typically exhibit more 

flexibility However, as the electron density shows, residues from 37 to 41 have well-

defined conformations, and the data does not suggest the presence of any alternate 

conformations, including the SeM39. Comparison between the variant and wild type 

yielded RMSD of 0.177, indicating no structural perturbations as a result of this 

mutation. Val39 and SeM39 both project into the core of the protein. However, as the 

residues are located on a loop, there is sufficient space to accommodate the larger SeM 

sidechain (Figure 26A).  

The residues located within 4.5 Å of the selenium atom are: Leu7, Leu12, Ala34 

and Val54. No polar groups are found to interact with selenium, except the backbone 

carbonyl oxygen of Ala34 which is located 4.4 Å away and therefore may be weakly 

interacting. No ligands were located nearby. This is the case for both subunits in the 

asymmetric unit. These interactions suggest that the SeM39 sidechain is fully encased 

in a nonpolar environment, surrounded by aliphatic amino acids. The SeM sidechain in 

each subunit is best fitted by one conformation, as guided by the 2Fo-Fc density map 

and the anomalous diffraction map acquired of the selenium atom (Figure 26BC).  

V54SeM   No diffraction quality crystals were obtained with the V54SeM 

variant. It is possible to postulate based on existing data the primary reason behind this. 

Val54 is located on the last β strand inside the protein core, shielded from solvent. Trp43 
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is located directly across Val54 on strand 3, the distance between them is 3.5 Å. This 

distance is even smaller compared to the distance between Trp43 and Ala34, which is 

4.1 Å (Figure 27). It is possible that a Val to SeM mutation at this position will 

significantly disrupt the protein-protein interactions responsible for crystallization. 

Trp43 can become dislodged even further from its original position as compared to the 

A34SeM variant, due to the close distance between the residues. If that were the case, 

and the crystal packing surfaces for the other five GB1 variants were all found along the 

β2, β3 strand, this can in turn disrupt the crystal packing surface, leading to severe 

defects in the crystals that cannot diffract. If the displacement of Trp43 is indeed the 

underlying cause in obtaining diffraction-quality crystals, co-crystallization with high 

imidazole, similar to that of A34SeM may be a viable strategy to stabilize any flexibility 

at the crystal contact region and produce usable crystals.  

 

4.4 Discussion 

4.4.1 Conformational Flexibility in SeM Sidechain 

 

X-ray crystallography measures the intensities of X-rays diffracted by the atoms 

in a molecule. The electron density map constructed as a result is used to locate the 

positions of these atoms and in turn construct a complete model of the protein of interest. 

Electron density distributions are Gaussian, and structural models are built by placing 
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the atoms into the highest peak of the distribution. [75] The lower electron density 

regions fall off from the peak position and can be modeled either isotropically, or at 

sufficiently high resolution (typically < 1.2 Å), can be described by anisotropic B-

factors. Within these local minima electron densities, there may be alternate positions 

of the atoms that contain vital information about alternate conformations of the residue. 

In addition, even in a rigid crystal lattice, and at cryogenic temperatures, the protein can 

still adopt multiple conformations from either static or dynamic positional disorders. 

Such conformational flexibilities should be carefully inspected, since they may be of 

functional importance especially in biologically relevant systems (e.g. enzyme catalysis 

mechanisms). 

The assignment of alternate conformations must be guided by more than the 

common iso-surface wire-frame representation of the 2Fo-Fc density maps. Difference 

maps, or Fo-Fc maps, are preferable in identifying conformational heterogeneity in 

weak, irregular election densities. Contour levels of these maps are often enhanced in 

the model building stage, and also during refinement to aid visual inspection of the 

resulting protein models. Additional tools used to modify and enhance map feasures 

include local feature enhancement, maximum entropy principles, and B-factor 

sharpening. [77-79] Even more complex is to plot electron density distribution as a 

function of dihedral angle. [80] Most amino acid sidechains adopt preferential rotameric 

torsion angles, which can be used to assign alternate conformations especially where 

electron densities are weak. In the case of GB1, most electron densities are 
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unambiguous, and complex fitting programs were not necessary to build or refine the 

structures.  

In a recent survey of sidechain conformational flexibilities, Miao et al. 

summarized four types of conformational variations that exist in protein crystal 

structures. Type I are described as fixed conformers, such as most buried residues, 

whose atomic coordinates are definite. Type II describes discrete conformations, where 

different conformations can be definitively built into the electron density. 

Conformational variations described by Type III and Type IV are different degrees of 

conformational flexibility. In Type III, the so-called cloud conformation, the locations 

of the sidechain cover a limited but continuous region. In Type IV, the flexible 

conformation, the electron density of the sidechain cannot be captured in the diffraction 

experiment, the resulting sidechain conformation is therefore a “prediction” of the 

crystallographer. [76] 

In this series of GB1 SeM variants, SeM5 and SeM39 sidechains are classified 

as Type I conformers. SeM6 is a Type II conformer, its sidechain clearly described by 

two discrete conformations due to discrete locations of the Seε position. SeM29 and 

SeM34 are both cloud conformers, as the positions of their selenium atoms cannot be 

pinpointed, but rather exist over a continuous region (Figure 30). So far no SeM 

sidechain falls into Type IV conformers.  

According to Miao et al., the likelihood of a residue to adopt alternate 

conformations is related to the degree of freedom (number of χ dihedral angles) 

available to its sidechain. Therefore, residues with longer sidechains such as Arg, Lys, 
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Glu, Gln and Met are more likely to have alternate conformations than residues such as 

Cys with one dihedral angle. In the case of GB1, both solvent-exposed SeM sidechains 

(SeM6, SeM29) exhibit conformational flexibility, which agrees with the general 

assumption that exposed residues are less restrained and more likely to include such 

structural variations. However, it is worth noting that, at least for the case of GB1, most 

solvent-exposed residues are still clearly modeled by a single conformation. The reason 

for this could be that their locations are constrained by interaction partners, and the 

relative small size of GB1 may also contribute to structural rigidity.  

4.4.2 Conformational Characteristics of the SeM sidechain 

 

Bond angles and torsion angles for each SeM sidechain is summarized in Table 

6. A total of 11 individual SeM sidechains have been modeled for five GB1 SeM 

structures, including alternate conformations and multiple copies in the asymmetric 

unit. Average bond angle about the selenium atom (C-Se-C) is 99.5° and torsion angle 

χ3 clusters around 60° and 300°. These measurements are consistent with the reports by 

Virrueta et al. from a survey of the Dunbrack 1.7 Å and small molecule databases, which 

cited for selenomethionine average C-Se-C bond angle of 98.3° (±2.2°) and sidechain 

dihedral distribution of P(χ3) at 60° (41%) and 300° (42%), the remaining 17% 

represents a third smaller cluster at 180°. [71] This bimodal distribution is characteristic 

of methionine and selenomethionine, both of which incorporating a chalcogen at the 

sidechain δ position. The distribution is significantly different for norleucine (Nle), 
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where Seδ is replaced by Cδ in the sidechain, and for whom nearly 80% of the χ3 dihedral 

angle adopts 180° conformation, and the remaining 20% is evenly distributed between 

the 60° and 300° bins. In all three cases, Met, SeM and Nle, the minima angles χ3 at 

120° and 240° are caused by clashes between the Cε and the hydrogen atoms on Cγ, as 

well as hydrogens on Cε and Cγ. [71]  

 

 

 

 

 

 

Computational prediction of the dihedral angles for about half of all canonical 

amino acids have been successful at recapitulating the distributions of most of the 

torsion angles, and in the case of Met, χ1, χ2 were successfully calculated but χ3 with 

sulfur or selenium have not been accurately captured. [71] The presence of the 

chalcogen complicates computational efforts for reasons not yet fully elucidated. 

However, using the hard sphere dipeptide model, Vittueta et al. proposed the addition 

of attractive forces between the hydrogen atoms in the amino acids which yields a closer 

prediction of the distribution of the χ3 angle in Met and SeM and without significant 

perturbations to the calculations of other torsion angles. [71]  
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4.4.3 Future Implications  

 

The structures of five GB1 SeM variants were obtained via X-ray crystallography 

all at atomic resolution (≤ 1.2 Å). Each variant was designed to carry one SeM amino 

acid residue at a structurally distinct location on the polypeptide sequence. Of the final 

11 sidechains modeled for SeM, including alternate conformations, the majority display 

strong enough electron density around the terminal methyl group to unambiguously 

model SeM conformation. Confidence in the conformation of the SeM is essential for 

subsequent theoretical studies, as the structures obtained in this work will be used as the 

starting place for any computational calculations downstream. Anomalous data acquired 

at the selenium absorption edge was also used to assign the specific location of each 

selenium atom. In addition, most water molecules and co-crystallized solvent molecules 

such as MPD, acetate and phosphate ions were observed which is especially important 

if the solvent ions are found near the selenium and could influence its local environment. 

Taken together, these structures serve as the road map for the compilation of SeM 

sidechain interactions and of the selenium atom itself. This set of data represents a 

systematic approach to catalog the interactions of SeM, which is complementary to the 

crystal structures deposited in the Protein Data Bank, where SeM is found on different 

proteins with different resolution ranges and levels of refinement appropriate for that 

resolution only.  

An exciting discovery from this study was the co-crystallization of imidazole in 

the A34SeM variant. In this structure, the imidazole molecule is located close to Trp43 
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whose position became dislocated with the Ala-to-SeM mutation. Therefore, it is highly 

plausible that imidazole plays a stabilizing role in the protein structure and could have 

been the deciding factor in obtaining atomic resolution X-ray diffraction data.  

The same logic was applied to the sixth GB1 SeM variant, V54SeM. Val54 is an 

immediate neighbor to Trp43, where Trp43 is found on the outer strand 3 at the crystal 

contact interface, and Val54 is found on one of the inner strands number 4. Mutation of 

the smaller valine to a larger selenomethionine could disrupt the crystal interface, which 

contribute to the poor quality of the crystals grown from this variant. Several attempts 

yielded crystals that lacked birefringence, almond-shaped and most importantly, did not 

diffract any X-ray. After obtaining the A34SeM structure, additional efforts were 

directed to grow V54SeM crystals by applying conditions with imidazole. At the time 

this dissertation is being finalized, V54SeM crystals have successfully diffracted to 2.2 

Å. Efforts to obtain a fully refined crystal structure is still on-going. As an added benefit, 

the effect of point mutation on protein structure can be investigated, following the 

footsteps of a myriad of work in this field, such as that of Smith et al. 1994. [57] 

 

4.5 Summary of Chapter 4 

 

In this chapter, the five crystal structures of GB1 SeM variants were examined 

in detail. Each crystallized in the monoclinic space group P 1 21 1, and exhibited the 

same crystal contact surface along the edges of the second and third β-strand. The 
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structures were obtained at atomic resolution. The final refined models verified by 

simulated annealing OMIT maps for both the entire molecule and also each SeM 

sidechain and bound ligands (Figure 28, 29). The region of crystal contact is highly 

hydrogen bonded which promotes crystal growth. The sequence of each SeM variant is 

analogous to the wild type, and as expected there are minimal structural differences 

between them. The largest structural perturbation was observed for the A34SeM variant, 

as the substitution of SeM34 dislodges Trp43 and other nearby residues from their 

native positions, and as a result an imidazole molecule was bound to the protein core. 

Within the vicinity of SeM are aliphatic residues, predominately Leu and Val. These 

interactions are cataloged and will be crucial in understanding Met interactions in 

proteins. In summary, through these five crystal structures one can obtain a direct 

visualization of the local electronic environment of the SeM residue. The structural 

information will be used in theoretical calculations to predict the chemical shift of the 

selenium nucleus in the specific protein environment that is captured by the crystal 

structures. A relationship between predicted and observed chemical shifts of the 

selenium assigns the NMR behavior to a given electronic structure, providing the 

information needed to build a database of 77Se selenium NMR.   
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Table 5. Single crystal X-ray diffraction data for GB1 SeM variants 

 
 L5Sem I6Sem V29Sem A34Sem V39Sem 

Wavelength 0.9795 0.9795 0.9795 0.9795 0.9795 

Resolution 

range 

25.74  - 1.2 

(1.243  - 1.2) 

27.57  - 1.12 

(1.16  - 1.12) 

29.1  - 1.2 

(1.243  - 1.2) 

26.96  - 1.1 

(1.139  - 1.1) 

27.17  - 1.2 

(1.243  - 1.2) 

Space group P 1 21 1 P 1 21 1 P 1 21 1 P 1 21 1 P 1 21 1 

Unit cell 

27.844 36.43 

48.963 90 

99.273 90 

27.8898 

36.489 

48.9398 90 

98.6744 90 

27.506 

36.497 

48.843 90 

99.237 90 

22.965 

37.048 

28.719 90 

110.164 90 

27.592 

36.552 

48.978 90 

100.027 90 

Total reflections 58904 (5615) 71575 (6899) 58077 (5491) 36693 (3551) 57403 (5335) 

Unique 

reflections 
29585 (2844) 36641 (3554) 29169 (2768) 18407 (1792) 30116 (2940) 

Multiplicity 2.0 (2.0) 2.0 (1.9) 2.0 (2.0) 2.0 (2.0) 1.9 (1.8) 

Completeness 

(%) 
96.71 (94.28) 97.43 (94.78) 97.03 (93.82) 99.79 (98.79) 99.67 (99.02) 

Mean I/sigma(I) 16.85 (5.61) 12.98 (6.89) 9.36 (3.94) 11.55 (7.46) 8.92 (3.34) 

Wilson B-factor 7.74 7.95 9.47 6.66 8.45 

R-merge 
0.05208 

(0.4714) 

0.01784 

(0.05328) 

0.02561 

(0.1201) 

0.02873 

(0.05434) 

0.02903 

(0.1944) 

R-meas 
0.07366 

(0.6666) 

0.02524 

(0.07535) 

0.03622 

(0.1698) 

0.04063 

(0.07685) 

0.04105 

(0.2749) 

R-pim 
0.05208 

(0.4714) 

0.01784 

(0.05328) 

0.02561 

(0.1201) 

0.02873 

(0.05434) 

0.02903 

(0.1944) 

CC1/2 0.992 (0.429) 0.999 (0.996) 0.997 (0.979) 0.998 (0.99) 0.999 (0.963) 

CC* 0.998 (0.775) 1 (0.999) 0.999 (0.995) 0.999 (0.997) 1 (0.99) 

Reflections used 

in refinement 
29431 (2835) 36580 (3540) 29132 (2763) 18402 (1792) 30074 (2933) 

Reflections used 

for R-free 
996 (95) 1996 (194) 1283 (122) 1581 (153) 1332 (131) 

R-work 
0.1930 

(0.2419) 

0.1453 

(0.1253) 

0.1616 

(0.1926) 

0.1746 

(0.1624) 

0.1629 

(0.2218) 

R-free 
0.2160 

(0.2704) 

0.1615 

(0.1591) 

0.1869 

(0.2338) 

0.1853 

(0.1632) 

0.1793 

(0.2328) 

CC(work) 0.961 (0.903) 0.967 (0.985) 0.970 (0.967) 0.962 (0.962) 0.971 (0.956) 

CC(free) 0.941 (0.882) 0.961 (0.984) 0.944 (0.904) 0.947 (0.961) 0.962 (0.950) 

Number of non-

hydrogen atoms 
1096 1129 1077 555 1090 

macromolecules 878 898 879 437 875 

ligands 42 52 40 21 70 

solvent 176 179 158 97 145 

Protein residues 112 112 112 56 112 

RMS(bonds) 0.010 0.009 0.007 0.007 0.006 

RMS(angles) 1.44 1.48 1.15 1.27 1.23 
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Ramachandran 

favored (%) 
98.15 98.15 98.15 98.15 97.22 

Ramachandran 

allowed (%) 
1.85 1.85 1.85 1.85 2.78 

Ramachandran 

outliers (%) 
0.00 0.00 0.00 0.00 0.00 

Rotamer outliers 

(%) 
0.00 2.08 0.00 0.00 0.00 

Clashscore 5.52 5.84 4.37 5.50 3.81 

Average B-

factor 
14.25 13.88 15.67 11.98 14.61 

macromolecules 11.30 10.53 12.61 8.96 11.45 

ligands 30.29 34.12 30.86 25.97 34.89 

solvent 25.18 24.80 28.87 22.56 23.92 
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Table 6. Bond angle and torsion angles of the SeM sidechain in each GB1 variant. The 

bond angles are identified separately for each chain. For A34SeM, only one chain 

crystallized in the asymmetric unit. For I6SeM, two conformations of SeM were 

modeled in each chain, resulting in two angle measurements per chain.  

 
C-Se-C 

(A) 

C-Se-C 

(B) 

χ1 

(A) 

χ2 

(A) 

χ3 

(A) 

χ1 

(B) 

χ2 

(B) 

χ3 

(B) 

L5SeM 100.7 99.9 169.4 176.1 52.1 176.5 180.0 49.4 

I6SeM 
99.3 

99.1 

100.0 

98.9 

297.7 

309.6 

179.2 

292.4 

69.5 

74.4 

295.5 

310.9 

180.7 

291.9 

68.1 

282.7 

V29SeM 104.6 94.3 296.7 174.4 314.9 295.7 166.1 86.5 

A34SeM 97.9 - 290.1 162.3 53.2 - - - 

V39SeM 100.5 99.9 304.6 184.2 85.5 306.8 182.8 86.4 
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Table 7. Interactions within approximately 4.5 Å of SeM sidechain in each GB1 SeM 

variant. In each interaction, the functional group of the sidechain or peptide backbone 

that is within the interaction distance to the selenium atom is identified in parentheses, 

followed by the interaction distance.  Two entries are made for I6SeM, as the SeM 

sidechain was modeled with two conformations on each chain. The dominant 

conformation is indicated by an asterisk (*).  (BB: backbone)       
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 Chain A Chain B 

 
Interactions with 

Sidechains 

Interactions with 

Backbone or 

Ligands 

Interactions with 

Sidechains 

Interactions with 

Backbone or 

Ligands 

L5SeM 

Leu7 (Cδ2) – 3.96 

Leu7 (Cγ) – 4.34 

 

Phe30 (Cβ) – 3.78 

Phe30 (Cγ) – 4.11 

 

Trp43 (CH2) – 3.70 

Trp43 (CZ3) – 3.84 

 

Val54 (Cγ1) – 4.14 

 

Ala34 (Cβ) – 4.82 

None 

Leu7 (Cδ2) – 4.05 

Leu7 (Cγ) – 4.38 

 

Phe30 (Cβ) – 3.80 

Phe30 (Cγ) – 4.11 

 

Trp43 (CH2) – 3.65 

Trp43 (CZ3) – 3.84 

 

Val54 (Cγ1) – 4.13 

 

Ala34 (Cβ) – 4.78 

None 

I6SeM 

Conf. 1 

Thr51 (Cγ2) – 4.00 

 

Thr53 (Cγ2) – 4.04 

 

Lys4 (NZ) – 4.62 

MPD (C5) – 4.69 

 

H2O – 2.15 

Thr51 (Cγ2) – 4.11 

 

Thr53 (Cγ2) – 4.06 

 

Lys4 (NZ) – 4.80 

MPD (C5) – 4.65 

 

No water 

I6SeM 

Conf. 2 

Lys4 (Cε) – 3.60 

Lys4 (NZ) – 3.87 

 

Thr51 (Cγ2) – 4.68 

 

Glu15 (Oε2) – 3.18 

Gly14  

(BB CO) – 4.77 

Thr51 (Cγ2) – 4.62 

 

Glu15 (Oε2) – 3.30 
None 

V29SeM 

Ala20 (Cβ) – 4.75 

 

Thr18 (Oγ1) – 4.48 

Thr18 (Cγ2) – 4.79 

 

Thr25 (Cγ2) – 4.30 

 

Ala26 (Cα) – 4.87 

Glu19  

(BB CO) – 4.49  

 

Thr25 

(BB CO) – 4.09 

 

MPD (O4) – 4.39 

Ala20 (Cβ) – 4.15 

 

Thr18 (Oγ1) – 4.06 

Thr18 (Cγ2) – 4.54 

 

Thr25 (Cγ2) – 3.98  

 

Ala26 (Cα) – 4.41 

Glu19  

(BB CO) – 3.99  

 

Thr25 

(BB CO) – 3.77 

 

H2O – 3.85 

A34SeM 

Leu5 (Cδ1) – 4.62 

Leu5 (Cδ2) – 4.48 

 

Phe30 (Cβ) – 4.83 

 

Lys31 (Cα) – 4.36 

 

Val54 (Cγ1) – 4.65 

Val54 (Cγ2) – 3.97 

 

Phe30  

(BB CO) – 3.71 

 

Val39 

(BB CO) – 4.92 

 

Imidazole – 4.10 

- - 
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Leu7 (Cδ1) – 4.95 

V39SeM 

Leu7 (Cδ2) – 3.71 

 

Leu12 (Cβ) – 4.71 

Leu12 (Cγ) – 4.70 

Leu12 (Cδ2) – 4.05 

 

Ala34 (Cα) – 4.05 

Ala34 (Cβ) – 3.98 

 

Val54 (Cγ1) – 4.10 

Val54 (Cγ2) – 4.78 

Ala34  

(BB CO) – 4.44 

 

H2O – 3.86 

Leu7 (Cδ2) – 3.67 

 

Leu12 (Cβ) – 4.77 

Leu12 (Cγ) – 4.63 

Leu12 (Cδ2) – 4.01 

 

Ala34 (Cα) – 4.08 

Ala34 (Cβ) – 3.93 

 

Val54 (Cγ1) – 4.15 

Val54 (Cγ2) – 4.87 

Ala34  

(BB CO) – 4.35 

 

H2O – 4.93 
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Figure 12. Representative crystals grown of the GB1 V39SeM variants. The crystals 

display dendritic morphology as a result of growing from a common nucleation point. 

Diffraction-quality crystals were harvested from regions of single crystal growth, taking 

care to avoid areas of crystal splinter where the lattice may be twinned. 
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Figure 13. Cartoon overlay of GB1 wild type protein (PDB Accession Code: 2QMT) 

with five SeM variants: L5SeM, I6SeM, V29SeM, A34SeM and V39SeM. Global 

structure of the variants close resemble that of the wild type with RMSD of 0.232.  
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Figure 14. Representative 2Fo – Fc electron density map at 1.10 Å for GB1 A34SeM 

variant, calculated from the iteratively refined atomic model (Phenix map calculation). 

For clarity water molecules are not shown. Inset: local electron density map of aromatic 

residues at atomic resolution. The holes in the center of Trp43 indole and phenyl rings 

and the phenyl ring of Phe52 are both clearly visible at this resolution.  
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Figure 15. Representative crystal contact surfaces shown of L5SeM formed between 

strand 2 of one copy of the molecule (cyan) and strand 3 of its neighboring molecule 

(orange) in the crystal lattice. The crystal contact region is shown in sticks Strand 2 

includes residues TLKGETT (amino acids 11 to 17) and strand 3 includes residues 

GEWTYDD (amino acids 41 to 47). Polar contacts are shown in yellow dashes.  
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Figure 16. Overall crystal structures of five GB1 SeM variants. A) L5SeM overall 

structure showing location of SeM within the protein for subunit A. The SeM sidechain 

is shown in sticks, the selenium atom is colored orange; B) SeM5 sidechain and residues 

located within 4.5 Å of the selenium atom; C)  SeM5 siddechain and residues within 4.5 

Å of the selenium atom with 2Fo-Fc electron density map. Map is contoured at 1.0 σ. 

Each residue is shown in sticks, with oxygen in red, nitrogen in blue, carbon in green, 

and selenium in orange; D-F) I6SeM showing the structure of subunit B; G-I) V29SeM 

subunit A; J-L) A34SeM; M-O) V39SeM subunit A. SeM6 sidechain is modeled with 

two alternate conformations.  

 

 

 



 134 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. SeM5 sidechain interaction with nearby aromatic resiues in the GB1 L5SeM 

variant. The selenium atom approaches the edge of Trp43 at 3.4 Å, unlikely to have 

hydrogen bonding characteristics. The C-Se-C bond angle is 100.65° for the SeM 

sidechain. Typical bond angle reported for C-S-C angle is between 95° to 100°. [70] 

This value is comparable to the selenium angle reported here.  
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Figure 18. Electron density surrounding SeM5 sidechain. A) 2Fo-Fc map shown in grey 

surrounding SeM5. One conformation of the sidechain is clearly assigned for both 

subunits A (Left) and B (Right) of the asymmetric unit. Electron density of the terminal 

methyl group is also obsevred, which enables the measurement of the C-Se-C angle, as 

well as the C-C-Se-C χ3 torsion angle around the selenium atom. B) Placement of the 

selenium atom was aided by the anomalous diffraction map. Electron density shown in 

magenta is that acquired of the heavy atom at 0.9795 Å, for subunits A (Left) and B 

(Right) in the asymmetric unit. The selenium atom is colored orange.  
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Figure 19. 2Fo-Fc (Grey) and anomalous diffraction (Magenta) electron density map 

for SeM6 sidechain in subunits A (Left) and B (Right) of I6SeM variant. The dominant 

conformation is marked with an asterisk (*). The 2Fo-Fc electron density surrounding 

Cε is observed for the dominant conformation, which allows accurate measurement of 

the bond angles surrounding the selenium atom. Assignment of two conformations for 

each SeM6 sidechain is guided by both the 2Fo-Fc map, as well as the anomalous map 

which specifically locates the selenium.   
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Figure 20. Interactions within 4.5 Å of the selenium atom in Sem6 sidechain. Each 

interacting residue is shown in sticks. Carbon is colored green, oxygen in red, nitrogen 

in blue, and selenium in orange. The interacting ligand, MPD, is colored deep blue, with 

oxygens in red. In each subunit, two conformationsn of SeM6 sidechain were modelled. 

The dominant conformation is marked with an asterisk (*). This conformation is within 

5 Å of the Cγ methyl groups of Thr51 and Thr53, as well as C5 methyl group of nearby 

MPD. Lys4 forms a salt bridge with the hydroxyl group of Thr51 in subunit A, and with 

the carboxyl group of Glu15 in subunit B. However, in each case the electron density 

surrounding the distal atoms of Lys4 are weak, therefore its location cannot be 

accurately placed. This flexibility of Lys4 to form two favorable electrostatic 

interactions may contribute to its weak electron density.  
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Figure 21. Representative 2Fo-Fc electron density map for A) Thr51, Thr53 sidechains 

and B) MPD precipitant used in crystallization cocktail which co-crystallized with the 

protein. The crystal structure is refined at 1.12 Å. The density map is contoured at 1.0 

σ. The electron density shows distinct differences surrounding the methyl and hydroxyl 

groups which facilitates the assignment of each functional group in the Thr sidechain. 

In addition, water molecules located within hydrogen bond distance confirms the 

assignment of the hydroxyl functional group. [72] Differences in electron density 

facilitates assignment of the functional groups in MPD, however the nearest water 

molecule is located 4 Å away and cannot reliably be used for placement of the functional 

group (not included).  
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Figure 22. Orientations of the SeM29 sidechains in GB1 V29SeM variant subunit A 

(Left) and B (Right). The SeM sidechain is flexible at this location, which is further 

confirmed by the anomalous diffraction map (magenta). The selenium atom cannot be 

accurately located, but rather occupies multiple positions in the crystal.   



 140 

 

 

 

 

 

 

Figure 23. Core expansion caused by Ala-to-SeM mutation at position 34. Silver: 

structure of 2QMT showing the wild type positions of residues immediately surrounding 

the mutation site. Blue: structure of GB1 A34SeM showing altered positions of the 

residues as a result of the Ala-to-SeM substitution. Residues Lys31 and Trp43 are 

pushed outward from their wild type positons, while Asp40 located on the flexible loop 

bends inward possibly to compensate for the expansion of the core. The start of β-strand 

3 is expanded outward by 1 Å compared to the wild type position. The strand gradually 

returns to wild type configuration as the strand proceeds. Similarly, the end of β-strand 

4 shows similar displacement by 1.1 Å, as this is also close to the site of mutation. Inset: 

The sidechain of Val39 and Asp40 are both twisted inward to form an end “cap” to 

shield the core from expansion. 
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Figure 24. Conformaion rearrangement in 

the core of GB1 A34SeM variant compared 

to the wild type structure.  

A) Silver: Trp43 in the wild-type structure 

2QMT. The center of the Trp phenyl ring is 

directy across Lys31. Trp43 is completely 

solvent shielded in the wild type.  

B) Blue: Lys31, Trp43 sidechains pushed 

outward by SeM34 mutation. An 

imidazolium molecule is found 

approximately halfway between SeM34 and 

Trp43, presumably acting  as a stabilizing 

force to replace the displaced Trp sidechain. 

In this conformation, Trp43 becomes 

partially exposed to the solvent. Expansion 

of the protein core likely stabilized by 

Asp40 turning inward.  

C) Overlay of 2QMT with GB1 A34SeM 

variant. Arrow points to the steric clash if 

the position of Trp43 remains unchanged. 

Conformational change of Asp40 is also 

depicted.  
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Figure 25. GB1 A34SeM variant showing alternate conformations of the SeM34 

sidechain. The three conformations from top to bottom are A, B and C. Conformation 

A is the most populated species. In B and C, the sidechain of SeM34 is shifted 

downward and away from Trp43 to within 4 Å of both Leu7 and Val54. Inset: (Left) 

2Fo-Fc electron density map of the most populated conformation A. Electron density 

around Cε of the SeM sidechain is clearly observed. (Right) anomalous diffraction of 

the selenium atom shown in aerial view. More than one conformation may be accessible 

to the SeM sidechain. However, in the final refined model, only the most chemically 

feasible conformation was modeled.  
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Figure 26. GB1 V39SeM variant. A) Immediate vincinity surrounding the SeM39 

residue. The SeM sidechain is located on the loop positioned in the protein core. The 

mutation is accomondated spatially by nearby residues and does not alter the overall 

structure of the protein. The SeM residue is colored green, the selenium atom is colored 

orange. Neighboring atoms are colored according to the corresponding secondary 

structure. B) The SeM sidechain is modeled with one conformation, guided by the 

density maps shown in grey. C) Anomalous diffraction map acquired of the selenium 

atom further confirms the conformation of the sidechain in each subunit.   
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Figure 27. The structure of 2QMT showing the immediate vicinity of Val54. A) Crystal 

contact for current five GB1 SeM variants. B) Placement of Val54 with respect to Trp43. 

Val54 is a solvent inaccessible residue located 3.5 Å away from Trp43. By mutating 

Val to SeM, it could disrupt the core of the protein and displace the position of Trp43. 

Trp43 is located on the β strand resoponsible for forming the crystal contact in these 

SeM muants. Such positional alterations may be the cause that no diffraction quality 

crystals of V54SeM were obtained.   
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Figure 28. Representative simulated annealing OMIT maps (white) compared to the 

experimental calculated 2Fo-Fc maps for A) Whole structure, showing the electron 

density holes in both tryptophan and phenylalanine residues are clearly visible. B) 

SeM39 sidechain in subunit A, and C) imidazole bound to A34SeM variant.  
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Figure 29. Composite OMIT maps with simulated annealing for the SeM residue in five 

GB1 SeM variants. Blue: experimental 2Fo-Fc electron density maps. White: Simulated 

OMIT electron density maps. The SeM residue for A34SeM variant shows two views 

of the same residue, as A34SeM contains only one chain in the asymmetric unit. In view 

B, the presence of at least one other conformation of SeM is confirmed by the OMIT 

map (yellow arrow). In V39SeM, the possibility of a bound water molecule or ligand is 

confirmed by the OMIT map (red arrow). Attempts were made to model this ligand in 

the protein structure. Neither the placement of water nor sodium ion was justified 

through refinement. 
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Figure 30. Sidechain conformational variations of SeM sidechains with local 2Fo-Fc 

electron density maps. SeM5 and SeM39 in L5SeM and V39SeM variants each has one 

definite location, resolution 1.2 Å. SeM6 has two alternate locations per subunit. In each 

subunit, the dominant state (shown on right) has 0.80 occupancy. In the less occupied 

state, the electron density at the terminal methyl group is missing. Therefore, the exact 

conformation of this state cannot be determined. The same methyl group electron 

density is missing in SeM29. In addition, selenium in each SeM29 occupies a 

continuous range of locations. Same cloud conformation is observed for SeM34. In 

View B, other possible conformations of SeM34 is clearly shown by the electron 

density.    
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Chapter 5 

 

UNDERSTANDING SELENIUM CHEMISTRY IN HUMAN 

SELENOPROTEINS 
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5.1  Background 

 

There are two naturally occurring amino acids which contain sulfur, Met and 

Cys. Each one also has a selenium-containing analog: SeM which was discussed in these 

texts, and also Sec which has not been covered here in detail. Research into the 

physiological roles of selenium suggest that Sec, recognized as the 21st natural amino 

acid in the genetic code, is largely responsible for the health benefits of selenium. [1] 

Sec is found in 25 human proteins, collectively they make up the human 

selenoproteome. In most cases, the Sec residue is found in the enzymatic active site, 

where they are responsible for carrying out redox reactions and maintaining cellular 

redox balance. In the past decade, there have been significant progress made in 

understanding the biological functions of human selenoproteins. Comprehensive 

research is available for the GPx family and the TrxR family. However, out of the 25 

human selenoproteins, at least 13 of which whose physiological roles are not well 

understood. These include selenoproteins W, T, H, V, I, M, K, S, O, N, P and the 15 

kDa selenoprotein more commonly referred to as Sep15. Regardless, these less-

characterized selenoproteins may participate in a wide range of physiological functions 

such as to facilitate protein folding in the ER (SELENOK, SELENOS), and links to 

cognitive function as well as obesity (SELENOM). [1] 

Our understanding of human selenoproteins has been hindered by the lack of an 

efficient recombinant scheme to produce Sec-containing proteins. [2] The biosynthesis 

of Sec requires the cotranslational incorporation of the Sec amino acid residue by in-
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frame UGA codon found in selenoprotein mRNAs. The UGA codon normally signals 

for translational termination. However, under the influence of Sec-incorporating protein 

factors, the designated Sec-tRNA, and the cis-acting Sec-insertion sequence (SECIS 

element), translation is allowed to proceed and the UGA codon instead is decoded as 

Sec. Sec-containing proteins are found in all three branches of life, and variations exist 

between their respective biosynthetic pathways. Due to this feature, and the inherent 

complexity of Sec-incorporation, either traditional recombinant methods or 

sophisticated bioengineering have not identified a robust technique to produce adequate 

amounts of selenoproteins for biochemical characterization.  

The expressed selenoprotein ligation method developed by Liu et al. can 

circumvent the issue of low protein production. [2] For the model selenoproteins that 

were tested with this method, the overall yield of SELENOM is 10 mg and that of 

SELENOW is 2 mg per each production cycle. This quantity makes the study of 

selenoproteins by NMR a possibility, where typical sample concentrations vary between 

0.5 to 1 mM.  

Selenium NMR is still in its nascent stage of development. While the common 

benefits and challenges for SeM, such as high sensitivity but broad lines also exist for 

Sec, in the case of Sec the problem becomes much more pronounced. For example, the 

chemical shift tensor for L-SeM spans roughly 580 ppm and can be detected with 77Se 

at natural abundance, the resonance widths for Sec have been reported to be between 

500-900 ppm for diselenide bonds, and can be even broader for the naturally occurring, 

redox sensitive selenylsulfide moieties. [3] Such broad lines compromise detection 



 163 

sensitivity, necessitating the need for isotopically labeled samples, longer acquisition 

times, and results that may be difficult to interpret especially due to the paucity of 

previously available research. To date, the only experimental chemical shift tensor 

information available on Sec-containing systems is from Struppe et al., where the 

authors examined the chemical shift tensors of crystallized L-selenocystine and its 

temperature dependence. [4] It was concluded that the environmental effect, such as the 

bonding environment, even crystal packing each generates significant effects in 77Se 

NMR properties, but the sidechain dihedral angle was the most critical parameter. 

Combining theoretically calculation with experimental data, the studied determined that 

in L-Sec crystals, it only takes less than 2.5 kcal/mol of energy to alter the dihedral angle 

of the Sec by as much as 30° around the energy minimum conformation. However, this 

study was carried out on a small molecule system consisting of one diselenide bond. It 

provides a starting point for the analysis of Sec using NMR, but may not be easily 

extrapolated to complex biological systems. Again, the sensitivity of 77Se NMR means 

that the Sec residue can also be applied as a reporter to probe the details of molecular 

structures. For instance, the geometry of the Sec sidechain, or that of the selenylsulfide 

bond, can directly impact the protein’s ability to perform oxidoreductase reactions. To 

understand the details between the electronic environment of Sec and its reactivity, can 

help to elucidate the enzymatic functions of many selenoproteins. This information can 

also aid in engineering novel selenoproteins by taking advantage of the more stable and 

more reactive diselenide bond, or perhaps generating stable protein therapeutics for 

biomedical applications. [4] 
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5.2 Building a Sec repertoire for GB1 

 

The same model system using protein GB1 was selected for its high protein 

stability and overall high yield. A number of Cys and Sec variants of GB1 are made 

available through the mutagenesis procedures as discussed in Section 3.2.1. The details 

of each variant are summarized in Table 7.  

The location of Sec in each variant follows the similar rationale of selecting a 

wide range of local interactions of Sec, either in its monomeric form, or as part of a 

diselenide bond. Lys4 is a solvent-exposed residue on the first β-strand. It is in close 

proximity to both Thr44 and Thr51. It may also be able to interact with Thr17 depending 

on their respective conformations. Cys5 is a solvent-shielded residue on the first β-

strand. It is located in the interior of the protein, surrounded by three aromatic residues 

Phe30, Tyr33 and Trp43, and it is within van der Waals contact to both Phe30 and 

Trp43. It can potentially also sense Leu7 and Val54, both of which are located 4 Å away. 

Lys28 is positions on the only helix of the protein structure. It is completely solvent 

exposed at the outer edge of the helical turn. Cys34 maybe in π interaction with Trp43 

which is located approximately 5 Å away. In the SeM variant this particular location is 

rather challenging experimentally due to its extremely broad lines. Thr44 and Thr53 are 

found on the solvent exposed sides of β-strands 3 and 4 and within van der Waals contact 

of each other.  

Since the chemical shift tensors of Sec are typically broad, preliminary NMR 

experiments using solution samples indicate that the detection of 77Se through natural 
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abundance sample is not feasible. Therefore, 77Se-isotopically enriched samples must 

be used for both solution- and solid-state NMR experiments.  The initial procedure for 

enrichment is as discussed in Section 3.2.4. Once expressed, the protein can be purified 

following the affinity chromatography method discussed for GB1 SeM variants 

discussed in Chapter 3.  

 

5.3 Concluding Remarks  

 

Significant progress has been made in understanding the roles of selenium and 

various selenoproteins in human physiology over the past decade, and the entire human 

selenoproteome consisting of 25 selenoproteins has been identified. The functions of 

several families of selenoproteins, including the glutathione peroxidases family, the 

thyroid hormone deodinases family, and the thioredoxin reductases family are well 

established. Each member of these protein families is responsible for a wide range of 

activities from hydrogen peroxide signaling, thyroid hormone regulation and cellular 

redox homeostasis. However, there still remains a large number of these selenoproteins 

whose functions are putative or completely unknown. Based on protein structure, these 

members of the family likely participate in redox-related activities, but it has come to 

light that selenoproteins do not function solely as antioxidants. [1] Over the course of 

history of selenium since its discovery, the role of selenium has been at various times 

linked to cancer, diabetes, obesity, inflammation, neurodegenerative diseases and 
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cardiovascular diseases. Therefore, research into selenium and selenoproteins may 

provide insights for the development of new therapeutics for a number of different 

diseases that have been linked to these proteins.  
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Table 8. Selenocysteine-variants of GB1. [5] 

Mutation Location Interaction 

K4C 
Solvent exposed near Glu15 and 

Lys4 
Dispersion 

L5C In contact with Phe30 Sulfur – Aromatic 

K28C Solvent exposed on helix Dispersion 

A34C Hydrophobic, near Trp43 Sulfur – Aromatic 

T44C Solvent exposed near Thr53 Dispersion 

T53C Solvent exposed near Thr53 Dispersion 

T44C 

T53C 
Across each other on strands 3 & 4 Disulfide/Diselenide 

K4C 

T17C 
Across each other on strands 1 & 2 Disulfide/Diselenide 
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