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Abstract

A new method for detecting DNA-protein cross-links involving selective
precipitation of DNA containing cross-linked proteins by k -sodium

dodecyl sulfate was utilized in the peripheral WBC of 21 male metal arc
welders and in 26 male controls of similar age and racial characteristics
who were not exposed to welding fumes. DNA was quantitated by Hoechst
fluorescence. Although the concentration of nickel and chromium in the
peripheral blood did not differ between subjects in the two groups, one-
fourth of the welders had levels of DNA-protein cross-links that were
above the upper limit of the controls. Mean cross-link values were 1.85
1.14', (SD) among the welders and 1.17 Â±0.46% among the controls, a
58% statistically significant difference (/' = 0.01). Thus, many welders

appeared to be burdened with an excess of DNA-protein cross-links, sug
gesting exposure to cross-linking agents and, possibly, a detectable biolog

ical effect of potential genotoxic consequences.

Introduction

Protein-DNA interactions have been implicated in almost every

aspect of gene expression and inheritance ( 1). Disruption of the fine
tuning in the interactions of chromatin proteins together and with
DNA can have serious genetic consequences (2). Proteins, either alone
or bound with other proteins, interact with specific DNA sequences to
turn genes on or off (3). These interactions are reversible and nonco-

valent. At the same time, DNA contains a number of proteins and
peptides that are covalently anchored (4). These proteins are very
important in chromatin structure and also represent important en
zymes such as topoisomerases (5). What would happen if a chemical
agent caused regulatory proteins that normally do not covalently bind
to DNA to become covalently cross-linked with DNA or structural
proteins such as actin which do not function as DNA-binding proteins
to become cross-linked with DNA at sites where the normal structural
matrix proteins interact. The cross-linking of actin to DNA has been
reported following chromate treatment of cells (6, 7). This cross-link

involves trivalent chromium bound to the phosphate backbone of
DNA and linked to proteins, such as actin, through amino acid-

reactive groups such as the imidazole nitrogen of histidine or the
hydroxyl group of tyrosine (8).

Nickel also produces DNA-protein cross-links (9, 10) but differs
from chromate in that it catalyzes the formation of cross-links

(through the formation of oxygen radicals) rather than participate
directly in the cross-links (11). Nickel is interesting in that it can be

oxidized and form oxygen radicals only subsequent to its binding to
certain ligands, such as the imidazole nitrogen of histidine (6). Thus,
chromatin-binding proteins could serve as receptors for nickel binding
and subsequently, become cross-linked to DNA by oxygen radicals
generated with the bound Ni2+ (11, 12). Since many DNA-binding
proteins require Mg2+ and since Ni2+ is an excellent antagonist of
Mg2 +, Ni24 while bound at magnesium-binding sites could affect

Received 10/12/92; accepted 12/4/92.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

1This work was supported by Grant ES 04895, ES 04715. ES 05512 and ES 00260

from the National Institute of Environmental Health Sciences and by Grant R 814702 from
the United States Environmental Protection Agency.

2 To whom requests for reprints should be addressed.

normal DNA-protein binding or cause cross-linking of the protein to
DNA. The formation of inappropriate covalent DNA-protein cross

links can disrupt gene expression and chromatin structure and can also
lead to deletion of DNA sequences during DNA replication, since
these lesions are not readily repaired (13, 14). DNA-protein cross

links are one of the primary lesions induced in cells exposed to nickel
and chromium compounds (15, 16).

A problem with the DNA-protein cross-link lesion is that it has not

been extensively studied because simple sensitive assays for its de
tection have not been developed. We have modified a potassium-SDS3

assay originally developed to detect topoisomerase DNA complexes in
such a way that we can detect DNA-protein cross-links in intact cells

more efficiently and with sensitivity equivalent to that in previous
methods (17). The most popular method for detection of DNA-protein
cross-links was alkaline elution, which is a complex and time-con

suming procedure allowing the assaying of only a limited number of
samples in a few days ( 18). With our assay, we can potentially mea
sure up to several hundred samples in a few hours (17). We have
previously shown that the new assay could detect DNA-protein cross
links induced by chromate, cw-platinum, and formaldehyde in cul

tured cells and in WBC of rats and mice exposed to chromate by i.p.
injection (17).

Welders are exposed to fumes that contain a variety of oxides and
salts of metals (19). Fumes from stainless steel and other alloys
contain chromium and nickel compounds in high concentrations, con
siderably higher than that of mild steel. Welding fumes are retained by
the lungs and are released slowly, thereby contributing to the elevated
concentrations of chromium and nickel that have been observed in the
blood and urine of stainless steel welders (19-21). Although the

evidence suggesting that exposure to welding fumes may be carcino
genic to humans is modest, there is ample evidence indicating that
chromium and nickel are human carcinogens by inhalation (19).

We have sought to evaluate the feasibility of utilizing the DNA-
protein cross-link assay in peripheral WBC to detect human exposure

to both chromium and nickel compounds in occupational environ
ments. We report here the results of a first exploratory study among
railroad welders who are occupationally exposed to small amounts of
chromium and nickel through the inhalation of welding fumes.

Materials and Methods

Venous blood was withdrawn into heparinized Vacutainer tubes. WBC were
immediately isolated by using selective lysis of erythrocytes by ammonium
chloride. The resulting cell pellets were resuspended in storage medium (70%
minimum essential medium. 20% bovine fetal serum, 10% DMCO) and placed
at -70Â°C. Frozen cells were transported to the laboratory on dry ice. After

thawing, cells were washed twice in ice-cold phosphate buffered saline and

resuspended in the same buffer at 10 to 20 million cells/ml.
The method utilized to detect DNA-protein cross-links was a modification

of published procedures for quantitating covalent complexes between DNA
and topoisomerases I and II (22, 23). The assay was based upon the binding of
SDS to proteins and its lack of binding to DNA. Addition of potassium chloride
to SDS solution resulted in the formation of a potassium-SDS precipitate which
was easily recovered by low-speed centrifugation. Binding of SDS to proteins

1 The abbreviation used is: SDS, sodium dodecyl sulfate.
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cross-linked to DNA led to the selective precipitation of DNA containing a
cross-linked protein upon addition of potassium chloride. Protein-free DNA
and protein-hound DNA. therefore, were easily separated since free DNA
remained in the supernatant while protein-linked DNA was precipitated with

the prolein-hound SDS when the cation was changed from sodium to potas

sium. Fig. 1 depicts the principle of the method utili/ed. Thus, the amount of
DNA in the SDS pellet was a direct measure of DNA-protein cross-links.

Successful quantitation with this assay required mechanical fragmentation of
DNA to a homogenous si/e (see Fig. I ). This was accomplished by a series of
pipeting procedures yielding DNA fragments of roughly 25-kilobase for human
cells. The SDS precipitation assay for DNA-protein cross-links was as previ
ously described (17). including 2-3 blank tubes (cell free containing 1(X)ug

bovine serum albumin). The final SDS potassium precipitate was resuspended
in I ml of I(K) IHMKC1-10 imi Tris-HCI (pH 7.5) followed by the addition of

proteinase K to a final concentration of 0.2 mg/ml. and the suspension was
placed for 3 h at 50Â°Cwith occasional shaking. SDS was precipitated by

chilling the samples on ice and I(K) pg bovine serum albumin were added to
each sample to facilitate precipitation. The SDS precipitate was collected by
H).(XX)x K centrifugaron for IO min at 4Â°C.

The supernatant containing DNA was transferred to 12 X 75-mrn borosil-

icate disposal culture tubes (Fisher Scientific. Pittsburgh. PA) and mixed with
1 ml of freshly prepared Hoechst dye reagent (200 rig/ml; Sigma Chemical Co.,
St. Louis. MO) in 20 imi Tris-HCI (pH 7.5). The tubes were briefly vortexed
and allowed to stand for 20-30 min in the dark. To determine the total amount
of DNA in the samples, the cells were lysed in 1 ml of 2 M NaCI-20 imi
Tris-HCI (pH 7.5). vortexed. and then mixed with the fluorescent reagent.

Because of poor stability of Hoechst stock solution, the fluorescent activity of
the samples were routinely monitored with standard DNA probes. To oblain
maximal sensitivity, a freshly prepared stock of Hoechst solution was used.
Fluorescent measurements were made by using Model 450 digiial fluorometer
(Sequiola-Turner Corp.. CA) with NB360 excitation and SC450 emission

filters.

Results and Discussion

We studied 21 railroad arc welders and 26 unexposed controls.
Exposed and controls were comparable in age and cigarette-smoking
habits (Table I ). Two welders and five controls were Afro-Americans;

all others were Caucasians. Welders had been exposed full time to
welding fumes from mild steel welding on railroad tracks or in rail
road shops for 6 or more months. None reported exposure to stainless
steel welding in recent time. The controls were office workers, field
railroad workers in supervisory positions, union representatives, jan
itors, and laboratory technicians. Despite some overlap (Fig. 2), levels
of DNA-protein cross-links were more elevated among the welders

11.85 Â±I.l47r (SD)| than the unexposed controls 11.17 Â±0.46%), a
statistically significant difference (P = 0.01). Of the 21 welders, 5
(24%) showed cross-link values above the upper range of the controls
distribution (2.33%). Cross-link values did not seem to vary according

to age, smoking status, body weight, or race.
Chromium and nickel levels were measured by atomic absorption

spectroscopy in the blood of all controls and welders. Nickel levels
were not elevated in welders compared to controls. There was a slight
elevation of chromium levels in the blood of welders; however, this
was not statistically significant and nickel or chromium levels in
general were at levels that were barely detectable by atomic absorp
tion. We did not expect a high level of exposure to chromium because
we did not include stainless steel welders in our study. Nevertheless,
we did observe increased cross-linking but are unsure of the agent
involved. A previous study has also shown some elevation of DNA-
protein cross-links in lymphocytes of welders as detected by alkaline

elution (24).
The relationship between a genetic lesion and a tumor is difficult to

establish. However, in view of the fact that loss of DNA is becoming
an important genetic consequence in many different types of tumors
and the realization that tumor suppresser genes, such as RB gene. p53
and other genes maintain normality of cells and that their inactivation
may come about as a result of deletions of DNA sequences (25), as
well as other mechanisms such as point mutations (25), the presence
of a protein covalently bound to DNA is certainly an impediment to
replication of DNA and will likely lead to deletions if not repaired. An
excellent model system for these types of genetic consequences was
illustrated in the Chinese hamster X chromosome where the long arm
of the X chromosome which was entirely heterochromatic. exhibited
selectivity in the interactions of Ni2 ' ions (26, 27). This X chromo

some became highly decondensed following treatment with nickel
compounds and over one-half of the male nickel-transformed cells

exhibited a deletion of the long arm of the X chromosome as their
primary chromosomal abnormality (26, 27). DNA-protein cross-links

produced by nickel in this chroinatin region caused a rather dramatic
example of deletions involving the whole q arm of the X chromosome,
nickel is thought to form DNA-protein cross-links catalytically by
oxidation/reduction reactions, perhaps interacting with chromatin-
binding proteins, such as transcription factors at Mg ' :-binding sites

(II. 12). These DNA-protein cross-links, along with selective pressure

of immortalization by deletion of a senescence gene in this region (28)

Frozen
Whole Cells

h'ig. I. Depiction ot the principle ot the assay l'or DNA-protein

cross-links. P-SDS. protein-hound SDS: P-KSDS. protein-hound
K--SDS.

Supernatant

Pellet

P-SDS

P -KSDS

IRHKSDS

p-SDS p-SDS

DNA Fragmented
to Homogeneous
Length by Careful

Mechanical Shearing

Protein
Precipitated

byK+

Protein
Associated

DNA

461

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/3/460/2452770/cr0530030460.pdf by guest on 19 M

ay 2023



DNA-PROTEIN CROSS-LINKS IN WELDERS

Table Selected characteristic* of study subjects and individual DNA-protein
cross-link levels in WBC

5.0 I-

Subject1234567891011121314151617181920212223242526123456789101112131415161718192021Age(yr)4863444050525647383442364141315651364435343945423035384439333539274339434136353739343553383738RaceAACCCCCCCCCCCCAAAAAAAACCCCCCCCCCCCAACCCCCAACCCCCCCCCCCCurrentsmoker(at

ControlsNNYNNNNNNNNYNYYYNYNNYYNNNY(ht

WeldersNNYYYYNYYNYNNNYNYNYNY%DPCMean"1.081.091.101.

10.931.11.982.20.881.55.551.041.661.491.361.02.99.65.422.33.97.621.021.78.951.591.771.021.44.652.08.612.864.194.881.082.032.81.941.431.252.971.012.071.151.071.63SD*0.180.250.060.210.240.250.100.770.140.130.060.390.220.590.360.240.15_0.140.630.190.030.120.330.080.470.250.090.530.170.310.130.262.460.160.300.40-0.120.250.290.210.110.370.250.600.39

" Average of 2â€”4assays in the same individual; for subjects 18 and 38, only one assay

was available.
*The coefficient of variation (the within-subject SD divided by the meanl was 33%.

led to the rather remarkable deletion of the entire heterochromatic q
arm of the male Chinese hamster X chromosome (26).

Additional studies have examined the chemistry of the DNA-pro
tein cross-links induced by nickel and chromium. Trivalent chromium
has been shown to cross-link certain amino acids present on proteins

to DNA by binding to the DNA phosphate backbone and complexing
with amino acids, such as tyrosine, histidine, threonine, and methion-

ine (8, 29). Cysteine was also substantially complexed to DNA by
trivalent chromium; however, most of the cysteine complexed to DNA
was not derived from protein but rather from glutathione, which also
was cross-linked to the DNA by trivalent chromium (29). Amino acids
involved in nickel cross-links have been studied and include tyrosine,
histidine, and cysteine as well. The structure of these nickel-induced
cross-links are likely to be similar to what has been described previ
ously for amino acid, DNA-protein crosslinks produced by radiation

and other oxygen radicals (30).
We are currently developing the methodology to study these spe

cific amino acids cross-linked to DNA in humans exposed to agents
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Fig. 2. Individual DNA-proiein cross-link values among 21 railroad welders and 26
controls. Box plots, 10th, 25th, 50th, 75th, and 90th percentiles as error bars; ,
mean.

that produce DNA-protein cross-links. In future work the examination
of specific amino acids that increased in their cross-linking with DNA
may yield additional assays and biomarker of exposure to cross-

linking agents, such as nickel and chromium.
Not only have we demonstrated that welders have an elevation in a

biomarker related to nickel and chromium exposure in the WBC but
the presence of this lesion in the WBC signals its probable presence
in other tissues as well, such as the lungs, which presumably received
considerably higher exposure than the peripheral blood cells. Thus,
welders were burdened with an excess of DNA-protein cross-links in
cells indicating not only a biomarker of possible exposure to cross-

linking agents (i.e., nickel and chromium) but the presence of a lesion
that may be an early indicator of other potential genotoxic conse
quences (i.e., cancer).
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