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SeMet is adventitiously incorporated into selenoproteins in

ABSTRACT: The selenoamino acids methylselenocys- place of methionine.

teine (MeSeCys) and selenomethionine (SeMet) have Previously, we have shown that Se in SeMet-treated human
disparate efficacies as anticancer agents. Herein, we use X- lung cancer cells is found exclusively as carbon-bound species,
ray absorption spectroscopy to determine the chemical whereas in MeSeCys-treated cells a significant proportion of Se
form of selenium in human neuroblastoma cells. Cells is present as diselenide species.'

treated with MeSeCys contain a significant diselenide Herein, we have used X-ray absorption near edge structure
component, which is absent from SeMet-treated cells and (XANES) and extended X-ray absorption fine structure
suggests that metabolites of MeSeCys are capable of (EXAFS) spectroscopies to show that SeMet and MeSeCys
altering the redox status of the cells. The differences in the are selectively metabolized by SH-SYSY human neuroblastoma
speciation of Se in the selenoamino acid-treated cells may cells to similar species to those found in lung cancer cells.
provide insight into the differing anticancer activities of Moreover, we provide further evidence for the presence of a
MeSeCys and SeMet. diselenide species in MeSeCys-treated cells.

SH-SYSY cells were treated with selenoamino acids at
concentrations below their respective ICg, concentrations (210

he anticancer properties associated with supranutritional + 20 uM for MeSeCys and 460 + 70 uM for SeMet). Selenium

doses of selenium have resulted in the increasing K-edge XANES spectra of MeSeCys, SeMet, and selenoamino
popularity of Se as a dietary supplement. Organic Se acid-treated cells are shown in Figure 1. Within 4 h of
compounds are commonly used in dietary selenium supple- treatment, both MeSeCys and SeMet have undergone
ments as they are considered less toxic than their inorganic significant metabolism. After 24 h, the spectra of the SeMet-
counterparts. However, it is widely recognized that the and MeSeCys-treated cell spectra differ by 0.5 eV in the
anticancer properties of Se are dependent on the form of the position of the second peak (12665.8 and 12666.3 eV,
Se compound. The dependence on form is exemplified in the respectively) and in the ratio of the intensities of the high- to
contradictory results of two clinical trials of 200 ug of Se low-energy peaks (0.89 versus 0.84, respectively). These
supplementation per day in the prevention of cancer. In the differences are represented in the difference plot in Figure 1,
Nutritional Prevention of Cancer (NPC) Trial, Se supplemen- along with the differences between the spectra of SeMet and
tation was shown to reduce the incidence of a number of MeSeCys model compounds. The differences between the
cancers, including prostate cancer,” whereas the Selenium and selenoamino acid-treated cells are borne out in linear
Vitamin E Cancer Prevention Trial (SELECT) ceased early as combination fitting of model compound spectra (see ref 10
there was no reduction in the incidence of prostate cancer.’ In and Figures S1—S3 of the Supporting Information for details of
the NPC Trial, a number of organic Se compounds, including model compounds) to the experimental spectra (Table 1).
SeMet and MeSeCys, were present in the selenized yeast tablets Good fits (with residuals <0.6 X 1073) to the spectra of
in which the form of Se in the tablet was poorly controlled. MeSeCys-treated cells were achieved and they revealed that the
Conversely, SeMet was the form chosen to deliver all of the majority of MeSeCys had been metabolized within 24 h to
supranutritional Se during the SELECT trial.> The choice of selenocysteine (SeCys) and a diselenide, modeled using
SeMet as the preventative agent in the SELECT trial over other diselenocystine (CysSeSeCys). There was little change in
organic Se compounds is thought to be a significant factor in speciation between 4 and 24 h. Similarly, the spectra of SeMet-
the failure of the SELECT trial to demonstrate a reduced treated cells 4 and 24 h after treatment showed little difference.
incidence of cancer with Se supplementation.6 Unfortunately fits to the SeMet-treated cell spectra were poor

SeMet and MeSeCys are selenoamino acids that have been (with residuals >0.75 X 1072), which indicates that the library of

investigated for their anticancer properties. MeSeCys is
generally more toxic than SeMet, presumably due to its Received: September 19, 2011
metabolism to methylselenol (MeSeH), an antitumorigenic Revised:  January 9, 2012
compound 7* and putative superoxide generator,” whereas Published: January 11, 2012
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Figure 1. Se K-edge X-ray absorption near-edge spectra of (a) SH-
SYSY cells treated with 100 uM SeMet for 4 h (dotted line) and 24 h
(solid line), (b) SH-SYSY cells treated with SO uM MeSeCys for 4 h
(dotted line) and 24 h (solid line) and 100 yM MeSeCys for 24 h
(dashed line), and (c) the model compounds SeMet (solid line) and
MeSeCys (dashed line). Difference plots (d) of SeMet and MeSeCys
model compound spectra (black) and spectra of SH-SYSY cells treated
with 100 uM SeMet or MeSeCys for 24 h (gray).

model compounds needs to be extended, most likely with
spectra of SeMet and SeCys residues in proteins. However, it is
clear from the XANES spectra that MeSeCys and SeMet follow
different metabolic pathways, with a clear difference being the
production of a significant proportion of diselenide species in
MeSeCys-treated cells, which is not present in SeMet-treated
cells.

The EXAFS spectra of the cells strongly support the results
of the linear combination analysis of the XANES spectra. The
Se K-edge EXAFS spectrum of MeSeCys-treated cells is shown
in Figure 2. Carbon scatterers alone do not fully account for the
observed EXAFS spectrum (Figure S4 in the Supporting
Information). Notably, the change in the amplitude envelope at
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Figure 2. Se K-edge EXAFS spectrum (left) and corresponding
Fourier transform (right) of SH-SYSY cells treated for 24 h with 100
UM MeSeCys showing the experimental (black) and calculated (gray)
spectra. Fit parameters are listed in Table S1 in the Supporting
Information.

8 A™! in k-space and the peak at 2.36 A in the Fourier transform
are only modeled with the addition of a Se scatterer to the fit.
Se and C scatterers were fit to the EXAFS with a Se—Se bond
length of 2.36 A and a Se—C bond length of 1.96 A (Table S1
in the Supporting Information). Searches of the Cambridge
Structural Database indicate that these bond lengths are at or
near the median Se—Se and Se—C bond lengths of 2.36 A and
1.93 A, respectively."' Adding 100 #M of MeSeCys to complete
cell culture media under the same conditions as the cell
treatments but in the absence of cells does not produce a
diselenide component (see EXAFS spectrum in Figure SS in
the Supporting Information). Clearly the diselenide is a product
of intracellular metabolism of MeSeCys.

In contrast, the EXAFS spectrum of SeMet-treated cells is
readily fit by only two C scatterers with a Se—C bond length of
1.95 A (Figure S6 and Table S1 in the Supporting
Information). Therefore, the comparison of the EXAFS spectra
of MeSeCys- and SeMet-treated cells provides further evidence
of the presence of a diselenide in the MeSeCys-treated cells,
which is absent in SeMet-treated cells. An EXAFS spectrum of
MeSeCys-treated cells has not been previously obtained due to
the low levels of Se found in MeSeCys-treated AS49 human
lung cancer cells at treatment concentrations below the ICg,
concentration.'® The identification of a diselenide species in the
XANES and EXAFS spectra of MeSeCys-treated cells in this

Table 1. Percent Se Species in SH-SYSY Cells Treated with Selenoamino Acids, As Estimated by a Linear Combination of

XANES Model Compound Spectra®

percentage component fitted

treatment compound concentration (M) time (h) CysSeSeCys
MeSeCys 50 4 15(2)
MeSeCys 50 24 11(1)
MeSeCys 100 24 16(1)
SeMet 100 4
SeMet 100 24

SeCys SeMet MeSeCys Nt residual (X 107%)
51(5) 33(4) 0.99 0.55
51(4) 37(3) 0.99 0.33
65(4) 18(4) 0.99 041
96(2) 0.96 091
97(4) 0.97 0.78

“Values in parentheses are the estimated standard deviations derived from the diagonal elements of the covariance matrix and are a measure of

by -
precision. "N, is the sum of the fractions.
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work supports the identification of a diselenide species in the
XANES spectra of A549 cells studied previously.

The presence of diselenides in the MeSeCys-treated cells
suggests that either small selenol-containing metabolites of
MeSeCys or protein-bound selenols have undergone oxidation.
Selenols can be oxidized to diselenides under physiological
conditions,'* but the presence of selenols in SeMet-treated
A549 cells without any detectable diselenide component'®
indicates that the level of oxidation under normal physiological
conditions is not significant. The presence of a substantial level
of diselenides in MeSeCys-treated cells is therefore indicative of
a change in the redox environment of the cells brought about
by MeSeCys and its metabolites, which supports the hypothesis
that the MeSeCys metabolite MeSeH is a superoxide generator
capable of altering the redox status of the cells.” However, this
work does not provide direct evidence for the metabolism of
MeSeCys to MeSeH as MeSeH is not contained in the model
compound library used in the analysis of the XANES spectra.

The difference in the speciation of Se in cells treated with
MeSeCys or SeMet, in particular the potential redox-altering
capabilities of the metabolites of MeSeCys as evidenced by the
presence of diselenides, may account for the observed
differences in the toxicity of the selenoamino acids toward
the SH-SYSY cells. In order to better understand the
implications of Se speciation in the prevention of cancer by
supranutritional Se supplements, we are pursuing these
speciation studies in rat models.

B ASSOCIATED CONTENT

© Supporting Information

Complete experimental section and additional XANES and
EXAFS spectra and acknowledgment of synchrotron radiation
facilities used. This material is available free of charge via the
Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*Phone: +61-8-8303-5060. Fax: +61-8-8303-4358. E-mail:
hugh harris@adelaide.edu.au.

Funding

This work was funded by the Australian Research Council
(Grant DP0985807-QEIl to H.H.H.) with travel funding
provided by the International Synchrotron Access Program
(ISAP) managed by the Australian Synchrotron and funded by
the Australian Government.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

SH-SYSY cells were a gift from Paul Witting (The University of
Sydney). Graham George (University of Saskatchewan)
provided Se K-edge X-ray absorption spectra of model Se
compounds, except MeSeCys. Acknowledgements of the
synchrotron facilities used in these experiments are contained
in the Supporting Information.

B ABBREVIATIONS

SeMet, selenomethionine; MeSeCys, Se-methylselenocysteine;
NPC, Nutritional Prevention of Cancer (Trial); SELECT,
Selenium and Vitamin E Cancer Prevention Trial; MeSeH,
methylselenol; XANES, X-ray absorption near edge structure;

738

EXAFS, extended X-ray absorption fine structure; SeCys,
selenocysteine; CysSeSeCys, diselenocystine

B REFERENCES

(1) Clark, L. C., Combs, G. F., Turnbull, B. W, Slate, E. H., Chalker,
D. K, Chow, J., Davis, L. S., Glover, R. A,, Graham, G. F., Gross, E. G,,
Krongrad, A., Lesher, J. L., Park, H. K, Sanders, B. B., Smith, C. L., and
Taylor, J. R. (1996) Effects of selenium supplementation for cancer
prevention in patients with carcinoma of the skin. A randomized
controlled trial. JAMA, J. Am. Med. Assoc. 276, 1957—1963.

(2) Duffield-Lillico, A. J., Dalkin, B. L., Reid, M. E., Turnbull, B. W,,
Slate, E. H., Jacobs, E. T., Marshall, J. R, and Clark, L. C. (2003)
Selenium supplementation, baseline plasma selenium status and
incidence of prostate cancer: an analysis of the complete treatment
period of the Nutritional Prevention of Cancer Trial. Br. J. Urol. Int. 91,
608—612.

(3) Lippman, S. M, Klein, E. A, Goodman, P. J., Lucia, M. S,,
Thompson, I. M, Ford, L. G., Parnes, H. L., Minasian, L. M., Gaziano,
J. M, Hartline, J. A, Parsons, J. K, Bearden, J. D., Crawford, E. D,,
Goodman, G. E,, Claudio, J., Winquist, E., Cook, E. D., Karp, D. D,
Walther, P., Lieber, M. M., Kristal, A. R,, Darke, A. K, Arnold, K. B,,
Ganz, P. A, Santella, R. M., Albanes, D., Taylor, P. R,, Probstfield, J. L.,
Jagpal, T. J., Crowley, J. J., Meyskens, F. L., Baker, L. H,, and Coltman,
C. A. (2009) Effect of Selenium and Vitamin E on Risk of Prostate
Cancer and Other Cancers: The Selenium and Vitamin E Cancer
Prevention Trial (SELECT). JAMA, J. Am. Med. Assoc. 301, 39—51.

(4) Larsen, E., Hansen, M., Paulin, H., Moesgaard, S., Reid, M., and
Rayman, M. (2004) Speciation and bioavailability of selenium in yeast-
based intervention agents used in cancer chemoprevention studies. J.
AOAC Int. 87, 225-232.

(5) Lippman, S. M,, Goodman, P. J., Klein, E. A, Parnes, H. L,
Thompson, I. M., Kristal, A. R, Santella, R. M., Probstfield, J. L.,
Moinpour, C. M., Albanes, D., Taylor, P. R.,, Minasian, L. M., Hoque,
A., Thomas, S. M., Crowley, J. J., Gaziano, J. M., Stanford, J. L., Cook,
E. D, Fleshner, N. E,, Lieber, M. M., Walther, P. J., Khuri, F. R., Karp,
D. D, Schwartz, G. G., Ford, L. G, and Coltman, C. A. (2005)
Designing the Selenium and Vitamin E Cancer Prevention Trial
(SELECT). J. Natl. Cancer Inst. 97, 94—102.

(6) Hatfield, D. L., and Gladyshev, V. N. (2009) The Outcome of
Selenium and Vitamin E Cancer Prevention Trial (SELECT) Reveals
the Need for Better Understanding of Selenium Biology. Mol.
Interventions 9, 18—21.

(7) Ip, C.,, Thompson, H., Zhu, Z., and Ganther, H. (2000) In vitro
and in vivo studies of methylseleninic acid: Evidence that a
monomethylated selenium metabolite is critical for cancer chemo-
prevention. Cancer Res. 60, 2882—2886.

(8) Lu, J, and Jiang, C. (2005) Selenium and cancer chemo-
prevention: Hypotheses integrating the actions of selenoproteins and
selenium metabolites in epithelial and non-epithelial target cells.
Antioxid. Redox Signaling 7, 1715—1727.

(9) Spallholz, J. E., Shriver, B. J, and Reid, T. W. (2001)
Dimethyldiselenide and methylseleninic acid generate superoxide in
an in vitro chemiluminescence assay in the presence of glutathione:
implications for the anticarcinogenic activity of L-selenomethionine
and L-Se-methylselenocysteine. Nutr. Cancer 40, 34—41.

(10) Weekley, C. M,, Aitken, J. B, Vogt, S., Finney, L. A, Paterson,
D. ], de Jonge, M. D., Howard, D. L., Musgrave, L. F., and Harris, H.
H. (2011) Uptake, Distribution, and Speciation of Selenoamino Acids
by Human Cancer Cells: X-ray Absorption and Fluorescence Methods.
Biochemistry 50, 1641—1650.

(11) Allen, F. (2002) The Cambridge Structural Database: a quarter
of a million crystal structures and rising. Acta Crystallogr, Sect. B:
Struct. Sci. BS8, 380—388.

(12) Jacob, C., Giles, G., Giles, N., and Sies, H. (2003) Sulfur and
selenium: The role of oxidation state in protein structure and function.
Angew. Chem., Int. Ed. 42, 4742—4758.

dx.doi.org/10.1021/bi201462u | Biochemistry 2012, 51, 736—738


http://pubs.acs.org
mailto:hugh.harris@adelaide.edu.au

