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Abstract: A general method to identify trace elements in biological molecules is described. These measurements
are made in only a few minutes without preliminary isolation and preconcentration steps. Many unusual or
difficult elements, such as Cr, Se, Cd, Th, and U, can be observed at ambient levels bound to proteins in
human serum. A new protein or family of proteins, that either contain Se or that bind Se molecules, is found
with molecular weight- 760 kDa. Binding of metal cations to DNA restriction fragments can be studied by
similar procedures both for essential elements such as Mn and Fe and toxic ones such as Cd and Pb. In
particular, trace Pb, Cd, and Co are completely bound to DNA fragments. Reduction of chromate to a cation
(probably C#*) and subsequent binding of the Cr cation to DNA is also demonstrated.

Inorganic elements play key roles in the function of many of the sample and minimizing contamination, rather than the
biological moleculed. Metal ions such as Zn and Cu contribute performance of the instrument per se, are often the limiting steps
to the structure and function of many enzymes, for example. in the accuracy of the measured concentrations. This is
The toxic activity of some trace metals such as Cd and Pb is particularly the case with inductively coupled plasamass
thought to relate to their ability to compete with essential spectrometry (ICP-MS) with a magnetic sector mass analyzer,
elements in proteins or to bind to DNA. There has been which has very high sensitivity and sufficient spectral resolution
considerable recent interest in dietary selenium to preventto separate atomic analyte ions from polyatomic ions. For
cancef and delay the onset of AIDS symptorhdultielement example, detection limits for most elements are 1 ppt or better,
analytical procedures are needed to study interactions betweerand the major isotop&3Cr+ and>Fe" can readily be separated
different trace elements. For example, occupational exposurefrom the interferences ArCand ArO".6
to certain pairs of metals (e.g., Pb and Cu, Pb and Fe, or Fe This paper describes methodology that combines these recent
and Cu) causes a much higher incidence of Parkinson’s diseas@advances in ICP-MS with chromatographic separations for the

than exposure to any of the individual metals studiehd study of inorganic ions directly in biological samples. Size
selenium plays a role in the metabolism of iodine in thyroid exclusion chromatography (SEC) is chosen for these initial
hormones. experiments because it operates near physiological pH and does

With modern instrumentation for atomic spectroscopy, the not require organic solvents that might denature the biological
total amount of ultratrace elements in biological specimens can molecules or otherwise remove the metals of interest. The SEC
generally be determined on a multielement basis. Preparationcolumn is robust and can tolerate repeated injections of a
difficult sample such as serum. The ICP-MS measurement then

* To whom correspondence should be addressed. Phone: 515-294-9462

Fax: 515-294-5233. E-mail: rshouk@iastate.edu. identifies the element(s) present in particular chromatographic
T Ames Laboratory. _ peaks. Such combinations of chromatography and ICP-MS are
f Transgenomic CETAC Technologies Inc. presently considered the preferred general method for the

8 Present Address: Finnigan MAT GmbH Barkhausenstrasse 2 D-28197
Bremen Germany. measurement of the molecular forms of trace elements.

(1) (a) Chem. Reiews 1996 96, November issue on bioinorganic SEC has been used previously for ICP-MS with low-
enzymology and metalloenzymes. (Ingce Elements in Human Nutrition  resolution mass analyzetsThe main new aspects of the present

and Health World Health Organization: Geneva, Switzerland, 1996. . . P .
(2) (@) Clark, L. C.. Coombs, G. F.. Turnbull, B. W.; Slate, E. H.: work include (a) improved sensitivity and spectral resolution

Chalker, D. K.; Chow, J.; Davis, L. S.; Glover, R. A.; Graham, G. L.; Gross, prOVide by the magnetic Seth)r MS and (b) Turther improvg-
E. G.; Krongard, A.; Lesher, J. L.; Park, H. K.; Sanders, B. B., Jr.; Smith, ments in sensitivity and reduction of spectral interferences via

C. L.; Taylor, J. RJ. Am. Med. Assod 996 276, 1957. (b) Colditz, G. A. : At
3 Am. Med. Assod 096 276, 1984. (©) Ip. C.. Ganther. H. E. In Novel the use of microscale nebulization and solvent removal for

Strategies in Selenium Cancer Chemoprevention Resear&elémium in (5) Arthur, J. R.; Beckett, G. Roles of Selenium in Type | lodothyronine

Biology and Human HealtiBurk, R. F., Ed.; Springer-Verlag: New York, 5'-Deiodinase and in Thyroid Hormone and lodine MetabolisnSelenium

1994, Chapter 9. in Biology and Human HealthBurk, R. F., Ed.; Springer-Verlag: New
(3) Taylor, E. W.; Ramanathan, C. S.; Jalluri, R. K.; Nadimpalli, R. G.  York, 1994, Chapter 5.

J. Med. Chem1994 27, 2637. (6) (a) Bradshaw, N.; Hall, E. F. H.; Sanderson, N.E.Anal. At.
(4) Gorell, J. M.; Johnson, C. C.; Rybicki, B. A.; Peterson, E. L.; Kortsha, Spectrom 1989 4, 801. (b) Feldmann, I.; Tittes, W.; Jakubowski, N.;

G. X.; Brown, G. G.; Richardson, R. Bleurology1997, 48 650. Stuewer, D.; Giessmann, U. Anal. At. Spectroni994 9, 1007.

S0002-7863(97)03597-X CCC: $15.00 © 1998 American Chemical Society
Published on Web 05/29/1998



5794 J. Am. Chem. Soc., Vol. 120, No. 23, 1998 Wang et al.

introducing virtually all of the column effluent into the ICP.  weights, and the elements monitored are thyroglobulin (670 000
The type of information provided by these capabilities is then g/mol or 670 kDa, 1), apoferritin (440 kDa, Fe, Cu, and Zn),
illustrated for several elements of current interest in proteins S-amylase (200 kDa, Cu), alcohol dehydrogenase (150 kDa,
and DNA. Zn (150 kDa, Zn), and carbonic anhydrase (29 kDa, Cu and
Instrumentation. The major instrumental components are Zn).
(a) the SEC colum#,(b) the microconcentric nebulizer and These pure proteins yield individual peaks with a width of
desolvation systerfi(c) the ICPI° and (e) the magnetic sector 3040 s at the base for a chromatographic resolutior bi0.
MS.!1 The components and key operating conditions are Thus, the column and sample introduction system are capable
identified in the appropriate footnotes. The compounds of of reasonable chromatographic resolution if a relatively simple
interest are separated by SEC and injected on-line as discrete&sample is injected. In particular, the extra dead volume added
bands into the nebulizer. This particular nebulizer is designed by desolvating the aerosol does not compromise the chromato-
for use at low liquid flow rates (typically 36150 uL min~%); graphic peak shapes, at least when the bands from the column
it produces a mist of fine droplets that are efficiently transported are already fairly wide (3640 s). Heating the aerosol in the
out of the spray chamber. These droplets are then dried, anddesolvation system can cause either memory or loss of volatile
most of the solvent is removed by a condenser. Desolvation elements such as Hg and Os, however.
has been shown by others to improve ion transmission dramati- The observations that (a) these calibration mixtures yield
cally for this type of ICP-MS device compared to the sensitivity single, sharp chromatographic peaks and (b) the retention times
obtained when the sample is introduced as wet aerosol dréplets. for the various calibration proteins fall on the same straight line
The dry aerosol particles from the sample then enter the hot\nen plotted vs molecular weight indicate that the SEC
argon ICP where they are converted into atomic ions. These separation did not remove the inorganic elements from the
ions are extracted through a molecular-beam sampling systeMproteins. We also injected blanks containing EDTA-dtmM
and analyzed by a reverse geometry double focusing massseveral times to see if inorganic elements are retained by the
analyzer. column. Such elements could then be removed from the column
Two resolution settings were used for the mass analyzer. At by proteins in subsequent injections and appear falsely to be
low resolution, the peaks are flat-topped with a width of pound to proteins in the original sample. Iron was the only
approximately 0.2 mass unit at the base of the peak. The glement that gave a substantial chromatographic peak from the
nominal value oftVAm is 300, whereAm is the peak width.  EDTA injections, and even that Fe peak was at a lower level
At medium resolutiontYAm = 3000), the narrower slits and  than those seen from the serum or DNA samples. Thus, we
the scanning process reduce the signal to about 10% of thathelieve the peaks shown below actually represent binding of
obtainable at low resolution, so medium resolution is used only the elements of interest to proteins or DNA in the original
for elements such as Fe and Cr that suffer from spectral samples and are not merely due to artifacts of the SEC
interference from polyatomic iorS. separation. Some elements (notably Pb) do produce an elevated,
SEC Separations. The retention behavior of the SEC  continuous background, however, as discussed below.
column is calibrated by analyzing synthetic samples of pure Samples. A human serum standard reference material was
proteins known to contain particular elements. Large proteins i-ined as a freeze-dried soltl1.00 g was dissolved in 0.1
of high molecular weight are not retained and elute first, \ yis—Hcl buffer in deionized water, as directed by NIST.
followed by smaller proteins; compounds with low molecular 1o pH of this reconstituted serum solution was approximately
weights elute last. The calibration proteins, their molecular 7 - ajthough this standard reference material was not intended
(7) (@ Shum, S. C. K.; Houk, R. $nal. Chem 1993 65, 2972. (b) for use as either a protein or a trace metal standard, it was used

\Clﬁver%en. B-|:_|Bél\l/|me§, t?- '\AF?ai-: Cc\flfﬂl’l }19521& 63|, 2?1?5 g(g)ﬁ\;VGGHA;gL-(C'\ﬂ- for the present work because it is readily available and can be
., Crews, R. M.; Autton, R. C.; alsn, Aanalys f . : P :

Owen, L. M. W.; Crews, H. M.; Massey, R. C.; Bishop, NAhalyst1995 handled Wlth. mmlmal precautions. . .
120, 705. DNA restriction fragments were obtained commerciafly.

(8) SEC conditions for protein separations (Figuresdl GPC 300 The DNA solution contained a range of fragments from 8

column (SynChrom Inc., 2 mm i.dk 25 cm long), eluent aqueous tris . -
HCI buffer (0.1 M) at 10Q:L/min, pH 6.9. Conditions for DNA separations (molecular weight (MW)~5 kDa) to 587 base pairs (MW387

(Figures 5 and 6): packing from GPC 300 column removed and packed KDa). It was diluted 1/50 in 25 mM tris buffer to a final
into PEEK column by Keystone Scientific, Inc. (2 mm ixl.25 cm long), concentration of 5 ppm DNA. This solution also contained 20

same eluent with tris buffer at 0.025 M and 1 mM EDTA. The injection uM EDTA that had been added to the original DNA sample

volume was ulL. . . . . - ’
(9) MCN jﬁd desolvation conditions: MCN (Transgenomic CETAC 1he molecular weight cahbra’uon; derived for. the proteins were

Technologies) with a single pass conical spray chamber, aerosol gas flowassumed to be at least approximately valid for these DNA

rate 0.7 L mirm%, makeup gas flow rate 0.3 L mi#, heater temperature fragments.

140 °C, condenser temperature°G.

(10) ICP conditions: outer gas flow rate 14 L mipauxiliary gas flow The ICP prOduce}:’ _primarHY_ singly charged atomic_ ions,
0.8 L min™, forward power 1.25 kW, sampling position 10 mm from load  regardless of the original species in the sample solution. In
coil, on center. the subsequent discussion, the ions observed by the mass

(11) MS conditions: along with the ICP conditions, ion lens voltages t t d ted bv citing the isot itored. which
etc. were adjusted to maximize the signal for analyte ions from standard SPECIFOMEter are denoted by Ciing the 1Sotope monitored, whic

solutions injected postcolumn before the chromatographic experiments. Thedistinguishes the ions formed in the ICP from those present in
accelerating voltage was nominally 4095 V. the sample solution. For exampf&Pb" is detected with the

(12) Hutton, R. C., personal communication, 1996. : ; :
(13) Them/z value transmitted during a chromatographic peak can be mass spectrometer from either free?Pions in solution or Pb

readily changed in the low resolution mode by changing the accelerating bound to proteins in the sample.
voltage with very little dead time between such hops. In the present work,  Metal lons in Proteins from Human Serum. Element-

this electrostatic peak switching procedure is generally done over a limited - P
mi/z range at a fixed magnetic field setting, although both the accelerating S€/€Ctive chromatograms for Zn, Cu, and Pb are shown in Figure

voltage and magnetic field strength can be switched in tandem. In medium 1A. The concentrations corresponding to the largest peaks are
resolution, the magnetic field is kept at a preset value corresponding to the
middle of the mass region of interest. The accelerating voltage is then  (14) Standard reference material 909a, Freeze-Dried Human Serum,
scanned and the resulting chromatogram is reconstructed for the ions ofNational Institute of Standards and Technology (NIST).

interest. (15) PBR322 Haelll digest, Boehringer Mannheim.
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Figure 1. Element-selective chromatograms fézZn*, Cu*, and2°®Pb* (a) and!‘Cd" (b) on proteins from a single injection of NIST 909a

human serum. Approximate molecular weights of the measured protein fractions are indicated on the figures. Concentrations for the largest
chromatographic peaks are estimated to3ppb for Zn, 1 ppb for Cu, 0.2 ppb for Pb, and 90 ppt for Cd. Spectral resol&ti800. The GPC

columr? was used for Figures-14.

estimated in the captions to the figufgsThe initial parts of 3000 80 kDa
these chromatograms show flat baselines, which have been
deleted to conserve space. The major portions of these elements
are bound to proteins that elute in a retention window from
300 to 360 s, which corresponds to a molecular weight range
of 200 to 20 kDa. The maximum of the SEC profile for these
elements is at 70 to 80 kDa, which is roughly the molecular
weight of albumins, the most abundant proteins in serum.
Copper and zinc also produce a small peak from large protein(s)
at ~600 kDa.

There is a substantial background #&Pb", which is actually
Pb" ions from the column, buffer, and/or tubing. Despite the
dip in the2%8Pk" background and signal at 380 s, there is a hint
of a small peak for “free” Pb, perhaps b at 400 s.
Alternatively, this latter Pb chromatographic “peak” could
represent a small<{(10 kDa) Pb-binding protein found previ- 500 1
ously in erythrocyted? There is significant environmental and
toxicological interest in determining what fraction of the Pb in L
blood and serum is free or is bound to cells or proteins. 0

These measurements show that nearly all the Cu and Zn and
most of the Pb in serum are bound to proteins. In these and Time(s)
subsequent chromatograms, the SEC peaks shown from serum
are generally wider than those seen from pure proteins, probablyFigure 2. Chromatograms fof*’Th* and?*®U* on proteins in NIST
because each SEC peak from serum represents a number o909a human serum. Concentrations for the largest peaks Zugpt
proteins. The chromatographic resolution provided by this SEC for Th and 1 ppt for U. Spectral resolutica 300.

column is not capable of complete separations for such a The Cd chromatogram shown in Figure 1B was obtained
complex sample as human serum. Also, the relative peak during the same injection and elution cycle as that in Figure
heights for different elements in the chromatograms do not 1A, The two!4Cd" chromatographic peaks correspond to Cd
directly reflect the relative concentrations. bound to proteins at-600 and 80 kDa. There is little or no
16) These estimates are based on the typical sensitivity of the instrument“free" Cd. Traditionally, Cd, Cu, and Zn have been thought to
for(thg isotopes monitored. They have r?/gt been derivgd from rigorous be stored in metallothioneirt$. However, parts A and B in

calibrations and are provided primarily for the general information of the Figure 1 show that chromatographic peaks in the appropriate

reader. These estimates are not meant to represent accurate, quantitativenolecular weight range for metallothioneins {0 kDa) are
measurements of concentration.

50 kDa
2500 1
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(17) (a) Bergdahl, I. A.; Schutz, A.; Grubb, A. Anal. At. Spectrom (18) (@) Suzuki, K. T.; Imura, N.; Kimura, MMetallothionein I}
1996 11, 735. (b) Lolin, Y.; O'Gorman, PAnn. Clin. Biochem1988§ 25, Birkhauser Verlag: Basel, Switzerland, 1993. (b) Stillman, M. J.; Shaw,
688. (c) Church, H. J.; Day, P.; Braithwaite, R. A.; Brown, SJSInorg. C. F., lll; Suzuki, K. T. Metallothioneins: Synthesis, Structure and

Biochem 1993 49, 55. (d) Raghavan, S. R. V.; Culver, B. D.; Gonick, H.  Properties of Metallothioneins, Phytochelatins and Mefghiolate Com-
C. Environ. Res 198Q 22, 264. plexes VCH: New York, 1992.
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Figure 3. Chromatogram foP?Cr" in proteins from NIST 909a human serum, spectral resolutoB000. The inset shows the mass spectral
separation betweetiCr™ and“°Ar2C*. The Cr concentration in the largest peak-i6.1 ppb.

certainly not prominent and may not be present at all. Either 7000
these elements are not stored in metallothioneins in serum, or 140 kDa
the metallothioneins are bound to other, larger proteins. 6000 -

Another chromatogram for U and Th obtained from a different
injection of serum is presented in Figure 2. Three distinct
fractions containing Th are observed at the molecular weights
shown. The major Th fraction is at80 kDa, as is the case for
U. There is some U bound to either small proteins or other
small molecules as well.

For the elements shown previously, spectral interferences are
not severe, so low resolution (i.e., wide slits in the MS) is used
to provide maximum signal. Chromium is a different matter
because of spectral overlap wittAr'?C*, as indicated in Figure
3. A mass scan done at medium spectral resolution during
elution of the first Cr chromatographic peak is depicted in the
inset to Figure 3. Spectral resolution of 3000 is sufficient to
separat@Crt from 4°Ar12C*. Not only is the signal from Ar€
much larger than that frof¥Cr*, but the ArC' signal increases
when proteins elute because they put more carbon into the
plasma than the eluent alone. Thus, measurements at low .
spectral resolution would not suffice for the measurement of Time(s)
>2Cr* unless some other means was employed to removeé ArC  gigure 4. Chromatogram fof?Se” in proteins from NIST 909a human
Figure 3 also presents the reconstructed chromatogram forserum, spectral resolution 300. The Se concentration in the largest
52Cr*, which shows Cr in two protein fractions at140 and 10 peak is approximately 40 ppb.

kDa. scribed in Figures 13, with lower concentrations for some
The reader should note that none of these elements have beeglements, notably Cr and Th.

spiked into these serum samples. The signals shown represent Selenium in Proteins from Human Serum. Selenium is

the ambient levels of these elements in the samples as analyzetone of the most difficult elements for ICP-MS in that the
It is possible that these reference serum samples were contamiionization efficiency is low and the most abundant isotopes
nated, either in production, during storage, or by us when they suffer from spectral overlap with the background ionAMWe
were redissolved. If so, the chromatograms still show that the therefore us€2Se" at low spectral resolution despite possible
extra trace metals added as contaminants bind to proteins. Weoverlap with82Kr*, a common contaminant of the argon used
have done some confirmatory experiments with fresh serum andto operate the plasma. Fortunately, the total Se concentration
found chromatographic binding patterns similar to those de- in serum is fairly high, typically 90 ppb or moté.
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Figure 5. Chromatograms fol*“Cd*, 2%%Pht, 56Fet and>*Mn* bound to DNA restriction fragments. For Cd and Pb, spectral resoluti800; for
Fe and Mn, resolutior= 3000. These metal ions are impurities in the samples or solvents, not spikes. Concentrations are roughly 12 ppb each for
Fe, Mn and Pb and 50 ppb for Cd. The homemade PEEK cdluvas used for the results shown in this and the final figure.

A selenium chromatogram obtained in this fashion is shown at substantial levels~10 ppb) in these DNA solutions, much
in Figure 4. Most of the Se is bound to three distinct protein more so than in proteins from human serum. All the Co was
fractions in the molecular weight ranges 760, 140, and 80 kDa. bound to DNA. This latter observation is of interest because

Some Se in small molecules also elutes after the proteins at aof other studies that show that cobalt ions bind readily to
retention time 0f~390 s. phosphodiesters similar to DN#A.

The main selenoproteins that have been characterized are Reactions and Binding of Cr(V1) and Cr(lll) with DNA.
glutathione peroxidase (85 kDa), extracellular glutathione per- TEree c_hroFmatogram%f]or g’r\IZ‘t m?dl_um speﬁtrj\l resolutlﬁn are
oxidase (92 kDa), and selenoprotein P (three forms, 74, 61, orShown In Figure 6. € solution itseff does not have
57 kDa)® We see a chromatographic peak-a80 kDa that appreuable levels pf Cr, as shown by thg dqtted basellme in
could correspond to these species, in addition to peaks from Figure 6A. One aliquot of the DNA solution is then spiked

two other, larger protein fractions that either contain selenium with CrQ,” , I.e., the probable form of Cr(V1) at pH 7, which
. > larger p is the pH of the sample. A second aliquot is spiked witfCr
or bind selenium molecules.

The two spikes contain equal numbers of Cr atoms. Chromium
With this system, calcium in serum elutes as a single from the CrQ?~ spike is observed bound to DNA (Figure 6A).

chromatographic peak at about 320 s. THd&r4*Ca’ could Most of the Cr from the G spike also binds to DNA (Figure

contribute slightly to the chromatographic peaks labeled 140 6B), with a small subsequent peak for Cr bound to small

and 80 kDa in Figure 4. None of the other chromatographic molecules.

peaks in Figure 4 are caused by this polyatomic ion. Other experiments show that the oxoanion M&Oshows
Binding of Metal lons to DNA Fragments. Element- little tendency to bind to these DNA fragments, as expected if

selective chromatograms are shown for four elements in athe main metal binding sites are the negatively charged

solution of DNA restriction fragments in Figure 5. In the first Phosphate groups. Thus, the original GtOin the spike

frame (Figure 5A), chromatographic peaks for Pb and Cd occur (Figure 6a) has been converted into a cation, otherwise the Cr

at retention times that correspond to the elution of DNA from it would not bind to DNA22 One possible half reaction

fragments in the molecular weight ranges4l kDa. These  Would be

peaks represent the ambient concentrations of these elements

in the DNA, solvent, and buffers; none of these elements have Cro”” +8H"'+3e —Cr*" +4H,0

been spiked into the samples. The chromatograms illustrate

that these toxic elements are completely bound to DNA, at leastIf CrO42~ has been reduced, some other component of the

at the trace levels encountered here. solution has been oxidized, most likely the DNADxidation

The other frame of Figure 5 shows that Fe and Mn also Of DNA in this fashion is one possible process responsible for
readily bind to DNA; Mn binds to larger fragments than does Ccarcinogenesis by Cr(Vf} Rather than oxidize DNA directly,

Fe. Three or four different size fragments containing Fe areé ™51y ) Barton, J. K. Metal-Nucleic Acid Interactions. Bioinorganic
partially separated by the SEC column. Medium spectral Chemistry Bertini, I., Gray, H. B., Lippard, S. J., Valentine, J. S., Eds.;

resolution is necessary here to Sepaﬁgt-@r from 40Arl6O+ University Science: Mill Valley, CA, 1994; pp 482 and 486. (b) Jones, D.
. R.; Lindoy, L. F.; Sargeson, A. Ml. Am. Chem. Sod984 106, 7807. (c)
and is helpful for the measurement of Mn. We also found Co Ggjiman, S. H.: Petter, R.: Breslow, R.Am. Chem. Sod986 108, 2388,
(d) Chin, J.; Zhou, X.J. Am. Chem. Sod 988 110, 223. (e) Morrow, J.
(19) Nixon, D. E., personal communication, 1996. R.; Trogler, W. C.Inorg. Chem 1988 27, 3387.
(20) Burk, R. F., Ed.Selenium in Biology and Human Health (22) Hneihen, A. S.; Standeven, A. M.; Wetterhahn, KCBrcinogenesis
Springer-Verlag: New York, 1994. 1993 14, 1795.
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Figure 6. Chromatograms fo?Cr* from unspiked DNA fragments (baseline at bottom of frame a), DNA fragments spiked witi CatC83 ppb
(a) and DNA fragments spiked with €rat 66 ppb (b). Spectral resolutica 3000.

chromate in actual biological systems could alternatively oxidize other metals are observed bound to proteins, even those elements
other compounds to produce reactive species such,a0 normally considered toxic. For most elements, the main protein
OH, which then oxidize DN&324 The present work shows fraction containing metals is around 80 kDa (e.qg., Figure 1A),
that the Cr cation formed (probably but not necessaril§Cr  which probably corresponds to serum albumins.

can bind to DNA during or after the oxidation of DNA. 4. Trace metal cations readily bind to DNA fragments. The

Cr from a spike of Cr@?~ also binds to DNA fragments, which

indicates that the Cr(VI) has been reduced while the DNA has

probably been oxidized. Such measurements are straightforward

at Cr levels of~50 ppb and could probably be performed at
The main results of this Study can be summarized as follows: concentrations down near the physi0|ogica| and present regu|a_
1. Even though the chromatographic separation dilutes thetory levels of Cr(VI) of ~1 ppb.

sample, ICP-MS with a magnetic sector instrument can observe 5 | principle, the ICP-MS device can measure several

many elements at ambient levels in human serum and providesgjements in the same molecules. This capability would be useful

the spectral resolution necessary to measure Cr and Fe usingo, ijentifying enzymes that contain ions from different ele-
their major isotopes. ments

2. Most of the metals studied remain bound to the biological 6. The purity of the blanks remains a problem at these
molecules during the chromatographic separation. Thus, SEC _ . .

i o . . concentrations, especially for Pb. Completely metal-free chro-
provides a “soft” chemical separation that does not remove the matoaraphic svstems are advisable. ie. no stainless steel
metals from the proteins or DNA fragments. Eventually, better colun?nsp Howgver even if the sam Iés .ar”e contaminated with
chromatographic separations (probably by an additional, dif- e ’ P .

additional metals at modest levels, the proteins and DNA

ferent separation mechanism such as ion exchange, affinity]c herei dilv bind th |
chromatography, or electrophoresis) or an additional spectro- ragments present therein readily bind the excess metals.

scopic measurement (such as electrospray MS) will be necessary A number of valuable measurements should be possible based
to identify individual proteins in samples of this complexity. 0n the high selectivity and sensitivity of this general analytical
The authors expect that SEC will continue to be valuable as amethod. These include the following: (a) estimation of the
preliminary fractionation and desalting step, followed by a strength of binding of the inorganic elements by addition of
different separation procedure that has been fine-tuned tocomplexing reagents with known binding constants, followed
optimize chromatographic resolution for a particular set of by chromatographic separation of the products, (b) comparison
compounds. of binding patterns for metals in proteins that have had the
3. In human serum, alkali metals (Cs, Rb, Li, and also TI) disulfide bonds broken or have been denatured, and (c) spike
are observed as free metal ions, while the alkaline earths Baexperiments in which a tracer in a particular oxidation state (e.g.,

Conclusion

and Sr are mostly free ions with some bound to prot&indost Mn2t) can be followed into particular biomolecules. Some such

studies should be possible more or less directly on biological

(23) (a) Misra, M.; Alcedo, J. A.; Wetterhahn, K. Earcinogeneid 994 liqui r on extr from ti with he | ri isolation
15, 2911. (b) Dudek, E. J.; Wetterhahn, K. Het. lons Biol. Med1994 quids or on extracts from tissues t.OUtt e laborious isolatio

3, 175. procedures normally employed, which may themselves con-

(24) (a) Katz, S. A.; Salem, HBiological and Emironmental Chemistry taminate or alter the metal binding characteristics of interest.

of Chromium VCH: New York, 1994; p 89. (b) Molyneux, J.; Davies, M. Alternatively, the isolation procedures already developed can
J. Carcinogenesid 995 16, 875. y: P y P

(25) Wang, J.; Houk, R. S.; Dreessen, D.; Wiederin, D.Iforg. now pe applied to very small samples. These types of
Biochem, in preparation, 1997. experiments are currently underway in our laboratory.
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