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Abstract
Sulfur, a key contributor to biological reactivity, is not amendable to investigations by biological
NMR spectroscopy. To utilize selenium as a surrogate, we have developed a generally
applicable 77Se isotopic enrichment method for heterologous proteins expressed in E. coli. We
demonstrate 77Se NMR spectroscopy of multiple selenocysteine and selenomethionine residues in
the sulfhydryl oxidase augmenter of liver regeneration (ALR). The resonances of the active site
residues were assigned by comparing the NMR spectra of ALR bound to oxidized and reduced
FAD. An additional resonance appears only in the presence of the reducing agent and disappears
readily upon exposure to air and subsequent reoxidation of the flavin. Hence, 77Se NMR
spectroscopy can be used to report the local electronic environment of reactive and structural
sulfur sites, as well as changes taking place in those locations during catalysis.
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While detection of carbon, nitrogen and proton resonances is routine in biological NMR, the
only NMR-active isotope of sulfur, 33S, is a low-sensitivity quadrupolar nucleus unsuited for
detection in biological systems. To gain insight into the multifaceted roles of sulfur in
biology, the NMR-active isotope, 77Se, may be used as a surrogate. Selenium is located
below sulfur in the Periodic Table and shares many physicochemical properties, including
electronegativity, van der Waals radius and redox states.1 Substitution of cysteine’s sulfur
by selenium, generating selenocysteine (Sec), occurs in nature,2 does not generally
compromise function, and can even generate enzymes with new properties.3

The full potential of selenium NMR in biology has yet to be realized. While selenium is
easily detected with conventional hardware and experiments, its large chemical shielding
response brings about efficient relaxation routes resulting in short transverse relaxation rates
that broaden 77Se lines in solution.4This problem is not pronounced for L-selenomethionine
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(Sem) whose chemical shift tensor span is Ω=580 ppm5 and can be detected with 77Se at
natural abundance (7.5%).6 However, isotopic enrichment is necessary for Sec whose
resonance widths are reported to be broader in biological systems (see below).4 The span of
selenium chemical shift tensors in diselenide bonds of organic molecules range between
500–900 ppm7 and the span of the dimeric form of Sec, L-selenocystine, isΩ=601.5 ppm
(unpublished measurements). However, the span of the chemical shift tensor of
selenylsulfide bonds is expected to be larger.4 While the chemical shift tensor of Sec has not
been reported, measurements in our group and others suggest it is indeed a more difficult
target to detect (the resonance line widths at half-height are reported to be 150 to 500 Hz at a
magnetic field of 14.1 T).

Earlier NMR studies were hindered by the availability of selenium-rich proteins (specifically
Sec enriched proteins) and by low sensitivity in the absence of isotopic enrichment. Seleno
proteins were prepared by chemical reactions with small seleno-compounds,8 or by using an
animal diet enriched with 77Se.10 These earlier studies described direct detection of specific
biological species such as selenenic (ESeO2H), selenenylsulfide (ESeSR) and the selenolate
form (ESe−) in selenosubtilisin,9 denatured ribonuclease A, lysozyme8 and glutathione
peroxide.10 Relaxation properties were described for 77Se introduced by reacting free thiol
groups of proteins with the selenium analog of Ellman’s reagent (5,5’-dithiobis-(2-
nitrobenzoate)).4 More recently, 77Sec-containing peptides were prepared by solid-phase
peptide synthesis allowing assignment of diselenide connectivity in a 37-residue spider
toxin11 and determination of pKa of individual Sec residues in a bioactive peptide hormone
and neurotransmitter.12 These studies reaffirmed the sensitivity of 77Se NMR to its
environment and established its ability to provide structural information for small peptides.

As the paucity of previous biological selenium NMR data testifies, current methods for
preparation of 77Sec-rich proteins are not broadly applicable. Solid-state synthesis allows
labeling of residues at specific sites but has a molecular weight limit, and along with
chemical ligation requires specialized equipment and expertise. Incorporation of Sec in
proteins by E. coli’s genetic incorporation machinery offers specificity but usually
necessitates introducing mutations in the target protein.13 Depending on the specific system
it may also suffer from low yield. Consequently, it has yet to be used for the large scale
production necessary for NMR experiments. The enrichment of proteins with seleno-amino
acids by supplementing E. coli’s growth media with the respective amino acids is an
efficient and high yield method. However, for isotopic labeling with 77Se, the 77Se-enriched
amino acids are not commercially available and the cost of their custom synthesis presents
anobstacle for their routine utilization. Further, in house synthesis of 77Sec is not generally
accessible to the non-specialist given selenium’s toxicity. Hence, none of the current
methods to isotopically enrich proteins with 77Se offer an inexpensive, non-specialized
procedure generally applicable to proteins irrespective of their amino acid sequence and
molecular weight. To gain additional insight into the capabilities of 77Se NMR and EPR in
larger biological systems we have developed such a procedure for the enrichment of proteins
with 77Se by heterologous expression in E. coli. Here, we describe a broadly applicable, cost
effective, selenium enrichment method that circumvents the need for costly (and hazardous)
chemical synthesis. Furthermore, the selenium enrichment method described here is not only
compatible with 77Se isotopic enrichment but also with incorporation of 13C, 15N, and 2H. It
also allows the ratio of sulfur to selenium substitution to be controlled. Therefore, this new
method can tailor proteins with different properties by fine-tuning the percent of selenium
incorporation: for disulfide-containing proteins, partial substitution of sulfur with selenium
generates proteins rich in selenylsulfides (S-Se) bonds, while diselenides (Se-Se)
predominate at higher substitution ratios. Since the redox potential of sulfur and selenium
differs21 this could potentially lead to subtle differences in their reactivity (vide infra).
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Because of the toxicity of selenium, previous investigations of Se uptake and its random
incorporation in E. coli proteins focused only on the effect of limited amounts of selenium.
We have tested several selenium concentrations and means of supplementation to optimize a
defined growth medium compatible with both 77Se labeling of sulfur sites in Met and Cys
and the incorporation of 13C, 15N, and 2H. A conspicuous benefit of our method is that it
utilizes 77selenite, which is readily obtained from the cost effective elemental 77Se. Hence
the cost per liter growth media is comparable to that of 15N. E. coli cultures are grown in the
presence of limited amounts of sulfur, so that the sulfur pool is exhausted prior to induction.
Once growth is stalled, protein expression is induced, and the requisite mixture of sulfate/
selenite is added to a final concentration of 100 µM in two steps, spaced 4 h apart, to achieve
the desired sulfur-to-selenium substitution ratio (see details in materials and methods). Table
1 shows that this method affords workable expression levels and reproducible ratios of
substitution for two structurally diverse proteins. E. coli thioredoxin contains two cysteine
residues, forming a redox-active disulfide bond, and two methionine residues (Figures S1
and S2). The structurally more complex protein augmenter of liver regeneration (ALR) is a
FAD-linked sulfhydryl oxidase that is involved in signal transduction and oxidative protein
folding in the mitochondrial intermembrane space. The short form of this protein contains
two catalytic disulfides, four structural disulfides, and four methionine residues per
homodimer of 32 kDa (Figure S2). Interestingly, we have not detected a noticeable bias in
selenium incorporation at specific sites even though the incorporation of selenium at
different positions may influence the folding path in E. coli.

We use the cysteine-rich ALR to evaluate the effect of selenium substitution on the
enzymatic activity, stability, and 3D structure of this cytokine-like protein. Incorporation of
up to ~90% selenium into ALR (Figures 1a–c and S3), still yields an active flavo enzyme
and generates the expected blue neutral flavo semiquinone upon aerobic incubation with the
model substrate DTT (Figure 1d–f).25 Further, replacement of the active site disulfide by a
diselenide forms a new charge-transfer intermediate with the flavin prosthetic group
(visualized 5 sec after mixing), with an absorbance band extending > 750 nm (Figure 1f).

In addition to the role of selenium in modulating the behavior of the redox active cysteines,
ALR contains both intra- and inter-chain structural disulfides (Figure S2). It was therefore of
interest to determine the impact of selenium substitution on both the global thermal stability
of ALR and on the rate of flavin release rate from the enzyme (Figure S4). Both approaches
show that the stability of selenium-based ALR is only slightly lower than that of the native
ALR.29 A more detailed picture of the effect of substitution emerges from the structure of
the selenium-rich ALR solved by X-ray crystallography (resolution of 1.5 Å, Rfree of 0.221,
PDB code 3U5S, Table S1). The high resolution data provided the first opportunity to refine
a protein X-ray structure with occupancy of sulfur and selenium using the substitution ratio
determined by mass spectrometry and inductively coupled plasma spectroscopy (Figure 2).
Alignment of the native ALR structure against selenium-rich ALR shows an RMSD of
0.305 Å for all atoms. The only significant structural changes reflect the longer Se-Se and
Se-C bonds and the corresponding adjustments in dihedral angles (Figure S5 and Table S2).
For selenium-rich ALR, these torsion angles are 2–4° larger than those of the native sulfur-
containing protein.

An important facet of this selenium enrichment method is the ability to incorporate 77Se into
all the sulfur-containing residues, hence allowing detection by NMR spectroscopy. 77Se, a
spin I=1/2 nucleus, has a pronounced chemical shielding response.30 The latter renders it
highly sensitive to changes in the electronic environment, such as modification in bonding
and conformation. Consequently, 77Se NMR measurements, in combination with theoretical
calculations of the magnetic shielding tensor, will provide new approaches to probe the role
of the local environment in shaping the reactivity of cysteines. Further, 77Se NMR could be
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used to investigate oxidative damage to Sec and selenomethionine (Sem) residues; address
the binding of metals, ligands and proteins and detect changes in the local environment
during catalysis, folding and conformational changes.

To demonstrate our ability to detect and resolve multiple selenium sites in proteins at
positions normally occupied by sulfur, Figure 3 presents solution-state NMR detection of
selenium in ALR at a magnetic field of 14.1 T (1H frequency of 600 MHz, 77Se frequency
of 114.493 MHz). Here, ALR was enriched to ~50% selenium to generate a combination of
diselenide and selenylsulfide bonds. Based on the count of sulfur-containing amino acids in
ALR – 6 Cys and 3 Met – we expect resonances of selenium in 6 selenylsulfide, 6 diselenide
and 3 seleno-ether bonds. As shown, the resonances of most species are readily observed by
direct detection of selenium. The half-height line width of selenium resonances ranges from
180 to 320 Hz, due to chemical shift anisotropy driven relaxation. The differences in line
width suggest that the T2 relaxation time may be influenced by local protein dynamics. The
isotropic chemical shifts of selenium in Sem are between 50–70 ppm, a common range for
Sem in proteins.6 The isotropic chemical shifts of selenium in Sec range from 185 to 460
ppm, where 10 resonances are resolved. The sample did not have resonances corresponding
to oxidized selenium residues (Se-OH, Se-O2H and SeO3H at 1100–1300 ppm10) or reduced
Sec (~−220 ppm9). This wide range for selenium resonances in diselenide and selenylsulfide
bonds in the same protein is at first glance surprising, considering the fact that ALR’s three
selenylsulfide/diselenide bonds are all at water-exposed positions. However, studies in our
laboratory indicate that even for a single Sec within a given redox motif (such as Cys-Gly-
Ala-Sec), it is possible to detect resonances that differ in chemical shifts by about 135 ppm
and by a seven-fold difference in line width. Similar differences in chemical shift values
were recently reported for Sec positioned in different locations in a peptide.12 The isotropic
chemical shifts are likely to depend on the dihedral angle at which the selenium is located,
nearby charges, etc. Assignment of specific resonances is however not straight forward since
information on how these factors affect Sec resonances in proteins is sparse. While the
chemical shifts of ALR have been reported and are available via the Biological Magnetic
Resonance Data Bank (BMRB),33 correlating Se resonances with other nucleivia 2D
experiments is complicated by the fast T2 relaxation time. (The line width of individual
resonances reported here range from 50 to 300 Hz). In parallel, the assignment and
interpretation of ALR selenium NMR spectra is continuing via genetic incorporation of Sec
in unique positions using E. coli’s innate insertion machinery34 as well as site-specific
mutagenesis. It would be interesting to employ chemical shielding calculations to further
study the local environment of individual Sec residues using the high-resolution structural
information obtained by the X-ray refinement described above (see Figure 2 and Table S2).

Further assignment of the resonances and an additional assessment for 77Se NMR sensitivity
is possible by comparing the spectra of ALR when bound to oxidized and reduced flavin
(Figure 3). When the FAD is reduced with sodium dithionite, two resonances at 412 and 426
ppm disappear. These two resonances were assigned to be selenylsulfide bonds by
comparing the NMR spectra of ALR with different selenium incorporation levels (data not
shown). The resonances reappear upon reoxidation of FAD and removal of the reducing
agent (Figure 3c). Hence, we conclude that the resonances are likely to be the selenylsulfide
bonds in the active site residues proximal to the flavin prosthetic group (Figure 2a). In
addition to the changes in the 412–426 ppm region, a new resonance is detected at 651 ppm.
The modification is reversible, as discerned from the disappearance of the 651 ppm
resonance upon removal of the reducing agent and reoxidation of FAD (Figure 3c).

In sum, the reported substitution method provides a robust, flexible and general platform
that can be used to enrich heterologous proteins in E. coli with selenium, without the need to
modify expression systems, synthesize selenium compounds or calibrate sulfur/selenium
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consumption. We demonstrate the ability to acquire spectra of multiple selenium atoms in a
mid–sized protein in a time-effective fashion. It is clear that selenium NMR can be used as a
reporter for multiple sulfur/selenium locations without the need to introduce selenium in a
site-specific fashion. This allows us to directly probe the environment, conformation and
interactions of the site of interest and the capacity to directly detect modifications in Sec
residues and changes in the local environment taking place during catalysis. Hence, 77Se
provides a powerful spectroscopic probe for the multiple roles of cysteine and methionine in
protein structure, stability and function.

Materials and Methods
Materials

Elemental 77selenium (99.20%) was purchased from Isoflex USA (San Francisco, CA).
Enzymes used for molecular biology were acquired from New England Biolabs (Ipswich,
MA). The pMHT Delta 238 plasmid expressing Tobacco Etch Virus (TEV) protease fused
to the cytoplasmic maltose binding protein35 was purchased from the Protein Structure
Initiative-Material Repository. Chromatography media was supplied by GE Healthcare Bio-
Sciences Corporation (Pittsburgh, PA). Crystallization reagents were from Hampton
research (Aliso Viejo, CA). All other chemicals and reagents were supplied by Sigma-
Aldrich (St. Louis, MO), Acros Organics (Geel, Belgium) and GoldBio (St. Louis, MO). All
reagents and solvents were at least analytical grade and were used as supplied.

Expression of ALR and Trx
The pTrcHisA (Life Technologies, NY) expression vector containing the short form of
human ALR (residues 81–205) gene with mutations C154A and C165A was as previously
described.25 For this study a TEV cleavage site was introduced between the N-terminal
hexahistidine tag and the first Met. Following cleavage with TEV protease a Ser is present
before residues 81–205. E. coli Trx fused to a C-terminal hexahistidine tag was expressed in
pET32a (Addgene plasmid 11516). The two proteins were expressed in BL21(DE3).

Cells were grown in a defined media adapted from Studier36 C-750501 minimal media
designed for 13C labeling and abbreviated as MC-750501. The modified medium contained:
50 mM Na2HPO4, 50 mM KH2PO4, 10 mM NaCl, 50 mM NH4Cl, 2 mM MgCl2, 0.2×
metals, 1× vitamins, 0.4% glucose, 200 µM CaCl2, supplemented with antibiotics. 1×
concentration trace metals 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 1000× vitamins solution was as detailed by Studier.36

A 20 mL starter culture of MC-750501 supplemented with 5 mM Na2SO4 and antibiotics
selection was grown for about 9 h. A 1 mL of starter culture was used to innoculate 1 L
growth media supplemented with 50 μM Na2SO4 in 2.8 L baffled flasks. For constructs that
required the use of kanamycin sulfate we typically reduce the concentration of the
kanamycin to 50 μM and use the antibiotics as the sole source of sulfur in the main
incubation. Cells were grown at 37 °C, with good aeration and an antibiotics selection until
the cell density no longer increased. Typically, this value is reached after 14 h with an OD
close to 0.8 at 600 nm. Note that the doubling time of the cells in the MC-7504501 growth
media is about 60 min. At this point, protein expression was induced with 0.5 mM
isopropyl-1-thio-β-D-galactopyranoside (IPTG). At induction the cells were supplied with
50 µM mixture of Na2SO4/Na2SeO3 at the desired ratio. Following 4 h of growth, a second
50 µM aliquot was added. Cells were harvested 9–12 h past induction by centrifuging at
5,000 g for 10 min at 4 °C. In general, the optimal expression time is approximately double
that of the expression time in LB, due to the longer doubling times in the relatively spartan
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growth media. The cell paste was resuspended in 50 mM potassium phosphate buffer, pH
7.5, containing 500 mM NaCl (IMAC buffer), flash frozen using liquid nitrogen and stored
at −80 °C.

For NMR experiments, the appropriate amount of elemental 77Se was oxidized to 77selenite
in a minimal volume of nitric acid.37 The expected selenite was confirmed by solution 77Se
NMR. The volume was kept to a minimum in order to reduce the amount of acid added to
the growth media.

Purification of ALR and Trx
The cell paste was thawed and lysed in IMAC buffer supplemented with 1 mM PMSF and
0.5 mM benzamidine using a high pressure homogenizer (EmulsiFlex-C5, Avestin, Ottawa,
Canada). Cell debris was removed by centrifugation at 15,000 g for 1 h at 4 °C. Clear
supernatant was loaded onto a 5 mL HisTrap FF column and the column was washed with
IMAC buffer, supplemented with 20 mM imidazole. ALR was eluted using 5 mL fractions
of IMAC buffer supplemented with 50 mM, 200 mM, 500 mM and 1 M imidazole. Yellow
fractions containing ALR were combined and the buffer was exchanged into 20 mM Tris
(pH 7.5), 1 mM EDTA by dialysis and the hexahistidine tag cleaved with TEV protease, at
4°C for 18 h. The resulting protein was then dialyzed against 20 mM Tris, 1 mM EDTA pH
7.5 at 4 °C. The protein was applied to a 5 mL HiTrap SP HP column to remove the TEV
and then loaded on a Source 15Q column and eluted with a salt gradient between 0–100 mM
NaCl over 20 column volumes. Purification of Trx was by identical IMAC chromatography
using IMAC buffer with 400 mM imidazole. The buffer was then exchanged to 20 mM Tris
(pH 8.0), 1 mM EDTA and the protein loaded on a 5 mL HiTrap Q HP and eluted with a salt
gradient between 0–300 mM NaCl over 20 column volumes. For both ALR and Trx the
fractions containing proteins were combined. The protein was dialyzed against 20 mM Tris
(pH 7.5), 1 mM EDTA, then concentrated to 20 mg/mL and flash frozen using liquid N2 and
stored at −80 °C until further use. Protein purity, as determined by 15% SDS-PAGE Tris-
Glycine gels, was higher than 99%. Protein concentration was determined using the molar
extinction coefficients for FAD bound ALR of 11.6 mM−1 cm −1 at 456 nm.25 The ratio of
sulfur and selenium was determined by LC-ESI-TOF mass spectrometry and ICP.

While we have optimized the protocol for a final concentration of 100 μM selenite we have
found for 77Se incorporation that a lower concentration of selenium (70 μM) yields identical
selenium incorporation ratio but a higher yield (sometimes by a factor of 2). For
simultaneous incorporation of 13C, regarded to be the most costly isotopes discussed here,
we have tested the Marley method in which an initial culture is grown to exponential phase
in LB, washed with saline, and resuspended in growth media containing isotopically labeled
metabolic precursors.39 We found that this method yields identical results as long as the
cells are allowed to equilibrate after suspension and cell density monitored to ensure that the
internal sulfur has been depleted. If 13C and 15N is not considered then it is also possible to
enrich the growth media with additional amino acids.36

Mass spectroscopy
Mass spectra were obtained using a QTOF Ultima (Waters, MA) operating under positive
electrospray ionization (+ESI) mode connected to a LC-20AD (Shimadzu, Kyoto, Japan).
ALR samples were separated from small molecules by reverse phase chromatography on a
C4 column (Waters XBridge BEH300) using an acetonitrile gradient from 30–71.4% with
0.1% TFA as the mobile phase in 25 min. Data were acquired from m/z 350 to 25,000 at a
rate of 1 sec/scan.
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UV-Vis spectroscopy
UV-VIS spectra were recorded using a HP8453 diode array spectrophotometer (Hewlett-
Packard, CA). DTT and ALR were prepared in 20 mM Tris, 1 mM EDTA, pH 7.5 and
mixed to give final concentrations of 20 µM ALR, 5 mM DTT. DTT solutions were
standardized with DTNB.

Thermal and chemically induced unfolding transitions
Thermal unfolding transitions of 10 μM ALR in 10 mM phosphate, pH 7.5 were followed
by circular dichroism using a J-810 circular dichroism spectropolarimeter (Jasco, Essex,
UK). Spectra were collected between 190–260 nm, in 2 °C increments from 40 to 96 °C
using a 10 mm cell. The data was analyzed using the mean residue ellipticities (deg cm2

dmol−1) at 222 nm as a function of temperature using a two-state model. Data were an
average of two independent measurements.

Flavin dissociation was monitored by recording the decrease in absorbance at 496 nm in the
presence of 5 M guanidine hydrochloride. Spectra were recorded at room temperature using
10 µM ALR in 20 mM Tris buffer, 1 mM EDTA, 5 M guanidine hydrochloride, pH 7.5.

Crystallization and data collection
Protein crystals were obtained by hanging drop vapor diffusion at 22 °C. The selenium-rich
ALR reproducibly crystallized in a broad range of protein and precipitant concentrations.
The best crystals formed in a reservoir solution of 20 mM MES, pH 6.5, 16% PEG 8000.
Crystallization drops were prepared by mixing 1 μL of selenium rich ALR (10 mg/mL
protein in 20 mM MES, pH 6.5) with 1 µL of the reservoir solution and placing over 250 μL
of the reservoir solution. Crystals appeared within hours and reached their maximum size in
2 weeks. Crystals were flash-cooled in liquid nitrogen following incubation of the crystal in
a cryo solution made from the reservoir well solution, which was 25% saturated with the
cryo protectant xylitol.

Diffraction data was collected using an in-house Rigaku-RUH3R rotating anode generator
with a RAXIS IV image plate area detector. X-ray diffraction data was collected at −180 °C
with a total of 180 15 min 1° oscillations from one crystal. The diffraction data was indexed
and scaled with the program HKL2000.40

Crystal structure solution and refinement
The crystal of the selenium-rich ALR was indexed in the space group C2221 with cell
dimensions a, b, c of 50.9, 76.9, 63.5 Å, respectively. There was one subunit of protein in
the asymmetric unit and the solvent content was 34.7%. The crystal structure was solved by
molecular replacement using the program MOLREP of CCP441 using as a search model the
structure of human ALR (PDB code 3MBG).29 During model building, refinement was
carried out using the program REFMAC5 of CCP4. Model modifications were performed
using the graphics program COOT.42 In contrast to the search model ALR in which the
electron density was clear only starting with residue Asp94, the entire N-terminus was built
in the selenium-rich model, starting with Ser80. (Residue S80 is an extra residue at the N-
terminus that remains after protease cleavage of the hexahistidine tag.) To facilitate the
refinement of 90% Se and 10% S partial occupancy for Cys and Met residues, the program
Phenix43 was used for the final rounds of refinement. Water molecules were placed during
successive cycles of model building and refinement. The final model contains 126 amino
acid residues, one FAD molecule, and 112 water molecules. A final 2Fo - Fc difference
electron density map (Figure S5) for the model confirmed the validity of the final model.
The final Rworking and Rfree values were 0.200 and 0.221, respectively.
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NMR spectroscopy
Solution state NMR spectra were acquired on a 14.1 T Bruker AV600 spectrometer
equipped with a Bruker 5 mm broad-band outer coil liquid-state probe operating at a
frequency of 114.493 MHz. Proton-decoupled 77Se spectra of selenium was recorded using
spectral width of 96.1 KHz, an acquisition time of 0.085 s, with 250,000 scans, pulse delay
of 0.5 s, a 90° pulse width of 15 µs, and WALTZ decoupling with a 2.78 kHz field. While
the spin-lattice relaxation time, T1, was not measured for ALR, values for Sec in a variety of
other selenoproteins in our lab range between 0.9–1.5 s at a field of 14.1 T. NMR spectra
were processed using backwards linear prediction of the first 4 points of the FID and 100 Hz
exponential apodization. 77Se chemical shifts are reported with respect to diphenyl
diselenide used as an external secondary chemical shift reference standard, set at 463.0 ppm
(dimethyl selenide as primary reference at 0 ppm).44 Sample temperature was 25 °C,
controlled to within 0.1 °C. The NMR sample contained 2 mM ALR in 50 mM phosphate, 1
mM EDTA, 10% D2O, pH 7.5 in a volume of 350 µL in a Shigemi NMR tube (Shigemi Inc.,
PA). ALR was enriched to 50% 77selenium. The sample was reduced by adding sodium
dithionite to the NMR tube to a final concentration of 6 mM in a gas-tight Shigemi NMR
tube (Wilmad Lab Glass, NJ).

Accession numbers
The atomic coordinates for the structure of selenium-substituted ALR have been deposited
in the PDB (PDB code 3U5S).

Acknowledgments
We thank Shawn Gannon, Dr. Steve Bai and Dr. Mike Geckle for technical assistance and helpful discussions. C.T.
and S.S. were supported by NIH GM26643 and 1-T32-GM08550. R.P.R. thank the David A. Plastino Scholars
Alumni Undergraduate Research Fellowship Program. W.W. was supported by the University of Delaware
Research Foundation Research Experience for Undergraduates Program. S.R. and B.B. acknowledge support from
the University of Delaware Strategic Initiative Grant (10000431) and grants from the National Center for Research
Resources (5P30RR031160-03) and the National Institute of General Medical Sciences (8 P30 GM103519-03).
S.R. acknowledges support from NSF MRI-R2 Grant 0959496.This material is based upon work supported by the
National Science Foundation under Grant No. MCB-1054447 “CAREER: Reactivity of Selenoproteins” (S.R.).

Abbreviations

ALR augmenter of liver regeneration

Trx thioredoxin

Sec selenocysteine

Sem selenomethionine
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Highlights

1. The NMR-active isotope 77Se is introduced into proteins by heterologous
expression in Escherichia coli.

2. The method is cost effective and requires no synthesis or modifications to
existing expression systems.

3. The method permits control over the ratio of sulfur to selenium substitution in
proteins allowing the manipulation of protein populations for medical and
biochemical research.

4. It is possible to resolve multiple selenomethionine and selenocysteine residues
in the 32 kDa dimer of augmenter of liver regeneration by conventional NMR
spectroscopy.

5. Using the protein augmenter of liver regeneration, we further demonstrate the
feasibility of routine biological Se-NMR spectroscopy as a probe of structure
and function.
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Figure 1.
Mass spectroscopy and UV-visible spectra of ALR as a function of selenite concentration in
the growth media. Panels a–c: Mass spectroscopy of ALR as a function of selenite
concentration in the growth media. (a) ALR grown solely on sulfate. The star denotes
oxidation. Unlabeled peaks at increasing molecular weight are trifluoroacetic acid adducts.
(b) ALR grown in a 1:4 sulfate/selenite molar ratio mixture yielding a selenium
incorporation of ~60%. (c) ALR grown solely on selenite, where ~90% of the sulfur atoms
are replaced by selenium. Panels d–f: DTT treatment of ALR followed by UV-VIS
spectroscopy (black line: before addition of DTT to the enzyme, red line: 5 s and blue line: 5
min after adding DTT). (d) The spectra at 5 min show native and selenium-substituted
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enzymes form the blue flavo semiquinone. This species is developing at 5 sec in panel d for
native ALR, whereas panels e and f reveal a featureless long-wavelength charge-transfer
band with the oxidized flavin. (e) ALR with ~60% selenium incorporation (~48% of the
selenium atoms are in selenylsulfide bonds) has a charge transfer band, easily discerned at
wavelengths >550 nm. (f) Selenium-rich ALR with ~90% selenium incorporation (~81% of
the selenium atoms are in diselenide bonds) displays the highest levels of charge transfer
complex.
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Figure 2.
Electron density difference maps of the disulfide/diselenide and flavin in the active site of
ALR refined with different ratios of selenium and sulfur occupancy. (a) A view of the active
site residues near the flavin in CPK coloring. Panels b–f: the difference electron density
maps computed following refinement with 60–100% selenium occupancy are shown for the
redox diselenide (Sec142-Sec145) and flavin group of selenium-rich ALR. The 2Fo-Fc map
is drawn in grey contoured at 1.2 σ. The Fo-Fc maps were contoured at 3.0 σ, with positive
difference density shown in green and negative difference density shown in red. (b) 100%
Se, 0% S. (c) 90% Se, 10% S. (d) 80% Se, 20% S. (e) 70% Se, 30% S. (f) 60% Se, 40% S.
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Figure 3.
77Se NMR spectroscopic characterization of flavin reduction in 77Se-labeled ALR. Proton-
decoupled 77Se spectra of ALR with 50% selenium enrichment acquired at 14.1 T. (a)
Spectra of 77Se-labeled ALR with oxidized FAD (Sem resonances are truncated for clarity).
(b) Spectra of 77Se-labeled ALR with reduced FAD under anaerobic conditions. Upon
addition of a reducing agent, the resonance peaks at 412, and 426 disappears, while a new
resonance peak at 651 ppm appears (highlighted with an arrow). (c) Same sample shown in
panel b following exposure to air and removal of the reducing agent.
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Table 1

Sulfur-to-selenium substitution ratio and protein yield for growth media with varying ratios of sulfate and
selenite.

Protein Sulfate in growth
media (µM)

Selenite in growth
media (µM)

Yield
(mg/L)

Selenium incorporation
(% Se)

Trx 5000 0 67±3 0*

Trx 70 30 47±7 12±3

Trx 50 50 46±8 22±5

Trx 30 70 35±4 25±1

Trx 10 90 28±2 68±1

Trx 0 100 10±4 78±2

ALR 100 0 23±3 0*

ALR 20 80 12.5±1 56±6

ALR 0 100 4±0.5 87±7

*
within the measurement accuracy

error was estimated based on the range of two independent measurements of yield and at least 3 independent measurements of selenium
incorporation from different batches.
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