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ABSTRACT 

Chromium(VD-induced DNA-protein crosslinking is implicated in chromium 
Carcinogenicity. However, the mechanism of chromate-induced DNA-protein crosslinking 
has not been established. Based on the current literature and our preliminary data, we 
hypothesized that Cr(VI)-induced DNA-protein crosslinks may, in part, be due to 
generation of active oxygen species following the intracellular reduction of Cr(V1) and that 
antioxidants may ameliorate the genotoxic and carcinogenic effects of Cr(VI). We 
proposed to test our hypothesis with the following specific aims: 1) To characterize the 
DNA-protein complexes induced by the carcinogen Cr(VI) in MOLT4 cells, 2) To 
investigate the effect of Cr(VI) on "oxidative-stress status" of the cell, 3) To distinguish 
between proteins directly cross-linked by Cr(III) and those that are cross-linked oxidatively 
during intracellular Cr(VI) reduction, and 4) To identify major proteins that are complexed 
to DNA by Cr(III) or via oxidative mechanisms, in MOLT4 cells treated with chromate. 
Together, the proposed studies should provide new information regarding the mechanism 
of chromium genotoxicity and carcinogenicity. The identification of specific protein(s) 
involved in DNA-protein crosslinks may also provide an useful tool to develop biomarkers 
for assessment of chromium risk. 

The results of our studies indicate the following: 
(1) Characterization of chromate-induced DNA-protein complexes in MOLT4 cells: 

A selected group of non-histone proteins were found to crosslink to DNA upon chromate 
exposure. The subcellular localization of these proteins was found to be in the nuclear 
fraction, specifically in the nuclear matrix, suggesting the proximity of these proteins to 
DNA. Analysis of the stability of the crosslinks to disruptive chemicals and enzymes 
suggested that Cr(III) and sulfhydryl groups are partially involved in such complexes. 
However, resistance of some proteins to treatments such as EDTA, B-mercaptoethanol or 
thiourea, and their need for nuclease digestion to release them by fragmenting DNA 
indicated that those proteins may be covalently crosslinked to DNA via oxidative 
mechanisms. 

(2) Effect of Cr(VI) on the "oxidative-stress status" of MOLT4 cells: Chromate 
treatment of cells was found to not only decrease the level of low molecular weight 
antioxidants and antioxidant enzymes, but also induce the formation of active oxygen 
species, such as hydrogen peroxide. A mechanism for this hydrogen peroxide-inducing 
effect of chromate was proposed. A close correlation was observed between the cellular 
levels of oxidants and DNA-protein crosslinking following chromate exposure. 
Pretreatment of cells with antioxidants also illustrated correlative changes in chromate-



induced DNA-protein crosslinking and the cellular level of oxidants. Intracellular 
generation of reactive species of chromium, such as Cr(V), and generation of active oxygen 
species during the reaction of Cr(VI) and its reduced forms such as Cr(V) and Cr(II]), with 
its biological reductants were studied by EPR spectrometric techniques. Furthermore, 
exposure of cells to chromate was also found to induce protein oxidation and lipid 
peroxidation that were effectively suppressed by antioxidant pretreatment of cells, 
suggesting a role of reactive oxygen species, protein carbonyls and malonaldehyde in 
inducing DNA-protein crosslinking. 

(3) Detection of proteins crosslinked to DNA by direct participation of Cr(IIT) and 
via oxidative mechanisms upon chromate exposure of cells: Chromate-induced DNA- 
protein complexes that were formed by direct participation of Cr(III) were distinguished 
from those that were formed via oxidative mechanisms by using EDTA to specifically 
dissociate Cr(III) mediated crosslinks, and a-tocopherol succinate to suppress oxidatively 
crosslinked proteins, respectively. DNA-protein complexes induced by x-ray irradiation of 
cells and incubation of isolated nuclei with Cr(III) were used as positive controls for 
crosslinking of proteins to DNA by oxidative mechanisms and by Cr(IID), respectively. A 
common group of identical non-histone proteins were found to complexed to DNA by 
Cr(VI), CrcIII), and x-ray, however a 51 kD basic protein appeared to be predominantly 
crosslinked to DNA by participation of Cr(III), while a 49 kD acidic protein appeared to be 
primarily crosslinked by oxidative mechanisms. Chromate-induced DNA-protein 
crosslinks isolated from a-tocopherol pretreated cells exhibited an increase in the 
fractionation of DNA by restriction enzymes as compared to that isolated from cells treated 
with chromate alone, further supporting the involvement of oxidative mechanisms in the 
process. Formaldehyde, on the other hand, primarily crosslinked histones to DNA, 
indicating that specificity in protein-DNA crosslinking is dependent on the chemical nature 
of the crosslinking agent. 

(4) Identification of major proteins complexed to DNA upon chromate treatment: 
Attempts were made to identify the proteins that crosslink to DNA upon chromate exposure 
of cells by using antibodies to candidate proteins, and N-terminal sequencing followed by 
searching for their homology in GeneBanks. Actin, lectin, and aminoglycoside 
nucleotidyltransferase were identified as participants in chromate-induced DNA-protein 
crosslinking. 

(5) DNA protein complexes as a biomarker of exposure to chromate: Finally, 
DNA-protein crosslinks were detected immunologically by developing an antiserum to 
chromate-induced DNA protein crosslinks. The antiserum predominantly reacted with 
nuclear proteins, and DNA-protein crosslinks induced by Cr(VI), Cr(III) and x-ray, but 
reacted poorly with formaldehyde-induced DNA-protein crosslinks, further suggesting 
specificity in DNA-protein crosslinks induced by different crosslinking agents. The 
antiserum did not react with DNA-protein crosslinks isolated from control cells. 

Taken together, we conclude that DNA-protein crosslinks are caused by 
intracellularly generated Cr(III) as well as active oxygen species formed following 
exposure to Cr(VI). Hence, it appears that antioxidants may be useful in reducing the 
genotoxic and carcinogenic effect of chromium(VI) in human populations exposed to this 
toxicant. Participation of the three nuclear proteins, actin, lectin, and aminoglycoside 
nucleotidyltransferase, in chromate-induced DNA-protein crosslinks suggest that these 
proteins may be parts of chromatin structure. Since these proteins are crosslinked to DNA 
by chromate, they may be used as biomarkers of chromate exposure.
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Chapter I 

Introduction 

Metals and metallic compounds are among the ubiquitous environmental pollutants 

of our environment. The major problem associated with the metallic contaminants is their 

non-biodegradability. Chromium ts one of the 22 chemicals of specific interest to the 

Office of Solid Waste and Emergency Response (OSWER) and is one of the Priority List 

of Hazardous Substances identified by the Agency for Toxic Substances and Disease 

Registry (ATSDR) (Federal Register 57FR8801, 1992). It is a persistent environmental 

contaminant with human exposure occurring mainly through air, water, and food (1). The 

carcinogenicity of chromium compounds is well-established in humans, based upon 

epidemiological studies and extrapolation of carcinogenicity studies in experimental animal 

models (1). In addition to cancer, chromium compounds have been shown to cause 

nephrotoxicity, hepatotoxicity and immunotoxicity (2-4). Dermal and renal toxicity have 

also been reported in workers exposed to hexavalent chromium (5, 6). Chromium toxicity 

is aconcern because it has genotoxic effects and hexavalent chromium [Cr(V])] compounds 

are listed as Group-1 human carcinogens (1). However, the mechanism of Cr(VI)-induced 

carcinogenesis is not well established. 

According to the present day knowledge of carcinogenesis, some carcinogens 

induce a heritable change by affecting DNA. This subsequently leads to cancer (7). Cr(VD) 

compounds produce a variety of genetic lesions, including DNA-protein complexes (8, 9). 

Cr(VI) compounds have been shown to be more potent toxicants in genotoxicity and 

carcinogenicity assays as compared to trivalent chromium [Cr(II]] compounds. Cr(VI) 

compounds are actively taken into the cell by cells anion transport system (10) and are 

intracellularly reduced to the biologically more stable Cr(II]) form by intracellular enzymatic 

and non-enzymatic reductants (11, see for a review). Interestingly, Cr(VI) does not bind to 

DNA or proteins in cell free systems (12, 13) where as Cr(III) binds to DNA as well as 

proteins in cell free systems (14) and has high affinity for many other biological ligands 

(15). Cr(III), however, is poorly taken up into the cell, and is considered to be non- 

carcinogenic (10). During the intracellular reduction of Cr(VD to Cr(IID, reactive species 

such as intermediate valance states of chromium, thiy! radicals and active oxygen species 

are generated (16-18), which may, in turn, initiate the carcinogenic process by damaging 

1
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Scheme 1. The "“uptake-reduction" model for Cr(VI) carcinogenicity. Cr(VI) enters the 

cells as chromate, CrO42-, through the cell's anion transport system. Redox- 

active enzymes and small molecules react with Cr(VI) intracellularly to produce 

"reactive intermediates", such as Cr(VJ) esters, Cr(V), Cr(IV), hydroxyl and 

thiyl radicals, capable of damaging cellular constituents. The Cr(VI)-induced 

DNA damage in the form of Cr-DNA adducts, radical-DNA adducts, DNA- 

protein, DNA interstrand and intrastrand crosslinks, and DNA strand breaks, 

disrupt the normal function of the DNA as a template in transcription and 

replication. (Redrawn from Wetterhahn et al. Biol. Trace Element Res. 21: 

405-411, 1989)



cellular macromolecules such as DNA (19). While Cr(II]) formed inside the cells can 

directly mediate DNA-protein complexes leading to alterations in gene expression (20, 21), 

oxidative-stress induced poly-ADP ribosylation of chromatin (22) DNA damage and/or 

DNA-protein crosslinking (23-25) can have similar genotoxic effects by modulation of 

gene expression. Therefore, an 'uptake-reduction' model has been proposed to explain the 

genotoxicity and carcinogenicity of Cr(VI) compounds (26) (Scheme 1). However, the 

precise mechanisms of Cr(VI)-induced cytotoxicity, genotoxicity, carcinogenicity and 

DNA-protein crosslinking are unknown. 

A. Chemistry of chromium 

Chromium ([Kr]4s23d4) is a metal of first series of transition elements from Group 

VIB, and is the twentieth most abundant element in the earth's crust (27). It exists in a 

wide range of oxidation states ranging from -2 to +6. However, it is generally encountered 

in oxidation states of 0, +2, +3, and +6. Only the trivalent and hexavalent compounds of 

chromium are detected in the environment in significant quantities (28). In nature 

chromium exists in combined states and not as the free metal, at an overall crust 

concentration of 125 mg/kg (29). Hexavalent chromium compounds are combined, in 

most cases, with oxygen, and exist as chromates or dichromates. Recently, chromium 

complexes of +5 and +4 valence states have been identified (30, 31). Trivalent chromium 

[Cr(IID)] is most stable, and readily forms complexes and chelates. Cr(III) compounds are 

always octahedral (hexacoordinate), and its common ligands are water, ammonia, urea, and 

free halides. Linkage of Cr(III) with biological macromolecules occurs primarily with O-, 

N-, and S- containing moieties, in preference. The stability of Cr(III) ligands is in the 

order of F>Cl>O>S (32). 

B. Reactivity of Chromium Compounds 

Chromium compounds have varying degree of genotoxic and carcinogenic effects. 

This differential toxicity of chromium compounds can be explained by their degree of 

reactivity. Although Cr(VI) compounds are classified as Group-1 human carcinogens and 

exert a variety of genotoxic effects, they may not be the ultimate genotoxic form because 

they do not react with DNA in vitro (33). The higher toxicity of Cr(VI)-compounds as 

compared to the trivalent forms is explained by their preferential uptake into the cell. In 
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solution, the Cr(VI) exists as an oxyanion (CrO42-) and is transported into the cell through 

the sulfate anion transport system (10). This preferential transport of Cr(VI) in to cell 

could result in increased levels of the metal inside the cell. The active transport of Cr(VI) is 

inhibited competitively by sulfate and 4-acetamido-4'-isothiocyanatostil-bene-2-2'- 

disulfonic acid, and inhibitors of ATP synthesis (34, 35). 

The Cr(VI) compounds are rapidly reduced in biological systems because of their 

high oxidative potential. The major reductants of Cr(VI) compounds in extracellular fluids 

are certain proteins, amino acids, and low molecular weight antioxidants such as 

glutathione and ascorbate (36). Glutathione, ascorbate, cysteine, and ribonucleotides are 

the chief reductants of Cr(VI) within the cell (36-38). Hydrogen peroxide, riboflavin, and 

NAD(P)H-dependent enzymes such glutathione reductase, cytochrome P-450 reductase, 

NAD(P)H-quinone reductase and aldehyde oxidase have also been shown to be involved in 

the intracellular reduction of chromate (19, 36, 39-43). Thus, the pathway of intracellular 

Cr(VI) metabolism and the level of biological reductants of chromate within the cell and in 

the extracellular medium may influence the genetic damage caused by Cr(VI) compounds 

(44, 45). 

The trivalent form of chromium is relatively biologically inactive, which is probably 

due to the inability of Cr(JII) to cross cellular membranes (36). However, the water 

soluble Cr(III) compounds strongly react with biological ligands such as sulfur, oxygen, 

and nitrogen atoms of proteins and amino acids (33, 46, 47). Cr(III) also binds to the Fe- 

binding sites of transferrin and may enter the cell by endocytosis of Cr(III)-transferrin 

complexes (48). In addition to its reactivity with the phosphate backbone of DNA, it has a 

greater affinity for guanine as it preferentially reacts with the G:C rich and poly-G DNA 

(14, 49, 50). Cr(IIL) has been shown to decrease the fidelity of DNA replication perhaps 

by increasing the binding strength of DNA polymerase to DNA resulting in increased DNA 

polymerase processivity and polymerase bypass of DNA lesions (51, 52). Cr(III) is 

considered to be biologically most stable as its interaction with biological ligands is not 

dissociable by dialysis, high ionic strength, or by detergents (21, 53). However, recent 

studies show that Cr(III) complexes can serve as cyclical electron donors in Fenton-like 

reactions and cause DNA strand breakage, probably through the generation of oxygen free 

radicals (54).



C. Epidemiological and Animal Carcinogenicity Studies 

Chromium is found in the environment in two major forms such as Cr(IID) and 

Cr(VI). These two forms often co-exist in certain work places along with other 

carcinogenic agents. Therefore it is hard to distinguish the carcinogenic form of chromium 

in populations exposed to chromium in work places. Occupational exposure to Cr(III) has 

not been proven to increase cancer risk (1) where as exposure to Cr(VI) in chromate 

production industry have increased as much as 50-fold risk for occurrence of respiratory 

cancer (55). Epidemiological studies in workers of ferrochromium, chrome plating, and 

steel welding show that these workers have small or insignificant increased risk for 

development of lung cancer (56-58). 

In animal studies, Cr(VI) compounds were proven to be carcinogenic at a variety of 

routes of administration whereas Cr(II]) compounds were not carcinogenic under similar 

circumstances (57). The induction of cancer in mice exposed to Cr(VI) through inhalation 

seems to be most relevant to human carcinogenesis since exposure to chromate through 

inhalation is the most common route in humans (59). Levy et al. (60) tested a number of 

industrial Cr(VI) and Cr(II]) compounds for their potentiality to cause lung cancer by intra- 

tracheal implantation in rats and found that neither soluble, nor insoluble, but the partially 

soluble Cr(VI) compounds possess significant carcinogenic potential. 

The effects of chromium compounds in various body systems have been described 

(3). The complexity of interaction of chromium with biological processes makes it harder 

to make a risk assessment of chromium. Chromium, apart from its other biological effects, 

is well established as a human carcinogen and is regarded as such by the International 

Agency for Research on Cancer, the Environmental Protection Agency, and the World 

Health Organization. This was based on over 40 epidemiological studies. The hexavalent 

form of chromium has also been established as a carcinogen in animals and genotoxic in a 

variety of genetic bioassays (1, 3). From the standpoint of quantitative risk assessment, 

there are uncertainties in the character of the dose-response relationships at low levels of 

chromium exposure (61). One of the important uncertainties is the assumption that the 

carcinogenic potency, determined under conditions of occupational exposure where most 

workers were cigarette smokers, applies to the nonsmoking individual in the general 

population. Furthermore, the Working Group on chromium has made the overall 
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evaluation on chromium(VI) compounds on the basis of the combined results of 

epidemiological studies, carcinogenicity studies in experimental animals and several types 

of other relevant data which support the underlying concept that Cr(VI) ions generated at 

critical sites in the target cells are responsible for the carcinogenic action. The results of 

their evaluation made it clear that Cr(VI) is carcinogenic to humans (Group 1) and metallic 

chromium and Cr(III) compounds are not carcinogenic to humans (Group 3). 

D. Genotoxicity of Chromium Compounds 

The mutagenic effects of Cr(VI) and CrdIT) compounds, both in prokaryotic and 

eukaryotic systems is well documented (62-69). Almost all the hexavalent chromium 

compounds tested have been found to be mutagenic in reversion or forward mutation 

assays. Cr(VI) ions have been shown to cause frame-shift mutations or base-pair 

substitutions in several Salmonella mutant strains (65, 66). It is interesting to note that 

among all the strains of Salmonella tested, the TA 102 strain which is reverted by oxidative 

mutagens, has been found to be the most sensitive to Cr(VI) ions (68, 69). Unlike Cr(VI) 

compounds, Cr(III) compounds are usually non-mutagenic in mutagenesis assays, perhaps 

because of their inability to cross the cell membrane (36). When Cr(III) compounds are 

conjugated to organic molecules so as to facilitate their passage into the cell, they have been 

found to be mutagenic (67, 68). In a recent study, mutagenicity of Cr((II]) compounds 

have been found to be due to increased rate of DNA replications and decreased fidelity of 

DNA polymerase (51). The ability of antioxidants such as ascorbate (Vitamin C) and a- 

tocopherol (Vitamin E) to protect clastogenic and mutagenic effects of Cr(VI) compounds 

indicates the involvement of Cr(V) and/or oxygen free radicals in the genotoxicity of Cr(VI) 

compounds (69, 70). Morphological transformation of rat epithelial liver cells, Syrian 

hamster embryo cells, C3H/10T 1/2 embryonic mouse fibroblasts and BHK (baby hamster 

kidney) cells by Cr(VI) compounds have been documented (71-74). In these studies 

weakly soluble Cr(VI) compounds that enter the cell by phagocytosis have been found to 

be active transformants. Cr(VI) and Cr(II]) compounds have been known to induce sister 

chromatid exchange, chromosomal aberrations and changes in cell ploidy (75-77). Cr(VD 

compounds have been shown to induce DNA strand breaks, produce alkaline-sensitive 

sites, DNA-DNA and DNA-protein cross-links (78-82) in mammalian cells or in DNA 

isolated from these cells. The exact mechanism of the formation of the DNA lesions is not



known, however, it has been speculated that certain species of chromium and/or free 

radicals might be involved in the process (83, 26). 

E. Chromate induced DNA-protein complexes 

There are many reports on the chromate-induced DNA-protein cross-linking in 

mammalian cells (14, 26, 81, 84). However the mechanism of their formation, 

composition and biological significance is not well known, perhaps because of non- 

existence of adequate methodology to study these lesions. These DNA lesions are not 

readily repaired and are relatively persistent in cells (14, 85, 86) as compared to other DNA 

lesions such as DNA strand breaks. DNA-protein crosslinks or Cr-DNA adducts were not 

observed after exposure of Cr(VI) to isolated nuclei (12, 87) but chromium binding to 

DNA occurred in presence of glutathione (87). Chromate has been shown to complex a 

selected group of non-histone nuclear proteins (9) that are dissociated by EDTA to some 

extent suggesting that the complex might be mediated by Cr(III). Nuclear matrix proteins 

and actin have been shown to be complexed by chromate to DNA in immunoblotting 

experiment (69, 88). Although the exact composition of the complex is not known, it is 

believed that tyrosine, cysteine and histidine residues are the major amino acids involved in 

the cross linking of proteins to DNA by Cr(IIJ) (89). In a recent study, chromate exposure 

of intact mammalian cells has shown to crosslink cysteine, glutamine, glutamic acid, 

histidine, threonine, and tyrosine to DNA (90). However, these amino acids were thought 

to originate from the reaction of free amino acids or small peptides with DNA rather than 

the remnants of proteolytic degradation of chromate-induced DNA-protein crosslinks. In 

one study Cr(III) has been shown to complex with the phosphate backbone of DNA rather 

than any specific DNA base indicating that the phosphate backbone of DNA is the site for 

protein complexing (19). 

F. Chromium(VI) induced DNA damage 

There are many reports of Cr(VI) induced DNA damage in mammalian cells. It was 

suggested that Cr(VI) induced DNA damage were due to oxidation of DNA components 

directly or due to formation of apurinic and/or apyrimidinic sites that are broken during 

DNA replication/repair (79, 91, 92). In one study it was shown that incubation of 

glutathione (GSH)-Cr(VI) complex with DNA result in the formation of DNA strand 
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breaks. Interestingly, an isolated stable GSH-Cr(V) intermediate also cleaved DNA. Under 

similar conditions, neither chromate alone nor the GSH-Cr(IID end product could produce 

DNA strand breaks. Thus it was suggested that the processes involved in conversion of 

the Cr(VD to Cr(II1) were the critical steps needed for DNA damage (11). In a glutathione 

and chromate system of DNA damage, catalase and hydroxyl] radical scavengers such as 

DMSO, formate and benzoate inhibited DNA damage whereas SOD was ineffective. Since 

DNA damage was dependent on the presence of iron, it was suggested that hydroxyl 

radicals are the ultimate DNA cleaving agent (18). Reaction of hydrogen peroxide with 

chromate produced both hydroxy] radical and singlet oxygen and cleaved DNA at the 

position of every base, particularly of guanine bases (19). Thus the Cr(VI)-induced DNA 

damage seems to be dependent on the reactive intermediates i.e., Cr(V) or OH produced 

during the reduction of Cr(VI). Faux et al. (1992) reported an involvement of H2O2 in 

Cr(VI)-induced oxidation of DNA bases that resulted in the formation of 8- 

hydroxydeoxyguanosine (93). In addition, treatment of cells with catalase, a H202 

decomposing enzyme, inhibited the Cr(VI)-induced DNA-strand breaks and Cr(IID- 

induced chromosomal aberration in cultured human fibroblasts and human lymphocytes, 

respectively (83, 94). Recently, hydrogen peroxide resistant Chinese hamster ovary cells 

have been shown to have decreased levels of intracellular Cr(V) and reduced level of DNA 

single-strand breaks (95), suggesting a role of active oxygen species in the process. In 

another study co-incubation of Cr(VI) and mannitol (a -OH radical scavenger) failed to 

block strand breakage while SOD and catalase completely inhibited DNA damage (83). 

Collectively these results suggest that active oxygen species, particularly HyO2, may be 

closely associated with the mutagenic and carcinogenic effects of Cr(VI). Incubation of 

Cr(II) with ascorbate and DNA also increased DNA damage which was inhibited by 

oxygen radical scavengers (101). In recent study, SO3- radicals generated by Cr(VI) 

oxidation of SO32- has been shown to cause deoxyguanine hydroxylation and DNA double 

strand breaks (96). In a Cr(VI) and ascorbate system, Cr(V) and carbon-based radicals 

have been suggested to cause Cr-DNA adducts and DNA-single strand breaks, respectively 

(97). In a similar system, consisting of chromate and ascorbate, DNA damage has been 

suggested to occur due to formation of peroxo or superoxo complexes involving Cr(V) or 

Cr(IV) (98). |



G. Chromium(VI) and ‘Oxidative Stress' 

(1) Activation of molecular oxygen 

Increase in generation of cellular prooxidants as well as decrease in the antioxidant 

level of cells can give rise to ‘oxidative stress'. In biological systems, the term 

‘prooxidants' is generally associated with hydroperoxides and oxygen based ‘free 

radicals’. A free radical is defined as any species cable of independent existence that 

contains one or more unpaired electrons, 1.e., the electron(s) by itself occupies an atomic or 

molecular orbital (99). 

The molecular oxygen in its ground state contains two unpaired electrons, each of 

which goes into separate anti-bonding z-orbitals with parallel spins. As a result, the 

ground state molecular oxygen is in the triplet state and its reaction with most organic 

compounds (which are in the more common singlet ground state with paired electrons) is a 

spin forbidden process. In other words, the parallel electron spins in the triplet ground 

state oxygen forbid the direct entry of paired electrons, which could be possible by the 

inversion of one of the electronic spins of the two unpaired electrons. Inversion of 

electronic spin is a very slow process as compared to the life time of the collisional 

complexes. As a consequence of this spin restriction, univalent reduction of oxygen is 

favored over divalent or even tetravalent reduction and thus during the normal metabolism 

of the aerobic organisms, in addition to the reduction of oxygen to water, formation of 

several reactive oxygen species such as superoxide radical (O2--), hydrogen peroxide 

(H202), hydroxy] radical (-OH), and singlet oxygen (103) are not avoidable. 

The univalent reduction of O? results in the formation of O2- (reaction 1). 

  O72 +e > QO: (reaction 1) 

Some oxidases such as glycollate oxidase, urate oxidase, and amino acid oxidases transfer 

two electrons to each O2 molecule forming H2O3 (reaction 2). 

O» + 2e° + 2Ht > HO» (reaction 2)   

H 02 is also formed by enzymatic dismutation of O2-- by superoxide dismutase (SOD) 

(reaction 3).



SOD 

O2- + On" + 2Ht > HO» + Op» (reaction 3)   

This is a very fast reaction with a rate constant of 2 X 10? M/s at pH 7.4 (100). 

Dismutation of O2-- also occurs spontaneously with a rate several orders of magnitude 

slower than the enzyme catalyzed reaction and produces H202. Thus generated H2O2 and 

O2:-" can react together to generate -OH and this reaction, known as the 'Haber-Weiss 

reaction’, and is now believed to be catalyzed by metal salts (reaction 4). 

O2- + H2O02 ——————————> OH + -OH + QO} (reaction 4) 

Free radical-induced oxidative damage has been implicated in the etiology of a number of 

diseases (101-103) including cancer (104-107). 

However, the deleterious effects of these active molecular species of oxygen are not 

detected in the normal cell because of the presence of adequate endogenous protective 

mechanisms (108). The protective mechanisms include the enzyme superoxide dismutase 

which catalyzes the dismutation of O2- to form H202, while enzymes such as catalase and 

glutathione peroxidase decompose H2O02 to O2 and water. These reactions minimize the 

formation of -OH and 105 from the interaction among O2-~ , H2O2 and cell components. 

The other major antioxidant enzymes are glutathione reductase and glucose-6-phosphate 

dehydrogenase, which regenerate the cellular reductants such as reduced glutathione and 

NADPH, respectively. The other protective agents include a-tocopherol (scavenger of 

109, inhibitor of lipid peroxidation), ascorbic acid ( a scavenger of O2-, .OH, and !O2), 

reduced glutathione (scavenger of -OH, and !02) and many other natural and synthetic 

compounds (see Ref. 108 for a review). 

(ii) Cr( VI)-induced alterations in the antioxidant system 

Recent in vitro studies have shown that biological reduction of Cr(VI) generates 

active oxygen species such as oxygen free radicals, and enhances lipid peroxidation in cells 

and tissues (109, 110). Physiological antioxidants are also shown to modify the genotoxic 

and cytotoxic effects of Cr(VI) (111). However a detailed systematic study of the effect of 

Cr(VI) on the antioxidant system has not been elucidated. Decreased levels of glutathione 
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�t�h�i�y�l� �r�a�d�i�c�a�l� �p�r�o�d�u�c�e�d� �i�n� �t�h�i�s� �r�e�a�c�t�i�o�n� �c�a�n� �r�e�a�c�t� �w�i�t�h� �o�x�y�g�e�n� �t�o� �p�r�o�d�u�c�e� �s�u�p�e�r�o�x�i�d�e� �o�r� �o�t�h�e�r� 

�a�c�t�i�v�e� �o�x�y�g�e�n� �s�p�e�c�i�e�s� �(�1�1�7�,� �1�1�8�)�.� �R�e�a�c�t�i�o�n� �o�f� �H�2�O�2� �w�i�t�h� �C�r�(�V�I�)� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�o� 

�p�r�o�d�u�c�e� �!�O�y�,� �-�O�H� �a�n�d� �t�e�t�r�a�p�e�r�o�x�o�c�h�r�o�m�a�t�e�(�V�)� �(�1�1�5�)�.� �T�e�t�r�a�p�e�r�o�x�o�-�c�h�r�o�m�a�t�e�(�V�)� �f�o�r�m�e�d� �i�n� 

�t�h�i�s� �r�e�a�c�t�i�o�n� �c�a�n� �d�e�c�o�m�p�o�s�e� �t�o� �p�r�o�d�u�c�e� �c�h�r�o�m�a�t�e�,� �!�O�7� �a�n�d� �O�2�~� �(�1�9�)�.� �P�r�e�s�e�n�c�e� �o�f� �H�2�O�?� �i�n� 

�r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e�s� �o�f� �C�r�(�V�I�)� �a�n�d� �G�S�H�,� �N�A�D�P�H�,� �r�i�b�o�f�l�a�v�i�n�,� �a�n�d� �c�e�l�l�u�l�a�r� �d�i�o�l�s� �s�u�c�h� �a�s� 

�r�i�b�o�s�e�,� �f�r�u�c�t�o�s�e� �a�n�d� �g�l�y�c�e�r�a�l�d�e�h�y�d�e� �w�h�i�c�h� �p�r�o�d�u�c�e�s� �C�r�(�V�)�,� �p�r�o�d�u�c�e�d� �h�y�d�r�o�x�y�]� �r�a�d�i�c�a�l�s� 

�(�1�2�,� �3�9�,� �1�1�6�)�.� �E�n�z�y�m�a�t�i�c�a�l�l�y� �p�r�o�d�u�c�e�d� �C�r�(�V�)�,� �a�l�s�o� �r�e�a�c�t�s� �w�i�t�h� �H�2�O�2� �t�o� �p�r�o�d�u�c�e� �h�y�d�r�o�x�y�l� 

�r�a�d�i�c�a�l�s� �(�4�0�)�.� �C�r�(�V�)� �c�o�m�p�l�e�x� �o�f� �G�S�H� �a�l�s�o� �p�r�o�d�u�c�e�d� �h�y�d�r�o�x�y�l� �r�a�d�i�c�a�l�s� �i�n� �p�r�e�s�e�n�c�e� �o�f� 

�o�x�y�g�e�n� �(�1�1�9�)�.� �C�r� �(�I�D� �a�n�d� �C�r�(�I�I�]�)� �w�e�r�e� �a�l�s�o� �s�h�o�w�n� �t�o� �r�e�a�c�t� �w�i�t�h� �H�Q�?� �i�n� �a�c�i�d�i�c� �m�e�d�i�u�m� 

�a�n�d� �i�n� �p�r�e�s�e�n�c�e� �o�f� �c�y�s�t�e�i�n�e� �o�r� �N�A�D�H� �t�o� �p�r�o�d�u�c�e� �h�y�d�r�o�x�y�]� �r�a�d�i�c�a�l�s� �(�1�2�0�)�.� 

�1�1



�H�.� �U�s�e� �o�f� �l�y�m�p�h�o�c�y�t�e�s� �i�n� �r�e�s�e�a�r�c�h� �i�n�v�o�l�v�i�n�g� �c�h�e�m�i�c�a�l� �e�x�p�o�s�u�r�e� 

�T�h�e�r�e� �a�r�e� �a� �n�u�m�b�e�r� �o�f� �a�d�v�a�n�t�a�g�e�s� �o�f� �u�s�i�n�g� �l�y�m�p�h�o�c�y�t�e�s� �a�s� �t�a�r�g�e�t�s� �f�o�r� �d�e�v�e�l�o�p�i�n�g� 

�b�i�o�m�a�r�k�e�r�s� �o�f� �c�h�e�m�i�c�a�l� �e�x�p�o�s�u�r�e� �(�1�2�1�,� �1�2�2�)�.� �M�a�n�y� �l�y�m�p�h�o�c�y�t�e�s� �a�r�e� �l�o�n�g� �l�i�v�e�d� �i�n� �t�h�e� 

�b�o�d�y� �a�n�d� �s�o� �a�r�e� �e�x�p�o�s�e�d� �t�o� �a� �l�o�n�g�e�r� �p�e�r�i�o�d� �t�o� �c�e�r�t�a�i�n� �c�h�e�m�i�c�a�l�s�.� �L�y�m�p�h�o�c�y�t�e�s� �c�a�n� �b�e� 

�o�b�t�a�i�n�e�d� �f�r�o�m� �h�u�m�a�n�s� �a�n�d� �p�u�r�i�f�i�e�d� �e�a�s�i�l�y�.� �A�g�a�i�n�,� �s�i�n�c�e� �t�h�e� �l�y�m�p�h�o�c�y�t�e�s� �a�r�e� �n�u�c�l�e�a�t�e�d�,� 

�t�h�e�y� �c�a�n� �b�e� �u�t�i�l�i�z�e�d� �a�s� �b�i�o�m�a�r�k�e�r�s� �i�n�v�o�l�v�i�n�g� �D�N�A�.� �T�h�e�r�e�f�o�r�e�,� �l�y�m�p�h�o�c�y�t�e�s� �h�a�v�e� �b�e�e�n� 

�u�s�e�d� �i�n� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �i�n�v�o�l�v�i�n�g� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�i�n�g� �b�y� �i�o�n�i�z�i�n�g� �r�a�d�i�a�t�i�o�n� �(�1�2�3�)� �a�n�d� 

�v�a�n�i�d�i�u�m� �(�1�2�4�)�.� �L�y�m�p�h�o�c�y�t�e�s� �m�a�y� �a�l�s�o� �b�e� �a� �g�o�o�d� �m�o�d�e�l� �s�y�s�t�e�m� �f�o�r� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� 

�c�y�t�o�t�o�x�i�c� �a�n�d� �g�e�n�o�t�o�x�i�c� �e�f�f�e�c�t�s� �o�f� �C�r�(�V�I�)� �b�e�c�a�u�s�e�,� �c�h�r�o�m�i�u�m� �u�p�t�a�k�e� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�o� �b�e� 

�m�o�r�e� �i�n� �l�y�m�p�h�o�c�y�t�e�s� �t�h�a�n� �i�n� �r�e�d�-�b�l�o�o�d� �c�e�l�l�s� �f�o�l�l�o�w�i�n�g� �i�n� �v�i�t�r�o� �o�r� �i�n� �v�i�v�o� �(�o�r�a�l�,� �i�v�.�)� 

�e�x�p�o�s�u�r�e� �o�f� �c�h�r�o�m�a�t�e� �(�1�2�5�)�,� �a�n�d� �a�n� �i�n�c�r�e�a�s�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�i�n�g� �i�n� �l�y�m�p�h�o�c�y�t�e�s� �o�f� 

�w�e�l�d�e�r�s� �e�x�p�o�s�e�d� �t�o� �f�u�m�e�s� �o�f� �m�e�t�a�l� �s�a�l�t�s� �i�n�c�l�u�d�i�n�g� �t�h�a�t� �o�f� �c�h�r�o�m�i�u�m� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� 

�r�e�c�e�n�t�l�y� �(�1�2�6�)�.� 

�I�.� �R�a�t�i�o�n�a�l�e� �a�n�d� �s�i�g�n�i�f�i�c�a�n�c�e� �o�f� �t�h�i�s� �r�e�s�e�a�r�c�h� 

�A�l�t�h�o�u�g�h� �D�N�A� �p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �i�n�d�u�c�e�d� �b�y� �c�h�r�o�m�i�u�m� �c�o�m�p�o�u�n�d�s� �h�a�v�e� �b�e�e�n� 

�d�e�t�e�c�t�e�d� �i�n� �a� �n�u�m�b�e�r� �o�f� �i�n�v�e�s�t�i�g�a�t�i�o�n�s�,� �t�h�e�i�r� �m�e�c�h�a�n�i�s�m�s� �o�f� �f�o�r�m�a�t�i�o�n�,� �c�o�m�p�o�s�i�t�i�o�n� �a�n�d� 

�b�i�o�l�o�g�i�c�a�l� �s�i�g�n�i�f�i�c�a�n�c�e� �i�s� �u�n�k�n�o�w�n�.� �T�h�e� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�i�n�g� �a�c�t�i�o�n� �o�f� �C�r�(�V�I�)� 

�c�o�m�p�o�u�n�d�s�,� �h�o�w�e�v�e�r�,� �m�a�y� �i�n�v�o�l�v�e� �e�i�t�h�e�r� �t�h�e� �g�e�n�e�r�a�t�i�o�n� �o�f� �a�c�t�i�v�e� �o�x�y�g�e�n� �s�p�e�c�i�e�s� �a�n�d� �o�t�h�e�r� 

�r�a�d�i�c�a�l�s�,� �o�r� �d�i�r�e�c�t� �p�a�r�t�i�c�i�p�a�t�i�o�n� �o�f� �t�h�e� �r�e�d�u�c�e�d� �f�o�r�m�s� �o�f� �C�r�(�V�I�)� �t�h�a�t� �m�a�y� �d�i�r�e�c�t�l�y� �c�o�m�p�l�e�x� 

�p�r�o�t�e�i�n�s� �t�o� �D�N�A� �(�1�1�5�)�.� �C�r�(�I�I�D� �i�o�n� �i�s� �a� �l�i�k�e�l�y� �c�a�n�d�i�d�a�t�e� �t�o� �c�a�u�s�e� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�i�n�g� 

�b�e�c�a�u�s�e� �o�f� �i�t�s� �s�t�a�b�i�l�i�t�y� �a�n�d� �a�f�f�i�n�i�t�y� �f�o�r� �b�i�o�l�o�g�i�c�a�l� �l�i�g�a�n�d�s� �(�3�3�)�.� �I�t� �h�a�s� �b�e�e�n� �s�u�g�g�e�s�t�e�d� �t�h�a�t� 

�c�h�r�o�m�i�u�m� �c�o�m�p�o�u�n�d�s� �c�o�u�l�d� �b�e� �r�e�a�c�t�i�n�g� �b�e�s�t� �w�i�t�h� �t�h�e� �N�-�7� �p�o�s�i�t�i�o�n� �o�f� �g�u�a�n�i�n�e� �a�n�d� �b�i�n�d� �t�o� 

�c�y�s�t�e�i�n�y�l�,� �m�e�t�h�i�o�n�y�l� �a�n�d� �h�i�s�t�i�d�y�l� �g�r�o�u�p�s� �o�f� �p�r�o�t�e�i�n�s� �(�9�)�.� �I�n�v�e�s�t�i�g�a�t�i�o�n�s� �i�n�v�o�l�v�i�n�g� 

�f�o�r�m�a�l�d�e�h�y�d�e� �a�n�d� �i�o�n�i�z�i�n�g� �r�a�d�i�a�t�i�o�n� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �c�o�u�l�d� �b�e� 

�f�o�r�m�e�d� �i�n� �t�w�o� �d�i�f�f�e�r�e�n�t� �w�a�y�s�:� �m�a�l�o�n�d�i�a�l�d�e�h�y�d�e� �w�a�s� �d�i�r�e�c�t�l�y� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �c�o�m�p�l�e�x� 

�g�i�v�i�n�g� �r�i�s�e� �t�o� �t�h�e� �c�y�t�o�s�i�n�e�-�m�a�l�o�n�d�i�a�l�d�e�h�y�d�e�-�l�y�s�i�n�e� �c�o�m�p�l�e�x�e�s� �w�h�i�l�e� �r�a�d�i�a�t�i�o�n�-�i�n�d�u�c�e�d� 

�t�h�y�m�i�n�e�-�t�y�r�o�s�i�n�e� �c�o�m�p�l�e�x�e�s� �a�r�e� �i�n�d�u�c�e�d� �b�y� �a� �f�r�e�e� �r�a�d�i�c�a�l� �d�e�p�e�n�d�e�n�t� �m�e�c�h�a�n�i�s�m�s� �(�1�2�7�,� 

�1�2�8�)�.� �D�u�e� �t�o� �t�h�e� �p�e�r�s�i�s�t�e�n�t� �n�a�t�u�r�e� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�-�l�i�n�k�s�,� �i�t� �h�a�s� �b�e�e�n� �s�u�g�g�e�s�t�e�d� �t�h�a�t� 

�t�h�e�y� �m�a�y� �b�e� �p�r�e�s�e�n�t� �a�t� �t�h�e� �t�i�m�e� �o�f� �D�N�A� �r�e�p�l�i�c�a�t�i�o�n� �a�n�d� �m�a�y� �a�c�t� �a�s� �i�m�p�e�d�i�m�e�n�t�s� �t�o� �D�N�A� 

�p�o�l�y�m�e�r�a�s�e� �p�r�o�c�e�s�s�i�v�i�t�y� �(�1�2�9�)�.� �S�o�m�e� �e�x�p�e�r�i�m�e�n�t�s� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �c�h�r�o�m�i�u�m� �a�n�d� �o�t�h�e�r� 

�m�e�t�a�l� �c�o�m�p�o�u�n�d�s� �c�o�m�p�l�e�x�e�d� �n�u�c�l�e�a�r� �m�a�t�r�i�x� �p�r�o�t�e�i�n�s� �t�o� �D�N�A�,� �s�u�g�g�e�s�t�i�n�g� �t�h�a�t� �t�h�e� �D�N�A� 

�1�2



�r�e�p�a�i�r�,� �r�e�p�l�i�c�a�t�i�o�n� �o�r� �t�r�a�n�s�c�r�i�p�t�i�o�n� �m�i�g�h�t� �b�e� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �p�r�o�c�e�s�s� �(�6�7�,� �1�3�0�)�.� �A�c�t�i�n� �a�n�d� 

�o�t�h�e�r� �n�u�c�l�e�a�r� �p�r�o�t�e�i�n�s� �h�a�v�e� �b�e�e�n� �f�o�u�n�d� �t�o� �b�e� �c�r�o�s�s�-�l�i�n�k�i�n�g� �t�o� �D�N�A� �b�y� �c�i�s�-�p�l�a�t�i�n�u�m� �a�n�d� 

�c�h�r�o�m�i�u�m� �c�o�m�p�o�u�n�d�s� �(�9�2�)�.� �A�c�t�i�n� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�o� �b�e� �i�n�v�o�l�v�e�d� �i�n� �t�r�a�n�s�c�r�i�p�t�i�o�n� �p�r�o�c�e�s�s� 

�a�n�d� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�o� �b�e� �a� �t�r�a�n�s�c�r�i�p�t�i�o�n� �i�n�i�t�i�a�t�i�o�n� �f�a�c�t�o�r� �f�o�r� �R�N�A� �p�o�l�y�m�e�r�a�s�e� �B� �(�1�3�1�,� 

�1�3�2�)�.� �I�n� �n�o�r�m�a�l� �c�e�l�l�s� �v�e�r�y� �f�e�w� �p�r�o�t�e�i�n�s� �a�r�e� �c�o�v�a�l�e�n�t�l�y� �b�o�u�n�d� �t�o�,� �o�r� �t�i�g�h�t�l�y� �c�o�m�p�l�e�x�e�d� �w�i�t�h� 

�D�N�A�.� �S�i�n�c�e� �t�h�e� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �a�r�e� �p�e�r�s�i�s�t�e�n�t� �a�n�d� �a�r�e� �b�u�l�k�y� �i�n� 

�n�a�t�u�r�e�,� �t�h�e�y� �c�o�u�l�d� �l�e�a�d� �t�o� �d�e�l�e�t�i�o�n�s� �o�f� �D�N�A� �s�e�q�u�e�n�c�e�s� �d�u�r�i�n�g� �D�N�A� �r�e�p�l�i�c�a�t�i�o�n�,� �w�h�i�c�h� �i�n� 

�t�u�r�n� �c�o�u�l�d� �p�r�o�d�u�c�e� �c�a�r�c�i�n�o�g�e�n�e�s�i�s� �t�h�r�o�u�g�h� �t�h�e� �i�n�a�c�t�i�v�a�t�i�o�n� �o�r� �l�o�s�s� �o�f� �t�u�m�o�r� �s�u�p�p�r�e�s�s�e�r� 

�g�e�n�e�s� �(�1�3�3�)�.� �O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �i�n�d�u�c�t�i�o�n� �o�f� �a�n� �o�x�i�d�a�t�i�v�e� �s�t�r�e�s�s� �i�n� �c�e�l�l�s� �b�y� �C�r�(�V�I�)�,� �c�o�u�l�d� 

�l�e�a�d� �t�o� �a�c�t�i�v�a�t�i�o�n� �o�f� �o�n�c�o�g�e�n�e�s� �(�1�3�4�)�.� �I�n� �f�a�c�t�,� �r�e�c�e�n�t�l�y� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �s�t�e�a�d�y�-�s�t�a�t�e� �l�e�v�e�l� �o�f� 

�c�-�m�y�c� �R�N�A� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �i�n� �c�u�l�t�u�r�e�d� �h�u�m�a�n� �f�i�b�r�o�b�l�a�s�t�s� �t�r�e�a�t�e�d� �w�i�t�h� �c�h�r�o�m�a�t�e� �(�1�3�5�)�.� 

�O�t�h�e�r� �p�o�s�s�i�b�l�e� �c�o�n�s�e�q�u�e�n�c�e�s� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�i�n�g� �w�e�r�e� �i�l�l�u�s�t�r�a�t�e�d� �b�y� �t�h�e� 

�r�e�l�a�t�i�o�n�s�h�i�p� �t�h�a�t� �t�h�e� �o�p�t�i�m�a�l� �d�o�s�e� �f�o�r� �f�o�r�m�a�t�i�o�n� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�i�n�g� �a�l�s�o� �p�r�o�d�u�c�e�d� 

�h�i�g�h�e�s�t� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� �f�r�e�q�u�e�n�c�y� �(�7�2�)� �a�n�d� �t�h�a�t� �t�h�e� �m�u�t�a�t�i�o�n� �f�r�e�q�u�e�n�c�y� �o�f� �t�h�e� �H�G�P�R�T� �l�o�c�u�s� 

�w�a�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �w�i�t�h�i�n� �t�h�i�s� �g�e�n�e� �(�1�3�6�)�.� �S�t�u�d�y� �o�f� 

�D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �m�a�y� �a�l�s�o� �e�l�u�c�i�d�a�t�e� �t�h�e� �n�u�c�l�e�a�r� �a�r�c�h�i�t�e�c�t�u�r�e�,� �a�s� �h�a�s� �r�e�c�e�n�t�l�y� �b�e�e�n� 

�p�o�s�t�u�l�a�t�e�d� �f�o�r� �c�h�a�n�g�e�s� �i�n� �t�h�e� �n�u�c�l�e�a�r� �l�a�m�i�n�e�s� �c�o�m�p�l�e�x�e�d� �b�y� �c�i�s�-�p�l�a�t�i�n�u�m� �i�n� �d�i�f�f�e�r�e�n�t�i�a�t�i�n�g� 

�m�o�n�o�c�y�t�e�s� �(�1�3�7�)�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� �a�n�a�l�y�z�e� �t�h�i�s� �D�N�A� �l�e�s�i�o�n� �a�n�d� �u�n�d�e�r�s�t�a�n�d� �i�t�s� 

�b�i�o�l�o�g�i�c�a�l� �i�m�p�o�r�t�a�n�c�e� �a�n�d� �i�t�s� �i�n�v�o�l�v�e�m�e�n�t� �i�n� �m�e�t�a�l� �c�a�r�c�i�n�o�g�e�n�i�c�i�t�y�.� 

�T�h�e� �p�r�e�s�e�n�t� �s�t�u�d�i�e�s� �n�o�t� �o�n�l�y� �a�n�a�l�y�z�e�d� �t�h�e� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� 

�c�r�o�s�s�l�i�n�k�s�,� �b�u�t� �a�l�s�o� �d�i�s�t�i�n�g�u�i�s�h�e�d� �b�e�t�w�e�e�n� �t�h�e� �p�r�o�t�e�i�n�s� �t�h�a�t� �w�e�r�e� �c�r�o�s�s�l�i�n�k�e�d� �d�i�r�e�c�t�l�y� �b�y� 

�C�r�(�I�I�I�)� �p�a�r�t�i�c�i�p�a�t�i�o�n� �a�n�d� �t�h�o�s�e� �t�h�a�t� �c�r�o�s�s�l�i�n�k� �b�y� �o�x�i�d�a�t�i�v�e� �m�e�c�h�a�n�i�s�m�s�.� �T�h�e�s�e� �s�t�u�d�i�e�s� �a�l�s�o� 

�d�e�t�e�r�m�i�n�e� �t�h�e� �p�r�o�t�e�c�t�i�v�e� �e�f�f�e�c�t�s� �o�f� �a�n�t�i�o�x�i�d�a�n�t�s� �i�n� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �c�y�t�o�t�o�x�i�c�i�t�y� �a�n�d� 

�g�e�n�o�t�o�x�i�c�i�t�y�.� �F�u�n�d�a�m�e�n�t�a�l� �k�n�o�w�l�e�d�g�e� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�e�s�e� �s�t�u�d�i�e�s� �c�o�u�l�d� �l�e�a�d� �t�o� �e�n�h�a�n�c�e�d� 

�f�u�n�c�t�i�o�n�a�l� �i�m�p�r�o�v�e�m�e�n�t� �o�f� �p�a�t�i�e�n�t�s� �e�x�p�o�s�e�d� �t�o� �t�h�i�s� �e�n�v�i�r�o�n�m�e�n�t�a�l� �t�o�x�i�c�a�n�t�.� �S�i�n�c�e� �D�N�A�-� 

�p�r�o�t�e�i�n� �c�r�o�s�s�-�l�i�n�k�s� �a�r�e� �p�e�r�s�i�s�t�e�n�t� �i�n� �n�a�t�u�r�e�,� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n�,� �i�s�o�l�a�t�i�o�n� �a�n�d�/�o�r� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� 

�o�f� �p�r�o�t�e�i�n�s� �s�p�e�c�i�f�i�c�a�l�l�y� �c�o�m�p�l�e�x�e�d� �t�o� �D�N�A� �b�y� �c�h�r�o�m�a�t�e� �o�r� �b�y� �o�x�i�d�a�t�i�v�e� �m�e�c�h�a�n�i�s�m� �h�a�v�e� 

�i�m�p�o�r�t�a�n�t� �p�r�a�c�t�i�c�a�l� �i�m�p�l�i�c�a�t�i�o�n� �b�e�c�a�u�s�e� �o�f� �t�h�e�i�r� �u�t�i�l�i�t�y� �a�s� �b�i�o�m�a�r�k�e�r�s�.� �F�o�r� �e�x�a�m�p�l�e� 

�d�e�v�e�l�o�p�m�e�n�t� �o�f� �a�n�t�i�b�o�d�i�e�s� �t�o� �a� �p�r�o�t�e�i�n� �a�b�u�n�d�a�n�t�l�y� �c�o�m�p�l�e�x�i�n�g� �t�o� �D�N�A� �d�i�r�e�c�t�l�y� �v�i�a� 

�c�h�r�o�m�i�u�m� �p�a�r�t�i�c�i�p�a�t�i�o�n� �c�a�n� �b�e� �u�s�e�d� �a�s� �b�i�o�m�a�r�k�e�r� �o�f� �c�h�r�o�m�a�t�e� �e�x�p�o�s�u�r�e� �i�n� �h�u�m�a�n� 

�p�o�p�u�l�a�t�i�o�n�.� 

�1�3



�H�y�p�o�t�h�e�s�i�s� 

�A�l�t�h�o�u�g�h� �t�h�e� �p�r�e�c�i�s�e� �m�e�c�h�a�n�i�s�m�s� �o�f� �c�h�r�o�m�a�t�e� �c�a�r�c�i�n�o�g�e�n�i�c�i�t�y� �a�n�d� �s�p�e�c�i�f�i�c�a�l�l�y� 

�c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�i�n�g� �a�r�e� �u�n�k�n�o�w�n�,� �b�a�s�e�d� �o�n� �t�h�e� �a�b�o�v�e� �c�i�t�e�d� 

�l�i�t�e�r�a�t�u�r�e� �a�n�d� �o�u�r� �p�r�e�l�i�m�i�n�a�r�y� �d�a�t�a�,� �w�e� �h�y�p�o�t�h�e�s�i�z�e�d� �t�h�a�t� �C�r�(�V�I�)�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� 

�c�r�o�s�s�l�i�n�k�s� �m�a�y�,� �i�n� �p�a�r�t�,� �b�e� �d�u�e� �t�o� �g�e�n�e�r�a�t�i�o�n� �o�f� �a�c�t�i�v�e� �o�x�y�g�e�n� �s�p�e�c�i�e�s� �f�o�l�l�o�w�i�n�g� �t�h�e� 

�i�n�t�r�a�c�e�l�l�u�l�a�r� �r�e�d�u�c�t�i�o�n� �o�f� �C�r�(�V�J�)�,� �a�n�d� �t�h�a�t� �a�n�t�i�o�x�i�d�a�n�t�s� �m�a�y� �a�m�e�l�i�o�r�a�t�e� �t�h�e� �g�e�n�o�t�o�x�i�c� �a�n�d� 

�c�a�r�c�i�n�o�g�e�n�i�c� �e�f�f�e�c�t�s� �o�f� �C�r�(�V�I�)�.� 

�S�p�e�c�i�f�i�c� �a�i�m�s� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �s�p�e�c�i�f�i�c� �a�i�m�s� �w�e�r�e� �p�r�o�p�o�s�e�d� �f�o�r� �a� �b�e�t�t�e�r� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �t�h�e� 

�m�e�c�h�a�n�i�s�m�s� �i�n�v�o�l�v�e�d� �i�n� �C�r�(�V�I�)�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�i�n�g� �a�s� �w�e�l�l� �a�s� �t�o� �t�e�s�t� �o�u�r� 

�h�y�p�o�t�h�e�s�i�s�.� 

�1�.� �T�o� �c�h�a�r�a�c�t�e�r�i�z�e� �t�h�e� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �i�n�d�u�c�e�d� �b�y� �t�h�e� �c�a�r�c�i�n�o�g�e�n� �C�r�(�V�I�)� �i�n� 

�h�u�m�a�n� �l�e�u�k�e�m�i�c� �T�-�l�y�m�p�h�o�c�y�t�e� �M�O�L�T�4� �c�e�l�l�s�,� 

�2�.� �T�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �e�f�f�e�c�t� �o�f� �C�r�(�V�I�)� �o�n� �"�o�x�i�d�a�t�i�v�e�-�s�t�r�e�s�s� �s�t�a�t�u�s�"� �o�f� �t�h�e� �c�e�l�l�,� �a�n�d� �t�o� 

�e�v�a�l�u�a�t�e� �t�h�e� �e�f�f�e�c�t� �o�f� �a�n�t�i�o�x�i�d�a�n�t�s� �t�o� �a�m�e�l�i�o�r�a�t�e� �t�h�e� �e�f�f�e�c�t�s� �o�f� �C�r�(�V�I�)�,� 

�3�.� �T�o� �d�i�s�t�i�n�g�u�i�s�h� �b�e�t�w�e�e�n� �p�r�o�t�e�i�n�s� �d�i�r�e�c�t�l�y� �c�r�o�s�s�-�l�i�n�k�e�d� �b�y� �C�r�(�I�I�I�)� �a�n�d� �t�h�o�s�e� �t�h�a�t� �a�r�e� 

�c�r�o�s�s�-�l�i�n�k�e�d� �o�x�i�d�a�t�i�v�e�l�y� �d�u�r�i�n�g� �i�n�t�r�a�c�e�l�l�u�l�a�r� �C�r�(�V�I�)� �r�e�d�u�c�t�i�o�n�,� �a�n�d� 

�4�.� �T�o� �i�d�e�n�t�i�f�y� �m�a�j�o�r� �p�r�o�t�e�i�n�s� �t�h�a�t� �a�r�e� �c�o�m�p�l�e�x�e�d� �t�o� �D�N�A� �b�y� �C�r�(�I�I�D�)� �o�r� �v�i�a� �o�x�i�d�a�t�i�v�e� 

�m�e�c�h�a�n�i�s�m�s�,� �i�n� �M�O�L�T�4� �c�e�l�l�s� �t�r�e�a�t�e�d� �w�i�t�h� �C�r�(�V�I�)�.� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �e�x�p�e�r�i�m�e�n�t�s� �p�r�o�v�i�d�e� �e�v�i�d�e�n�c�e�s� �i�n� �s�u�p�p�o�r�t� �o�f� �o�u�r� �h�y�p�o�t�h�e�s�i�s�.� �A�l�s�o�,� 

�w�e� �r�e�p�o�r�t� �h�e�r�e� �t�h�e� �p�o�s�s�i�b�l�e� �m�e�c�h�a�n�i�s�m�s� �o�f� �C�r�(�V�I�)�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�i�n�g�.� 

�1�4



�R�e�f�e�r�e�n�c�e�s� 

�1�0�.� 

�1�1�.� 

�1�2�.� 

�1�3�.� 

�I�A�R�C� �m�o�n�o�g�r�a�p�h�s� �o�n� �t�h�e� �E�v�a�l�u�a�t�i�o�n� �o�f� �C�a�r�c�i�n�o�g�e�n�i�c� �R�i�s�k� �t�o� �H�u�m�a�n�s� �(�1�9�9�0�)�.� 
�C�h�r�o�m�i�u�m�,� �N�i�c�k�e�l� �a�n�d� �W�e�l�d�i�n�g�.� �V�o�l�.� �4�9�,� �L�y�o�n�,� �F�r�a�n�c�e� 

�H�o�j�o�,� �Y�.�,� �S�a�t�o�m�i�,� �Y�.� �(�1�9�9�1�)� �I�n� �v�i�v�o� �n�e�p�h�r�o�t�o�x�i�c�i�t�y� �i�n�d�u�c�e�d� �i�n� �m�i�c�e� �b�y� �c�h�r�o�m�i�u�m� 
�(�V�I�)�.� �I�n�v�o�l�v�e�m�e�n�t� �o�f� �g�l�u�t�a�t�h�i�o�n�e� �a�n�d� �c�h�r�o�m�i�u�m� �(�V�)�.� �B�i�o�l�.� �T�r�a�c�e� �E�l�e�m�e�n�t� �R�e�s�.� �3�1�:� 
�2�1�-�3�1� 

�A�T�S�D�R� �(�1�9�9�3�)� �T�o�x�i�c�o�l�o�g�i�c�a�l� �p�r�o�f�i�l�e�s� �f�o�r� �c�h�r�o�m�i�u�m�.� �R�e�p�o�r�t� �#� �A�T�S�D�R�/�T�P�-�8�8�/�1�0� 

�S�n�y�d�e�r�,� �C�.�A�.�,� �C�a�l�l�e�,� �C�.�D�.� �(�1�9�9�1�)� �I�m�m�u�n�e� �f�u�n�c�t�i�o�n� �a�s�s�a�y�s� �a�s� �i�n�d�i�c�a�t�o�r�s� �o�f� 
�c�h�r�o�m�a�t�e� �e�x�p�o�s�u�r�e�.� �E�n�v�i�r�o�n�.� �H�e�a�l�t�h� �P�e�r�s�p�e�c�t�.� �9�2� �:� �8�3�-�8�6� 

�L�o�v�e�,� �A�.�H�.�G�.� �(�1�9�8�3�)� �C�h�r�o�m�i�u�m�-�b�i�o�l�o�g�i�c�a�l� �a�n�d� �a�n�a�l�y�t�i�c�a�l� �c�o�n�s�i�d�e�r�a�t�i�o�n�s�.� �I�n�:� 
�C�h�r�o�m�i�u�m�:� �M�e�t�a�b�o�l�i�s�m� �a�n�d� �T�o�x�i�c�i�t�y�,� �(�B�u�r�r�o�w�s�,� �D�.� �e�d�.�)�,� �B�o�c�a� �R�a�t�o�n�,� �F�L�,� �C�R�C� 
�P�r�e�s�s�,� �p�p� �1�-�1�2� 

�V�e�r�s�c�h�o�o�r�,� �M�.�A�.�,� �B�a�r�g�e�r�,� �P�.�C�.�,� �H�e�r�b�e�r�,� �R�.� �F�.� �M�.�,� �Z�i�e�l�h�u�i�s�,� �R�.�L�.�,� �Z�w�e�n�n�i�s�,� 
�W�.�C�.�M�.� �(�1�9�8�8�)� �R�e�n�a�l� �f�u�n�c�t�i�o�n� �o�f� �c�h�r�o�m�e�-�p�l�a�t�i�n�g� �w�o�r�k�e�r�s� �a�n�d� �w�e�l�d�e�r�s�.� �I�n�t�.� �A�r�c�h�.� 
�O�c�c�u�p�.� �E�n�v�i�r�o�n�.� �H�e�a�l�t�h� �6�0�:� �6�7�-�7�0� 

�L�o�e�b�,� �L�.� �(�1�9�8�9�)� �E�n�d�o�g�e�n�o�u�s� �c�a�r�c�i�n�o�g�e�n�e�s�i�s�:� �M�o�l�e�c�u�l�a�r� �o�n�c�o�l�o�g�y� �i�n�t�o� �t�h�e� �t�w�e�n�t�y�-� 
�f�i�r�s�t� �c�e�n�t�u�r�y�.� �C�a�n�c�e�r� �R�e�s�.� �4�9�:�5�4�8�9�-�5�4�9�6� 

�O�l�e�i�n�i�c�k�,� �N�.�L�.�,� �C�h�i�u�,� �S�.�,� �R�a�m�a�k�r�i�s�h�n�a�n�,� �N�.�,� �X�u�e�,� �L�.� �(�1�9�8�7�)� �T�h�e� �f�o�r�m�a�t�i�o�n� �a�n�d� 
�s�i�g�n�i�f�i�c�a�n�c�e� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �i�n� �m�a�m�m�a�l�i�a�n� �c�e�l�l�s�.� �B�r�.� �J�.� �C�a�n�c�e�r� �5�5�:� 
�1�3�5�-�1�4�0� 

�M�i�l�l�e�r� �I�I�I�,� �C�.�A�.�,� �C�o�s�t�a�,� �M�.� �(�1�9�8�9�)� �A�n�a�l�y�s�i�s� �o�f� �p�r�o�t�e�i�n�s� �c�r�o�s�s�-�l�i�n�k�e�d� �t�o� �D�N�A� �a�f�t�e�r� 
�t�r�e�a�t�m�e�n�t� �o�f� �c�e�l�l�s� �w�i�t�h� �f�o�r�m�a�l�d�e�h�y�d�e�,� �c�h�r�o�m�a�t�e� �a�n�d� �c�i�s�-�D�i�a�m�m�i�n�e�d�i�c�h�l�o�r�o�p�l�a�t�i�n�u�m� 
�l�l�.� �M�o�l�.� �T�o�x�i�c�o�l�.� �2�:� �1�1�-�2�2� 

�D�e� �F�l�o�r�a�,� �S�.�,� �W�e�t�t�e�r�h�a�h�n�,� �K�.�E�.� �(�1�9�8�9�)� �M�e�c�h�a�n�i�s�m� �o�f� �c�h�r�o�m�i�u�m� �m�e�t�a�b�o�l�i�s�m� �a�n�d� 
�g�e�n�o�t�o�x�i�c�i�t�y�.� �L�i�f�e� �C�h�e�m�.� �R�e�p�.� �7�:� �1�6�9�-�2�4�4� 

�S�t�a�n�d�e�v�e�n�,� �A�.�M�.�,� �W�e�t�t�e�r�h�a�n�h�,� �K�.� �(�1�9�9�1�)� �I�s� �t�h�e�r�e� �a� �r�o�l�e� �f�o�r� �r�e�a�c�t�i�v�e� �o�x�y�g�e�n� �s�p�e�c�i�e�s� 
�i�n� �t�h�e� �m�e�c�h�a�n�i�s�m� �o�f� �c�h�r�o�m�i�u�m�(�V�I�)� �c�a�r�c�i�n�o�g�e�n�e�s�i�s�?� �C�h�e�m�.� �R�e�s�.� �T�o�x�i�c�o�l�.� �4�:� �6�1�6�-� 
�6�2�5� 

�F�o�r�n�a�c�e�,� �A�.�J�.� �J�r�.�,� �S�e�r�e�s�,� �D�.�S�.�,� �L�e�c�h�n�e�r�,� �J�.�F�.�,� �H�a�r�r�i�s� �C�.�C�.� �(�1�9�8�1�)� �D�N�A�-�p�r�o�t�e�i�n� 
�c�r�o�s�s�-�l�i�n�k�i�n�g� �b�y� �c�h�r�o�m�i�u�m� �s�a�l�t�s�.� �C�h�e�m�.�-�B�i�o�l�.� �I�n�t�e�r�a�c�t�.� �3�6�:� �3�4�5�-�3�5�4� 

�K�o�s�t�e�r�,� �A�.�,� �B�e�y�e�r�s�m�a�n�n�,� �D�.� �(�1�9�8�5�)� �C�h�r�o�m�i�u�m� �b�i�n�d�i�n�g� �b�y� �c�a�l�f� �t�h�y�m�u�s� �n�u�c�l�e�i� �a�n�d� 
�e�f�f�e�c�t�s� �o�n� �c�h�r�o�m�a�t�i�n�.� �T�o�x�i�c�o�l�.� �E�n�v�i�r�o�n�.� �C�h�e�m�.� �1�0�:� �3�0�7�-�3�1�3� 
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�1�4�.� 

�1�5�.� 

�1�6�.� 

�1�7�.� 

�1�8�.� 

�1�9�.� 

�2�0�.� 

�2�1�.� 

�2�2�.� 

�2�3�.� 

�2�4�.� 

�2�5�.� 

�2�6�.� 

�T�s�a�p�a�k�o�s�,� �M�.�J�.�,� �W�e�t�t�e�r�h�a�h�n�,� �K�.�E�.� �(�1�9�8�3�)� �T�h�e� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �c�h�r�o�m�i�u�m� �w�i�t�h� 
�n�u�c�l�e�i�c� �a�c�i�d�s�.� �C�h�e�m�.�-�B�i�o�l�.� �I�n�t�e�r�a�c�t�.� �4�6�:� �2�6�5�-�2�7�7� 

�E�a�r�l�e�y�,� �J�.�E�.�,� �C�a�n�n�o�n�,� �R�.�D�.� �(�1�9�6�5�)� �A�q�u�e�o�u�s� �c�h�e�m�i�s�t�r�y� �o�f� �c�h�r�o�m�i�u�m�(�I�I�I�)�.� �I�n�:� 
�T�r�a�n�s�i�t�i�o�n� �M�e�t�a�l� �C�h�e�m�i�s�t�r�y�,� �(�C�a�r�l�i�n�,� �R�.�L�.� �e�d�.�)� �v�o�l�.� �1�.� �M�a�r�c�e�r� �D�e�k�k�e�r�,� �N�e�w� �Y�o�r�k�,� 
�p�p� �3�3�-�3�7� 

�S�u�g�i�y�a�m�a�,� �M�.�,� �A�n�d�o�,� �A�.�,� �O�g�u�r�a�,� �R�.� �(�1�9�8�9�)� �E�f�f�e�c�t� �o�f� �v�i�t�a�m�i�n� �E� �o�n� �s�u�r�v�i�v�a�l�,� 
�g�l�u�t�a�t�h�i�o�n�e� �r�e�d�u�c�t�a�s�e�,� �a�n�d� �f�o�r�m�a�t�i�o�n� �o�f� �c�h�r�o�m�i�u�m� �(�V�)� �i�n� �C�h�i�n�e�s�e� �h�a�m�s�t�e�r� �V�-�7�9� 
�c�e�l�l�s� �t�r�e�a�t�e�d� �w�i�t�h� �s�o�d�i�u�m� �c�h�r�o�m�a�t�e� �(�V�I�)�.� �C�a�r�c�i�n�o�g�e�n�e�s�i�s� �1�0�:� �7�3�7�-�7�4�1� 

�A�i�y�a�r�,� �J�.�,� �B�e�n�k�o�v�i�t�s�,� �H�.�J�.�,� �F�l�o�y�d�,� �R�.�A�.�G�.�,� �W�e�t�t�e�r�h�a�h�n�,� �K�.�E�.� �(�1�9�9�1�)� �R�e�a�c�t�i�o�n� �o�f� 
�c�h�r�o�m�i�u�m� �(�V�I�)� �w�i�t�h� �g�l�u�t�a�t�h�i�o�n�e� �o�r� �w�i�t�h� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e�:� �I�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� 
�r�e�a�c�t�i�v�e� �i�n�t�e�r�m�e�d�i�a�t�e�s� �a�n�d� �t�h�e�i�r� �r�o�l�e� �i�n� �c�h�r�o�m�i�u�m� �(�V�I�)�-�i�n�d�u�c�e�d� �D�N�A� �d�a�m�a�g�e�.� 
�E�n�v�i�r�o�n�.� �H�e�a�l�t�h� �P�e�r�s�p�e�c�t�.� �9�2�:� �5�3�-�6�2� 

�K�o�r�t�e�n�k�a�m�p�,� �A�.�,� �O�e�t�k�e�n�,� �G�.�,� �B�e�y�e�r�s�m�a�n�n�,� �D�.� �(�1�9�9�0�)� �T�h�e� �D�N�A� �c�l�e�a�v�a�g�e� �i�n�d�u�c�e�d� 
�b�y� �a� �c�h�r�o�m�i�u�m� �(�V�)� �c�o�m�p�l�e�x� �a�n�d� �b�y� �c�h�r�o�m�a�t�e� �a�n�d� �g�l�u�t�a�t�h�i�o�n�e� �i�s� �m�e�d�i�a�t�e�d� �b�y� 
�a�c�t�i�v�a�t�e�d� �o�x�y�g�e�n� �s�p�e�c�i�e�s�.� �M�u�t�a�t�.� �R�e�s�.� �2�3�2�:�1�5�5�-�1�6�1� 

�K�a�w�a�n�i�s�h�i�,� �S�.�,� �I�n�o�u�e�,� �S�.�,� �S�a�n�o�,� �S�.� �(�1�9�8�6�)� �M�e�c�h�a�n�i�s�m� �o�f� �D�N�A� �c�l�e�a�v�a�g�e� �i�n�d�u�c�e�d� 
�b�y� �s�o�d�i�u�m� �c�h�r�o�m�a�t�e�(�V�I�)� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e�.� �J�.� �B�i�o�l�.� �C�h�e�m�.� 
�2�6�1�:� �5�9�5�2�-�5�9�8�9� 

�S�u�g�i�y�a�m�a�,� �M�.�,� �P�a�t�i�e�r�n�o�,� �S�.�R�.�,� �C�a�n�t�o�n�i�,� �O�.�,� �C�o�s�t�a�,� �M�.� �(�1�9�8�6�)� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� 
�D�N�A� �l�e�s�i�o�n�s� �i�n�d�u�c�e�d� �b�y� �C�a�C�r�O�,� �i�n� �s�y�n�c�h�r�o�n�o�u�s� �a�n�d� �a�s�y�n�c�h�r�o�n�o�u�s� �c�u�l�t�u�r�e�d� 
�m�a�m�m�a�l�i�a�n� �c�e�l�l�s�.� �M�o�l�.� �P�h�a�r�m�a�c�o�l�.� �2�9�:� �6�0�6�-�6�1�3� 

�T�s�a�p�o�k�o�s�,� �M�.�J�.�,� �H�a�m�p�t�o�n�,� �T�.�H�.�,� �W�a�t�t�e�r�h�a�h�n�,� �K�.�E�.� �(�1�9�9�1�)� �C�h�r�o�m�i�u�m� �(�V�I�)�-� 
�i�n�d�u�c�e�d� �D�N�A� �l�e�s�i�o�n�s� �a�n�d� �c�h�r�o�m�i�u�m� �d�i�s�t�r�i�b�u�t�i�o�n� �i�n� �r�a�t� �k�i�d�n�e�y�,� �l�i�v�e�r�,� �a�n�d� �l�u�n�g�.� 
�C�a�n�c�e�r� �R�e�s�.� �4�3�:� �5�6�6�2�-�5�6�6�7� 

�S�u�g�i�y�a�m�a�,� �M�.�,� �C�o�s�t�a�,� �M�.�,� �N�a�k�a�g�a�w�a�,� �T�.�,� �H�i�d�a�k�a�,� �T�.�,� �O�g�u�r�a�,� �R�.� �(�1�9�8�8�)� 
�S�t�i�m�u�l�a�t�i�o�n� �o�f� �p�o�l�y�a�d�e�n�o�s�i�n�e� �d�i�p�h�o�s�p�h�o�r�i�b�o�s�e� �s�y�n�t�h�e�s�i�s� �b�y� �D�N�A� �l�e�s�i�o�n�s� �i�n�d�u�c�e�d� 
�b�y� �s�o�d�i�u�m� �c�h�r�o�m�a�t�e� �i�n� �c�h�i�n�e�s�e� �h�a�m�s�t�e�r� �V�-�7�9� �c�e�l�l�s�.� �C�a�n�c�e�r� �R�e�s�.� �4�8�:� �1�1�0�0�-�1�1�0�4� 

�D�i�z�d�a�r�o�g�l�u�,� �M�.�,� �G�a�j�e�w�s�k�i�,� �E�.�,� �R�e�d�d�y�,� �P�.�,� �M�a�r�g�o�l�i�s�,� �S�.�A�.� �(�1�9�8�9�)� �S�t�r�u�c�t�u�r�e� �o�f� �a� 
�h�y�d�r�o�x�y�]� �r�a�d�i�c�a�l� �i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�-�l�i�n�k� �i�n�v�o�l�v�i�n�g� �t�h�y�m�i�n�e� �a�n�d� �t�y�r�o�s�i�n�e� �i�n� 
�n�u�c�l�e�o�h�i�s�t�o�n�e�.� �B�i�o�c�h�e�m�i�s�t�r�y� �2�8�:� �3�6�2�5�-�3�6�2�8� 

�S�c�h�u�e�s�s�l�e�r�,� �H�.�,� �J�u�n�g�,� �E�.� �(�1�9�8�9�)� �P�r�o�t�e�i�n�-�D�N�A�-�c�r�o�s�s�l�i�n�k�s� �i�n�d�u�c�e�d� �b�y� �p�r�i�m�a�r�y� �a�n�d� 
�s�e�c�o�n�d�a�r�y� �r�a�d�i�c�a�l�s�.� �F�r�e�e� �R�a�d�i�c�.� �R�e�s�.� �C�o�m�m�s�.� �6�:� �1�6�1�-�1�6�2� 

�D�i�z�d�a�r�o�g�l�u�,� �M�.� �(�1�9�9�1�)� �C�h�e�m�i�c�a�l� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �f�r�e�e� �r�a�d�i�c�a�l� �i�n�d�u�c�e�d� �d�a�m�a�g�e� �t�o� 
�D�N�A�.� �F�r�e�e�.� �R�a�d�i�c�.� �B�i�o�l�.� �M�e�d�.� �1�0�:� �2�2�5�-�2�4�2� 

�W�e�t�t�e�r�h�a�h�n�,� �K�.�E�.�,� �H�a�m�i�l�t�o�n�,� �J�.�W�.�,� �A�i�y�a�r�,� �J�.�,� �B�o�r�g�e�s�,� �K�.�,� �F�l�o�y�d�,� �R�.� �(�1�9�8�9�)� 
�M�e�c�h�a�n�i�s�m� �o�f� �c�h�r�o�m�i�u�m�(�V�I�)� �c�a�r�c�i�n�o�g�e�n�e�s�i�s�:� �r�e�a�c�t�i�v�e� �i�n�t�e�r�m�e�d�i�a�t�e�s� �a�n�d� �e�f�f�e�c�t� �o�n� 
�g�e�n�e� �e�x�p�r�e�s�s�i�o�n�.� �B�i�o�l�.� �T�r�a�c�e� �E�l�e�m�e�n�t� �R�e�s�.� �2�1�:� �4�0�5�-�4�1�1� 
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�2�7�.� 

�2�8�.� 

�2�9�.� 

�3�0�.� 

�3�1�.� 

�3�2�.� 

�3�3�.� 

�3�4�.� 

�3�5�.� 

�3�6�.� 

�3�7�.� 

�3�8�.� 

�3�9�.� 

�W�e�s�t�b�r�o�o�k�,� �J�.�H�.� �(�1�9�7�9�)� �C�h�r�o�m�i�u�m� �a�n�d� �c�h�r�o�m�i�u�m� �a�l�l�o�y�s�.� �I�n�:� �K�i�r�k�-�O�t�h�m�e�r� 
�E�n�c�y�c�l�o�p�e�d�i�a� �o�f� �C�h�e�m�i�c�a�l� �T�e�c�h�n�o�l�o�g�y�,� �(�M�a�r�k�,� �H�.�F�.�,� �O�t�h�m�e�r�,� �D�.�F�.�,� �O�v�e�r�b�e�r�g�e�r�,� 
�C�.�G�.�,� �S�e�a�b�o�r�g�,� �G�.�T�.�,� �G�r�a�y�s�o�n�,� �M�.�,� �e�d�s�.�)�,� �3�r�d� �e�d�.�,� �V�o�l�.� �6�,� �N�e�w� �Y�o�r�k�,� �J�o�h�n� �w�i�l�e�y� 
�&� �S�o�n�s�,� �p�p� �5�4�-�8�2� 

�F�i�s�h�b�e�i�n�,� �L�.� �(�1�9�7�6�)� �E�n�v�i�r�o�n�m�e�n�t�a�l� �m�e�t�a�l�l�i�c� �c�a�r�c�i�n�o�g�e�n�s�:� �a�n� �o�v�e�r�v�i�e�w� �o�f� �e�x�p�o�s�u�r�e� 
�l�e�v�e�l�s�.� �J�.� �T�o�x�i�c�o�l�.� �E�n�v�i�r�o�n�.� �H�e�a�l�t�h� �2�:� �7�7�-�1�0�9� 

�N�a�t�i�o�n�a�l� �R�e�s�e�a�r�c�h� �C�o�u�n�c�i�l� �(�1�9�7�4�)� �C�h�r�o�m�i�u�m�,� �W�a�s�h�i�n�g�t�o�n� �D�C�,� �N�a�t�i�o�n�a�l� �A�c�a�d�e�m�y� 
�o�f� �s�c�i�e�n�c�e�s�.� 

�O�'�B�r�i�e�n�,� �P�.�,� �B�a�r�r�e�t�t�,� �J�.�,� �S�w�a�n�s�o�n�,� �F�.� �(�1�9�8�5�)� �C�h�r�o�m�i�u�m�(�V�)� �c�a�n� �b�e� �g�e�n�e�r�a�t�e�d� �b�y� 
�t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �C�r�(�V�I�)� �b�y� �g�l�u�t�a�t�h�i�o�n�e�.� �I�n�o�r�g�.� �C�h�i�m�.� �A�c�t�a� �1�0�8�:� �L�1�9�-�2�0� 

�G�o�o�d�g�a�m�e�,� �D�.�M�.�L�.�,� �J�o�y�,� �A�.� �M�.� �(�1�9�8�7�)� �E�P�R� �s�t�u�d�y� �o�f� �c�h�r�o�m�i�u�m�(�V�)� �a�n�d� �r�a�d�i�c�a�l� 
�s�p�e�c�i�e�s� �p�r�o�d�u�c�e�d� �i�n� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �C�r�(�V�I�)� �w�i�t�h� �a�s�c�o�r�b�a�t�e�.� �I�n�o�r�g�.� �C�h�i�m�.� �A�c�t�a�.� 
�1�3�5�:� �1�1�5�-�1�1�9� 

�C�o�h�e�n�,� �M�.�D�.�,� �L�a�t�t�a�,� �D�.�,� �C�o�o�g�a�n�,� �T�.�,� �C�o�s�t�a�,� �M�.� �(�1�9�9�0�)� �M�e�c�h�a�n�i�s�m�s� �o�f� �m�e�t�a�l� 
�c�a�r�c�i�n�o�g�e�n�e�s�i�s�:� �T�h�e� �r�e�a�c�t�i�o�n�s� �o�f� �m�e�t�a�l�s� �w�i�t�h� �n�u�c�l�e�i�c� �a�c�i�d�s�.� �I�n�:� �B�i�o�l�o�g�i�c�a�l� �E�f�f�e�c�t�s� �o�f� 
�H�e�a�v�y� �M�e�t�a�l�s�,� �(�E�.�C�.� �F�o�u�l�k�e�s�,� �e�d�.�)�,� �V�o�l�.� �I�l�,� �M�e�t�a�l� �C�a�r�c�i�n�o�g�e�n�e�s�i�s�,� �C�R�C� �P�r�e�s�s�,� 
�B�o�c�a� �R�a�t�o�n�,� �p�p� �1�9�-�7�6� 

�N�i�e�b�o�e�r�,� �E�.�,� �J�u�s�y�s�,� �A�.� �(�1�9�8�8�)� �B�i�o�l�o�g�i�c�a�l� �c�h�e�m�i�s�t�r�y� �o�f� �c�h�r�o�m�i�u�m� �I�n�:� �C�h�r�o�m�i�u�m� 
�i�n� �t�h�e� �N�a�t�u�r�a�l� �a�n�d� �H�u�m�a�n� �E�n�v�i�r�o�n�m�e�n�t�s�,� �A�d�v�a�n�c�e�s� �i�n� �S�c�i�e�n�c�e� �a�n�d� �T�e�c�h�n�o�l�o�g�y�.� 
�(�E�.� �N�i�e�b�o�e�r�,� �J�.�O�.� �N�r�i�a�g�u�,� �e�d�s�.�)�,� �J�.� �W�i�e�y� �a�n�d� �S�o�n�s�,� �N�e�w� �Y�o�r�k�,� �V�o�l�.� �2�0�,� �p�p� �2�1�-�7�9� 

�J�e�n�n�e�t�t�e�,� �K�.�W�.� �(�1�9�8�1�)� �T�h�e� �r�o�l�e� �o�f� �m�e�t�a�l�s� �i�n� �c�a�r�c�i�n�o�g�e�n�e�s�i�s�:� �B�i�o�c�h�e�m�i�s�t�r�y� �a�n�d� 
�m�e�t�a�b�o�l�i�s�m�.� �E�n�v�i�r�o�n�.� �H�e�a�l�t�h� �P�e�r�s�p�e�c�t�.� �4�0�:�2�2�3�-�2�5�2� 

�A�r�s�l�a�n�,� �P�.�,� �B�e�l�t�r�a�m�e�,� �M�.�,� �T�o�m�a�s�i�,� �A�.� �(�1�9�8�7�)� �I�n�t�r�a�c�e�l�l�u�l�a�r� �c�h�r�o�m�i�u�m� �r�e�d�u�c�t�i�o�n�.� 
�B�i�o�c�h�i�m�.� �B�i�o�p�h�y�s�.� �A�c�t�a� �9�3�1�:� �1�0�-�1�5� 

�C�o�n�n�e�t�t�,� �P�.�H�,� �W�e�t�t�e�r�h�a�h�n�,� �K�.� �(�1�9�8�3�)� �M�e�t�a�b�o�l�i�s�m� �o�f� �t�h�e� �c�a�r�c�i�n�o�g�e�n� �c�h�r�o�m�a�t�e� �b�y� 
�c�e�l�l�u�l�a�r� �c�o�n�s�t�i�t�u�e�n�t�s�.� �S�t�r�u�c�t�.� �B�o�n�d�.� �5�4�:� �9�3�-�1�2�4� 

�G�o�o�d�g�a�m�e�,� �D�.�M�.�L�.�,� �H�a�y�m�a�n�,� �P�.�B�.�,� �H�a�t�h�w�a�y�,� �D�.�E�.� �(�1�9�8�2�)� �C�a�r�c�i�n�o�g�e�n�i�c� 
�c�h�r�o�m�i�u�m� �(�V�I�)� �f�o�r�m�s� �c�h�r�o�m�i�u�m� �(�V�)� �w�i�t�h� �r�i�b�o�n�u�c�l�e�o�t�i�d�e�s� �b�u�t� �n�o�t� �w�i�t�h� 
�d�e�o�x�y�r�i�b�o�n�u�c�l�e�o�t�i�d�e�s�.� �P�o�l�y�h�e�d�r�o�n� �1�:� �4�9�7�-�4�9�9� 

�D�e�n�n�i�s�t�o�n�,� �M�.�L�.�,� �U�y�e�k�i�,� �E�.�M�.� �(�1�9�8�7�)� �D�i�s�t�r�i�b�u�t�i�o�n� �a�n�d� �H�P�L�C� �s�t�u�d�y� �o�f� 
�c�h�r�o�m�i�u�m�-�5�1� �b�i�n�d�i�n�g� �s�i�t�e�s� �i�n� �C�h�i�n�e�s�e� �h�a�m�s�t�e�r� �o�v�a�r�y� �c�e�l�l�s�.� �J�.� �T�o�x�i�c�o�l�.� �E�n�v�i�r�o�n�.� 
�H�e�a�l�t�h� �2�1�:� �3�7�5�-�3�8�6� 

�S�u�g�i�y�a�m�a�,� �M�.�,� �A�n�d�o�,� �A�.�,� �O�g�u�r�a�,� �R�.� �(�1�9�8�9�)� �V�i�t�a�m�i�n� �B�7�-�e�n�h�a�n�c�e�m�e�n�t� �o�f� �s�o�d�i�u�m� 
�c�h�r�o�m�a�t�e� �(�V�I�)�-�i�n�d�u�c�e�d� �D�N�A� �s�i�n�g�l�e� �s�t�r�a�n�d� �b�r�e�a�k�s�:� �E�S�R� �s�t�u�d�y� �o�f� �t�h�e� �a�c�t�i�o�n� �o�f� 
�V�i�t�a�m�i�n� �B�y�.� �B�i�o�c�h�e�m�.� �B�i�o�p�h�y�s�.� �R�e�s�.� �C�o�m�m�u�n�.� �1�5�9�:� �1�0�8�0�-�1�0�8�5� 

�1�7



�4�0�.� 

�4�1�.� 

�4�2�.� 

�4�3�.� 

�4�4�.� 

�4�5�.� 

�4�6�.� 

�4�7�.� 

�4�8�.� 

�4�9�.� 

�5�0�.� 

�5�1�.� 

�5�2�.� 

�5�3�.� 

�S�h�i�,� �X�.�,� �D�a�l�a�l�,� �N�.�S�.� �(�1�9�8�9�)� �C�h�r�o�m�i�u�m� �(�V�)� �a�n�d� �h�y�d�r�o�x�y�]� �r�a�d�i�c�a�l� �f�o�r�m�a�t�i�o�n� �d�u�r�i�n�g� 
�t�h�e� �g�l�u�t�a�t�h�i�o�n�e� �r�e�d�u�c�t�a�s�e� �c�a�t�a�l�y�z�e�d� �r�e�d�u�c�t�i�o�n� �o�f� �c�h�r�o�m�i�u�m� �(�V�I�)�.� �B�i�o�c�h�e�m�.� 
�B�i�o�p�h�y�s�.� �R�e�s�.� �C�o�m�m�u�n�.� �1�6�3�:� �6�2�7�-�6�3�4� 

�J�a�n�n�e�t�t�e�,� �K�.�W�.� �(�1�9�8�5�)� �M�i�c�r�o�s�o�m�a�l� �r�e�d�u�c�t�i�o�n� �o�f� �t�h�e� �c�a�r�c�i�n�o�g�e�n�i�c� �c�h�r�o�m�a�t�e� 
�p�r�o�d�u�c�e�s� �c�h�r�o�m�i�u�m� �(�V�)�.� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.� �1�0�4�:� �8�7�4�-�8�7�5� 

�D�e� �F�l�o�r�a�,� �S�.�,� �M�o�r�e�l�l�i�,� �A�.�,� �B�a�s�s�o�,� �C�.�,� �R�o�m�a�n�o�,� �M�.�,� �S�e�r�r�a�,� �D�.�,� �D�e� �F�l�o�r�a�,� �A�.� �(�1�9�8�5�)� 
�P�r�o�m�i�n�e�n�t� �r�o�l�e� �o�f� �D�T�-�d�i�a�p�h�r�o�a�s�e� �a�s� �a� �c�e�l�l�u�l�a�r� �m�e�c�h�a�n�i�s�m� �r�e�d�u�c�i�n�g� �c�h�r�o�m�i�u�m� �(�V�I�)� 
�a�n�d� �r�e�v�e�r�t�i�n�g� �i�t�s� �m�u�t�a�g�e�n�i�c�i�t�y�.� �C�a�n�c�e�r� �R�e�s�.� �4�5�:� �3�1�8�8�-�3�1�9�6� 

�B�a�n�k�s�,� �R�.�B�.�,� �C�o�o�k�e�,� �R�.�T�.�,� �J�r�.� �(�1�9�8�6�)� �C�h�r�o�m�a�t�e� �r�e�d�u�c�t�i�o�n� �b�y� �r�a�b�b�i�t� �l�i�v�e�r� 
�a�l�d�e�h�y�d�e� �o�x�i�d�a�s�e�.� �B�i�o�c�h�e�m�.� �B�i�o�p�h�y�s�.� �R�e�s�.� �C�o�m�m�u�n�.� �1�3�7�:� �8�-�1�4� 

�S�u�g�i�y�a�m�a�,� �M�.� �(�1�9�8�9�)� �E�f�f�e�c�t�s� �o�f� �v�i�t�a�m�i�n� �E� �a�n�d� �v�i�t�a�m�i�n� �B�7� �o�n� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� 
�D�N�A� �l�e�s�i�o�n�s�.� �B�i�o�l�.� �T�r�a�c�e� �E�l�e�m�e�n�t� �R�e�s�.� �2�1�:� �3�9�9�-�4�0�4� 

�C�u�p�o�,� �D�.�Y�.�,� �W�a�t�t�e�r�h�a�h�n�,� �K�.�E�.� �(�1�9�8�5�)� �M�o�d�i�f�i�c�a�t�i�o�n� �o�f� �c�h�r�o�m�i�u�m� �(�V�I�)�-�i�n�d�u�c�e�d� 
�D�N�A� �d�a�m�a�g�e� �b�y� �g�l�u�t�a�t�h�i�o�n�e� �a�n�d� �c�y�t�o�c�h�r�o�m�e� �P�-�4�5�0� �i�n� �c�h�i�c�k�e�n� �e�m�b�r�y�o� �h�e�p�a�t�o�c�y�t�e�s�.� 
�P�r�o�c�.� �N�a�t�l�.� �A�c�a�d�.� �S�c�.�,� �U�S�A� �8�2�:� �6�7�5�5�-�6�7�5�9� 

�E�v�a�n�s�,� �C�.�A�.�,� �G�u�e�v�r�e�m�o�n�t�,� �R�.�,� �R�a�b�e�n�s�t�e�i�n�,� �D�.�L�.� �(�1�9�7�9�)� �M�e�t�a�l� �c�o�m�p�l�e�x�e�s� �o�f� 
�a�s�p�a�r�t�i�c� �a�n�d� �g�l�u�t�a�m�i�c� �a�c�i�d�.� �I�n�:� �M�e�t�a�l� �I�o�n�s� �i�n� �B�i�o�l�o�g�i�c�a�l� �S�y�s�t�e�m�s�,� �(�H�.� �S�i�g�e�t� �e�d�.�)� 
�M�a�r�c�e�l� �D�e�k�k�e�r�,� �N�e�w� �Y�o�r�k�,� �V�o�l�.� �9�,� �p�p� �4�2�-�7�5� 

�G�e�r�g�l�e�y�,� �A�.�,� �S�o�v�a�g�o�,� �I�.� �(�1�9�7�9�)� �T�h�e� �c�o�o�r�d�i�n�a�t�i�o�n� �c�h�e�m�i�s�t�r�y� �o�f� �L�-�c�y�s�t�e�i�n�e� �a�n�d� �D�-� 
�p�e�n�i�c�i�l�l�a�m�i�n�e�.� �I�n�:� �M�e�t�a�l� �I�o�n�s� �i�n� �B�i�o�l�o�g�i�c�a�l� �S�y�s�t�e�m�s�,� �(�H�.� �S�i�g�e�t� �e�d�.�)� �M�a�r�c�e�l� �D�e�k�k�e�r�,� 
�N�e�w� �Y�o�r�k�,� �V�o�l�.� �9�,� �p�p� �7�7�-�1�0�2� 

�H�a�r�r�i�s�,� �D�.�C�.� �(�1�9�7�7�)� �D�i�f�f�e�r�e�n�t� �m�e�t�a�l� �b�i�n�d�i�n�g� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �t�w�o� �s�i�t�e�s� �o�f� �h�u�m�a�n� 
�t�r�a�n�s�f�e�r�r�i�n�.� �B�i�o�c�h�e�m�i�s�t�r�y�.� �1�6� �:� �5�6�0�-�5�6�4� 

�T�a�m�i�n�o�,� �G�.�,� �P�e�r�e�t�t�a�,� �L�.�,� �L�e�v�i�s�,� �A�.�G�.� �(�1�9�8�1�)� �E�f�f�e�c�t�s� �o�f� �t�r�i�v�a�l�e�n�t� �a�n�d� �h�e�x�a�v�a�l�e�n�t� 
�c�h�r�o�m�i�u�m� �o�n� �t�h�e� �p�h�y�s�i�o�c�h�e�m�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �m�a�m�m�a�l�i�a�n� �c�e�l�l� �n�u�c�l�e�i�c� �a�c�i�d�s� �a�n�d� 
�s�y�n�t�h�e�t�i�c� �p�o�l�y�n�u�c�l�e�o�t�i�d�e�s�.� �C�h�e�m�.�-�B�i�o�l�.� �I�n�t�e�r�a�c�t�.� �3�7�:� �3�0�9�-�3�1�9� 

�W�o�l�f�,� �T�.�,� �K�a�s�e�m�a�n�n�,� �R�.�,� �O�t�t�e�n�w�a�l�d�e�r�,� �H�.� �(�1�9�8�9�)� �M�o�l�e�c�u�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �o�f� 
�d�i�f�f�e�r�e�n�t� �c�h�r�o�m�i�u�m� �s�p�e�c�i�e�s� �w�i�t�h� �n�u�c�l�e�o�t�i�d�e�s� �a�n�d� �n�u�c�l�e�i�c� �a�c�i�d�s�.� �C�a�r�c�i�n�o�g�e�n�e�s�i�s� �1�0�:� 
�6�5�5�-�6�5�9� 

�S�n�o�w�,� �E�.�T�.� �(�1�9�9�1�)� �A� �p�o�s�s�i�b�l�e� �r�o�l�e� �f�o�r� �c�h�r�o�m�i�u�m� �(�I�I�D�)� �i�n� �g�e�n�o�t�o�x�i�c�i�t�y�.� �E�n�v�i�r�o�n�.� 
�H�e�a�l�t�h� �P�e�r�s�p�e�c�t�.� �9�2�:�7�5�-�8�1� 

�S�n�o�w�,� �E�.�T�.� �(�1�9�9�4�)� �E�f�f�e�c�t� �o�f� �c�h�r�o�m�i�u�m� �o�n� �D�N�A� �r�e�p�l�i�c�a�t�i�o�n� �i�n� �v�i�t�r�o�.� �E�n�v�i�r�o�n�.� 
�H�e�a�l�t�h� �P�e�r�s�p�e�c�t�.� �1�0�2�:� �4�1�-�4�4� 

�M�i�l�l�e�r�,� �C�.�A�.�,� �I�I�I�,� �C�o�s�t�a�,� �M�.� �(�1�9�9�0�)� �I�m�m�u�n�o�d�e�t�e�c�t�i�o�n� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�-�l�i�n�k�s� 
�b�y� �s�l�o�t� �b�l�o�t�t�i�n�g�.� �M�u�t�a�t�.� �R�e�s�.� �2�3�4�:� �9�7�-�1�0�6� 

�1�8



�5�4�.� 

�5�5�.� 

�5�6�.� 

�5�7�.� 

�5�8�.� 

�5�9�.� 

�6�0�.� 

�6�1�.� 

�6�2�.� 

�6�3�.� 

�6�4�.� 

�6�5�.� 

�6�6�.� 

�6�7�.� 

�S�u�g�d�e�n�,� �K�.�D�.�;� �G�e�e�r�,� �R�.�D�.� �a�n�d� �R�o�g�e�r�s�,� �S�.�J�.�(�1�9�9�2�)� �O�x�y�g�e�n� �r�a�d�i�c�a�l�-�m�e�d�i�a�t�e�d� �D�N�A�-� 
�d�a�m�a�g�e� �b�y� �r�e�d�o�x�-�a�c�t�i�v�e� �C�r�(�I�I�D�)� �c�o�m�p�l�e�x�e�s�.� �B�i�o�c�h�e�m�i�s�t�r�y� �3�1�:� �1�1�6�2�6�-�1�1�6�3�1� 

�Y�a�s�s�i�,� �A�.� �a�n�d� �N�i�e�b�o�e�n�,� �E�.� �(�1�9�8�8�)� �C�a�r�c�i�n�o�g�e�n�i�c�i�t�y� �o�f� �c�h�r�o�m�i�u�m� �c�o�m�p�o�u�n�d�s�.� �I�n�:� 
�C�h�r�o�m�i�u�m� �i�n� �t�h�e� �N�a�t�u�r�a�l� �a�n�d� �H�u�m�a�n� �E�n�v�i�r�o�n�m�e�n�t�s�,� �A�d�v�a�n�c�e�s� �i�n� �S�c�i�e�n�c�e� �a�n�d� 
�T�e�c�h�n�o�l�o�g�y�,� �(�E�.� �N�i�e�b�o�e�r�,� �J�.�O�.� �N�r�i�a�g�u� �e�d�s�.�)�,� �J�.� �W�i�l�e�y� �a�n�d� �S�o�n�s�,� �N�e�w� �Y�o�r�k�,� �V�o�l�.� 
�2�0�,� �p�p� �4�4�3�-�4�9�5� 

�W�a�t�e�r�h�o�u�s�e�,� �J�.�A�.�H�.� �(�1�9�7�5�)� �C�a�n�c�e�r� �a�m�o�n�g� �c�h�r�o�m�i�u�m� �p�l�a�t�e�r�s�.� �B�r�.� �J�.� �C�a�n�c�e�r� �3�2�:� 
�2�6�2� 

�L�a�n�g�a�r�d�,� �S�.�,� �A�n�d�e�r�s�o�n�,� �A�.�,� �G�l�y�s�e�t�h�,� �B�.� �(�1�9�8�0�)� �I�n�c�i�d�e�n�c�e� �o�f� �c�a�n�c�e�r� �a�m�o�n�g� 
�f�e�r�r�o�c�h�r�o�m�i�u�m� �a�n�d� �f�e�r�r�o�s�i�l�i�c�o�n� �w�o�r�k�e�r�s�.� �B�r�.� �J�.� �I�n�d�.� �M�e�d�.� �3�7�:� �1�1�4�-�1�2�0� 

�S�t�e�r�n�,� �R�.�M�.� �(�1�9�8�3�)� �A�s�s�e�s�s�m�e�n�t� �o�f� �r�i�s�k� �o�f� �l�u�n�g� �c�a�n�c�e�r� �f�o�r� �w�e�l�d�e�r�s�.� �A�r�c�h�.� �E�n�v�.� 
�H�e�a�l�t�h� �3�8�:� �1�4�8�-�1�5�5� 

�N�e�t�t�e�s� �h�e�i�m�,� �P�.�,� �H�a�n�n�a�,� �J�r�.�,� �M�.�G�.�,� �D�o�h�e�r�t�y�,� �D�.�G�.�,� �N�e�w�e�l�l�,� �R�.�P�.�,� �H�e�l�l�m�a�n�,� �A�.� 
�(�1�9�7�1�)� �E�f�f�e�c�t� �o�f� �c�a�l�c�i�u�m� �c�h�r�o�m�a�t�e� �d�u�s�t�,� �i�n�f�l�u�e�n�z�a� �v�i�r�u�s�,� �a�n�d� �1�0�0� �r�a�d�s� �o�f� �w�h�o�l�e� 
�b�o�d�y� �X�-�i�r�r�a�d�i�a�t�i�o�n� �o�n� �t�h�e� �l�u�n�g� �t�u�m�o�r� �i�n�c�i�d�e�n�c�e� �i�n� �m�i�c�e�.� �J�.� �N�a�t�l�.� �C�a�n�c�e�r� �I�n�s�t�.� �4�7�:� 
�1�1�2�9�-�1�1�4�4� 

�L�e�v�y�,� �L�.�S�.�,� �M�a�r�t�i�n�,� �P�.�,� �B�i�d�s�t�r�u�p�,� �P�.�L�.� �(�1�9�8�6�)� �I�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �t�h�e� �p�o�t�e�n�t�i�a�l� 
�c�a�r�c�i�n�o�g�e�n�i�c�i�t�y� �o�f� �a� �r�a�n�g�e� �o�f� �c�h�r�o�m�i�u�m� �c�o�n�t�a�i�n�i�n�g� �m�a�t�e�r�i�a�l�s� �o�n� �r�a�t� �l�u�n�g�.� �B�r�.� �J�.� 
�I�n�d�.� �M�e�d�.� �4�3�:� �2�4�3�-�2�5�6� 

�A�l�b�e�r�t�,� �R�.�E�.� �(�1�9�9�1�)� �I�s�s�u�e�s� �i�n� �t�h�e� �r�i�s�k� �a�s�s�e�s�s�m�e�n�t� �o�f� �c�h�r�o�m�i�u�m�.� �E�n�v�i�r�o�n�.� �H�e�a�l�t�h� 
�P�e�r�s�p�e�c�t�.� �9�2�:� �9�1�-�9�2� 

�N�i�e�b�o�e�r�,� �E�.�,� �S�h�a�w�,� �S�.�L�.� �(�1�9�8�8�)� �M�u�t�a�g�e�n�i�c� �a�n�d� �o�t�h�e�r� �g�e�n�o�t�o�x�i�c� �e�f�f�e�c�t�s� �o�f� 
�c�h�r�o�m�i�u�m�.� �I�n�:� �C�h�r�o�m�i�u�m� �i�n� �t�h�e� �N�a�t�u�r�a�l� �a�n�d� �H�u�m�a�n� �E�n�v�i�r�o�n�m�e�n�t�s�,� �A�d�v�a�n�c�e�s� �i�n� 
�S�c�i�e�n�c�e� �a�n�d� �T�e�c�h�n�o�l�o�g�y�,� �(�E�.� �H�i�e�b�o�e�r� �a�n�d� �J�.�O�.� �N�r�i�a�g�u� �e�d�s�.�)� �J�.� �W�i�l�e�y� �a�n�d� �S�o�n�s�,� 
�N�e�w� �Y�o�r�k�,� �V�o�l�.� �2�0�,� �p�p� �3�9�9�-�4�4�1� 

�A�r�l�a�u�s�k�a�s�,� �A�.�,� �B�a�k�e�r�,� �R�.�S�.�V�.�,� �B�o�n�i�e�r�,� �A�.�M�.�,� �T�a�n�d�o�n�,� �R�.�K�.�,� �C�r�i�s�p�,� �P�.�T�.�,� �E�l�l�i�s�,� �J�.� 
�(�1�9�8�5�)� �M�u�t�a�g�e�n�i�c�i�t�y� �o�f� �m�e�t�a�l� �i�o�n�s� �i�n� �b�a�c�t�e�r�i�a�.� �E�n�v�i�r�o�n�.� �R�e�s�.� �3�6�:� �3�7�9�-� �3�8�8� 

�L�a�V�e�l�l�e�,� �J�.�M�.� �(�1�9�8�6�)� �P�o�t�a�s�s�i�u�m� �c�h�r�o�m�a�t�e� �p�o�t�e�n�t�i�a�t�e�s� �f�r�a�m�e�s�h�i�f�t� �m�u�t�a�g�e�n�e�s�i�s� �i�n� �E�.� 
�c�o�l�i� �a�n�d� �S�.� �t�y�p�h�i�m�u�r�i�u�m�.� �M�u�t�a�t�.� �R�e�s�.� �1�7�1�:� �1�-�1�0� 

�L�e�v�i�n�,� �D�.�E�.�,� �H�o�l�l�s�t�e�i�n�,� �M�.�,� �C�h�r�i�s�t�m�a�n�,� �F�.�,� �S�c�h�w�i�e�r�s�,� �E�.�A�.�,� �A�m�e�s�,� �B�.�N�.� �(�1�9�8�2�)� 
�A� �n�e�w� �S�a�l�m�o�n�e�l�l�a� �t�e�s�t�e�r� �s�t�r�a�i�n� �(�T�A� �1�0�2�)� �w�i�t�h� �A�-�T� �b�a�s�e� �p�a�i�r�s� �a�t� �t�h�e� �s�i�t�e� �o�f� �m�u�t�a�t�i�o�n� 
�d�e�t�e�c�t�s� �o�x�i�d�a�t�i�v�e� �m�u�t�a�g�e�n�s�.� �P�r�o�c�.� �N�a�t�l�.� �A�c�a�d�.� �S�c�i�.� �U�S�A� �7�9�:� �7�4�4�5�-�7�4�4�8� 

�B�e�n�n�i�c�e�l�l�i�,� �C�.�,� �C�a�m�o�i�r�a�n�o�,� �A�.�,� �P�e�t�r�u�z�z�e�l�i�,� �S�.�,� �Z�a�n�a�c�c�h�i�,� �P�.�,� �D�e�F�l�o�r�a�,� �S�.� �(�1�9�8�3�)� 
�H�i�g�h� �s�e�n�s�i�t�i�v�i�t�y� �o�f� �S�a�l�m�o�n�e�l�l�a� �T�A� �1�0�2� �i�n� �d�e�t�e�c�t�i�n�g� �h�e�x�a�v�a�l�e�n�t� �c�h�r�o�m�i�u�m� 
�m�u�t�a�g�e�n�i�c�i�t�y� �a�n�d� �i�t�s� �r�e�v�e�r�s�a�l� �b�y� �l�i�v�e�r� �a�n�d� �l�u�n�g� �p�r�e�p�a�r�a�t�i�o�n�s�.� �M�u�t�a�t�.� �R�e�s�.� �1�2�2�:� �1�-�5� 

�W�e�d�r�y�c�h�o�w�s�k�i�,� �A�.�,� �W�a�r�d�,� �W�.�S�.�,� �S�c�h�m�i�d�t�,� �W�.�N�.�,� �H�n�i�l�i�c�a�,� �L�.� �(�1�9�8�5�)� �C�h�r�o�m�i�u�m�-� 
�i�n�d�u�c�e�d� �c�r�o�s�s�-�l�i�n�k�i�n�g� �o�f� �n�u�c�l�e�a�r� �p�r�o�t�e�i�n�s� �a�n�d� �D�N�A�.� �J�.� �B�i�o�l�.� �C�h�e�m�.� �2�6�0�:� �7�1�5�0�-� 
�7�1�5�5� 

�1�9



�6�8�.� 

�6�9�.� 

�7�0�.� 

�7�1�.� 

�7�2�.� 

�7�3�.� 

�7�4�.� 

�7�5�.� 

�7�6�.� 

�7�7�.� 

�7�8�.� 

�7�9�.� 

�8�0�.� 

�B�e�y�e�r�s�m�a�n�n�,� �D�.�,� �K�o�s�t�e�r�,� �A�.� �(�1�9�8�7�)� �O�n� �t�h�e� �r�o�l�e� �o�f� �t�r�i�v�a�l�e�n�t� �c�h�r�o�m�i�u�m� �i�n� 
�c�h�r�o�m�i�u�m� �g�e�n�o�t�o�x�i�c�i�t�y�.� �T�o�x�o�c�o�l�.� �E�n�v�i�r�o�n�.� �C�h�e�m�.� �1�4�:� �1�1�-�2�2� 

�S�u�g�i�y�a�m�a�,� �M�.�,� �L�i�n�,� �X�.�,� �C�o�s�t�a�,� �M�.� �(�1�9�9�1�)� �P�r�o�t�e�c�t�i�v�e� �e�f�f�e�c�t�s� �o�f� �v�i�t�a�m�i�n� �E� �a�g�a�i�n�s�t� 
�c�h�r�o�m�o�s�o�m�a�l� �a�b�e�r�r�a�t�i�o�n�s� �a�n�d� �m�u�t�a�t�i�o�n� �i�n�d�u�c�e�d� �b�y� �s�o�d�i�u�m� �c�h�r�o�m�a�t�e� �i�n� �C�h�i�n�e�s�e� 
�h�a�m�s�t�e�r� �V� �7�9� �c�e�l�l�s�.� �M�u�t�a�t�.� �R�e�s�.� �2�6�0�:�1�9�-�2�3� 

�W�i�s�e�,� �J�.�P�.�,� �O�r�e�n�s�t�e�i�n�,� �J�.�M�.�,� �P�a�t�i�e�r�n�o�,� �S�.�R�.� �(�1�9�9�3�)� �I�n�h�i�b�i�t�i�o�n� �o�f� �l�e�a�d� �c�h�r�o�m�a�t�e� 
�c�l�a�s�t�o�g�e�n�e�s�i�s� �b�y� �a�s�c�o�r�b�a�t�e�:� �r�e�l�a�t�i�o�n�s�h�i�p� �t�o� �p�a�r�t�i�c�l�e� �d�i�s�s�o�l�u�t�i�o�n� �a�n�d� �u�p�t�a�k�e�.� 
�C�a�r�c�i�n�o�g�e�n�e�s�i�s� �1�4�:� �4�2�9�-�4�3�4� 

�D�i�p�a�o�l�o�,� �J�.�A�.�,� �C�a�s�t�o�,� �B�.�C�.� �(�1�9�7�9�)� �Q�u�a�n�t�i�t�a�t�i�v�e� �s�t�u�d�i�e�s� �o�f� �i�n� �v�i�t�r�o� �m�o�r�p�h�o�l�o�g�i�c�a�l� 
�t�r�a�n�s�f�o�r�m�a�t�i�o�n� �o�f� �S�y�r�i�a�n� �h�a�m�s�t�e�r� �c�e�l�l�s� �b�y� �i�n�o�r�g�a�n�i�c� �m�e�t�a�l� �s�a�l�t�s�.� �C�a�n�c�e�r� �R�e�s�.� �3�9�:� 
�1�0�0�8�-�1�0�1�3� 

�B�r�i�g�g�s�,� �J�.�A�.�,� �B�r�i�g�g�s�,� �R�.�C�.� �(�1�9�8�8�)� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �c�h�r�o�m�i�u�m� �e�f�f�e�c�t�s� �o�n� �a� �r�a�t� 
�l�i�v�e�r� �e�p�i�t�h�e�l�i�a�l� �c�e�l�l� �l�i�n�e� �a�n�d� �t�h�e� �r�e�l�e�v�a�n�c�e� �t�o� �i�n� �v�i�t�r�o� �t�r�a�n�s�f�o�r�m�a�t�i�o�n�.� �C�a�n�c�e�r� �R�e�s�.� �4�8�:� 
�6�4�8�4�-�6�4�9�0� 

�H�a�n�s�e�n�,� �K�.�,� �S�t�e�r�n�,� �R�.�M�.� �(�1�9�8�5�)� �W�e�l�d�i�n�g� �f�u�m�e�s� �a�n�d� �c�h�r�o�m�i�u�m� �c�o�m�p�o�u�n�d�s� �i�n� �c�e�l�l� 
�t�r�a�n�s�f�o�r�m�a�t�i�o�n� �a�s�s�a�y�s�.� �J�.� �A�p�p�l�.� �T�o�x�i�c�o�l�.� �5�:� �3�0�6�-�3�1�4� 

�P�a�t�i�e�r�n�o�,� �S�.�R�.�,� �B�a�h�n�,� �D�.�,� �L�a�n�d�o�l�p�h�,� �J�.�R�.� �(�1�9�8�8�)� �T�r�a�n�s�f�o�r�m�a�t�i�o�n� �o�f� �C�3�H�/�1�0�T� �1�/�2� 
�m�o�u�s�e� �e�m�b�r�y�o� �c�e�l�l�s� �t�o� �f�o�c�u�s� �f�o�r�m�a�t�i�o�n� �a�n�d� �a�n�c�h�o�r�a�g�e� �i�n�d�e�p�e�n�d�e�n�c�e� �b�y� �i�n�s�o�l�u�b�l�e� 
�l�e�a�d� �c�h�r�o�m�a�t�e� �b�u�t� �n�o�t� �s�o�l�u�b�l�e� �c�a�l�c�i�u�m� �c�h�r�o�m�a�t�e�:� �r�e�l�a�t�i�o�n�s�h�i�p� �t�o� �m�u�t�a�g�e�n�e�s�i�s� �o�n� �a�n�d� 
�i�n�t�e�r�n�a�l�i�z�a�t�i�o�n� �o�f� �l�e�a�d� �c�h�r�o�m�a�t�e� �p�a�r�t�i�c�l�e�s�.� �C�a�n�c�e�r� �R�e�s�.� �4�8�:� �5�2�8�0�-�5�2�8�8� 

�O�h�a�n�o�,� �H�.�,� �H�a�n�a�o�k�a�,� �F�.�,� �Y�a�m�a�d�a�,� �M�.� �(�1�9�8�2�)� �I�n�d�u�c�i�b�i�l�i�t�y� �o�f� �s�i�s�t�e�r�-�c�h�r�o�m�a�t�i�d� 
�e�x�c�h�a�n�g�e�s� �b�y� �h�e�a�v�y� �m�e�t�a�l� �i�o�n�s�.� �M�u�t�a�t�.� �R�e�s�.� �1�0�4�:� �1�4�1�-�1�4�5� 

�N�y�s�,� �M�.�,� �K�i�r�s�c�h�-�V�o�l�d�e�r�s�,� �M�.� �(�1�9�8�6�)� �I�n�d�u�c�t�i�o�n� �o�f� �s�p�i�n�d�l�e� �i�n�h�i�b�i�t�i�o�n� �a�n�d� �a�b�n�o�r�m�a�l� 
�m�i�t�o�t�i�c� �f�i�g�u�r�e�s� �b�y� �C�r�(�I�I�)�,� �C�r�(�I�M�)� �a�n�d� �C�r�(�V�I�)� �i�o�n�s�.� �M�u�t�a�g�e�n�e�s�i�s� �1�:� �2�4�7�-�2�5�2� 

�S�e�n�,� �P�.�,� �C�o�n�w�a�y�,� �K�.�.�,� �C�o�s�t�a�,� �M�.� �(�1�9�8�6�)� �C�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �l�o�c�a�l�i�z�a�t�i�o�n� �o�f� 
�c�h�r�o�m�o�s�o�m�e� �d�a�m�a�g�e� �i�n�d�u�c�e�d� �b�y� �c�h�r�o�m�a�t�e� �a�n�d� �n�i�c�k�e�l� �c�o�m�p�o�u�n�d�s�.� �C�a�n�c�e�r� �R�e�s�.� �4�7�:� 
�2�1�4�2�-�2�1�4�7� 

�K�o�r�t�e�n�k�a�m�p�,� �A�.�,� �O�z�o�l�i�n�s�,� �Z�.�,� �B�e�y�e�r�s�m�a�n�n�,� �D�.� �a�n�d� �O�'�B�r�i�e�n�,� �P�.� �(�1�9�8�9�)� �G�e�n�e�r�a�t�i�o�n� 
�o�f� �P�M�2� �D�N�A� �b�r�e�a�k�s� �i�n� �t�h�e� �c�o�u�r�s�e� �o�f� �r�e�d�u�c�t�i�o�n� �o�f� �c�h�r�o�m�i�u�m� �(�V�I�)� �b�y� �g�l�u�t�a�t�h�i�o�n�e�.� 
�M�u�t�a�t�.� �R�e�s�.� �2�1�6�:�1�9�-�2�6� 

�C�a�n�t�o�n�i�,� �O�.�,� �C�o�s�t�a�,� �M�.� �(�1�9�8�4�)� �A�n�a�l�y�s�i�s� �o�f� �t�h�e� �i�n�d�u�c�t�i�o�n� �o�f� �a�l�k�a�l�i� �s�e�n�s�i�t�i�v�e� �s�i�t�e�s� �i�n� 
�t�h�e� �D�N�A� �b�y� �c�h�r�o�m�a�t�e� �a�n�d� �o�t�h�e�r� �a�g�e�n�t�s� �t�h�a�t� �i�n�d�u�c�e� �s�i�n�g�l�e�-�s�t�r�a�n�d� �b�r�e�a�k�s�.� 
�C�a�r�c�i�n�o�g�e�n�e�s�i�s� �5�:�1�2�0�7� 

�V�e�n�i�t�t�,� �S�.� �(�1�9�8�5�)� �G�e�n�e�t�i�c� �t�o�x�i�c�o�l�o�g�y� �o�f� �c�h�r�o�m�i�u�m� �a�n�d� �n�i�c�k�e�l� �c�o�m�p�o�u�n�d�s�.� �[�n�:� 
�H�e�a�l�t�h� �H�a�z�a�r�d�s� �a�n�d� �B�i�o�l�o�g�i�c�a�l� �E�f�f�e�c�t�s� �o�f� �W�e�l�d�i�n�g� �F�u�m�e�s� �a�n�d� �G�a�s�e�s�.� �(�S�t�e�r�n�,� �R�.�,� 
�B�e�r�l�i�n�,� �A�.�,� �J�a�r�v�i�s�a�l�o�,� �J�.�,� �a�n�d� �F�l�e�t�c�h�e�r�,� �A�.�,� �e�d�s�.�)�,� �I�C�S� �N�o�.� �6�7�6�,� �E�l�s�e�v�i�e�r� �S�c�i�e�n�c�e�,� 
�A�m�s�t�e�r�d�a�m�,� �p�p� �2�4�9�-�2�6�6� 

�2�0



�8�1�.� 

�8�2�.� 

�8�3�.� 

�8�4�.� 

�8�5�.� 

�8�6�.� 

�8�7�.� 

�8�8�.� 

�8�9�.� 

�9�0�.� 

�9�1�.� 

�9�2�.� 

�9�3�.� 

�9�4�.� 

�M�i�l�l�e�r�,� �C�.�A�.�,� �C�o�s�t�a�,� �M�.� �(�1�9�8�8�)� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� 
�i�n�d�u�c�e�d� �i�n� �i�n�t�a�c�t� �c�e�l�l�s� �b�y� �t�h�e� �c�a�r�c�i�n�o�g�e�n� �c�h�r�o�m�a�t�e�.� �M�o�l�.� �C�a�r�c�i�n�o�g�e�n�.� �1�:�1�2�5�-�1�3�3� 

�E�l�i�a�s�,� �Z�.�,� �S�c�h�n�e�i�d�e�r�,� �O�.�,� �A�u�b�r�e�y�,� �F�.�,� �D�a�n�i�e�r�e�,� �M�.�C�.�,� �P�a�i�r�o�t�,� �O�.� �(�1�9�8�3�)� �S�i�s�t�e�r� 
�c�h�r�o�m�a�t�i�d� �e�x�c�h�a�n�g�e�s� �i�n� �C�h�i�n�e�s�e� �h�a�m�s�t�e�r� �V�7�9� �c�e�l�l�s� �t�r�e�a�t�e�d� �w�i�t�h� �t�h�e� �t�r�i�v�a�l�e�n�t� 
�c�h�r�o�m�i�u�m� �c�o�m�p�o�u�n�d�s� �c�h�r�o�m�i�c� �c�h�l�o�r�i�d�e� �a�n�d� �c�h�r�o�m�i�c� �o�x�i�d�e�.� �C�a�r�c�i�n�o�g�e�n�e�s�i�s� �4�:� 
�6�0�5�-�6�1�1� 

�S�n�y�d�e�r�,� �R�.�D�.� �(�1�9�8�8�)� �R�o�l�e� �o�f� �a�c�t�i�v�e� �o�x�y�g�e�n� �s�p�e�c�i�e�s� �i�n� �m�e�t�a�l�-�i�n�d�u�c�e�d� �D�N�A� �s�t�r�a�n�d� 
�b�r�e�a�k�a�g�e� �i�n� �h�u�m�a�n� �d�i�p�l�o�i�d� �f�i�b�r�o�b�l�a�s�t�s�.� �M�u�t�a�t�.� �R�e�s�.� �1�9�3�:�2�3�7�-�2�4�6� 

�H�a�m�i�l�t�o�n�,� �J�.�W�.�,� �W�e�t�t�e�r�h�a�h�n�,� �k�.�E�.� �(�1�9�8�6�)� �C�h�r�o�m�i�u�m�(�V�I�)�-�i�n�d�u�c�e�d� �D�N�A� �d�a�m�a�g�e� �i�n� 
�c�h�i�c�k� �e�m�b�r�y�o� �l�i�v�e�r� �a�n�d� �b�l�o�o�d� �c�e�l�l�s� �i�n� �v�i�v�o�.� �C�a�r�c�i�n�o�g�e�n�e�s�i�s� �7�:� �2�0�8�5�-�2�0�8�8� 

�S�u�g�i�y�a�m�a�,� �M�.�;� �W�a�n�g�,� �X�.�,� �C�o�s�t�a�,� �M�.� �(�1�9�8�6�)� �C�o�m�p�a�r�i�s�o�n� �o�f� �D�N�A� �l�e�s�i�o�n�s� �a�n�d� 
�c�y�t�o�t�o�x�i�c�i�t�y� �i�n�d�u�c�e�d� �b�y� �c�a�l�c�i�u�m� �c�h�r�o�m�a�t�e� �i�n� �h�u�m�a�n�s�,� �m�o�u�s�e�,� �a�n�d� �h�a�m�s�t�e�r� �c�e�l�l� 
�l�i�n�e�s�.� �C�a�n�c�e�r� �R�e�s�.� �4�6�:�4�5�4�7�-�4�5�5�1� 

�M�a�n�n�i�n�g�,� �F�.�C�.�,� �B�l�a�n�k�e�n�s�h�i�p�,� �L�.�J�.�,� �W�i�s�e�,� �J�.�P�.�,� �X�u�,� �J�.�,� �B�r�i�d�g�e�w�a�t�e�r�,� �L�.�C�.�,� 
�P�a�t�i�e�r�n�o�,� �S�.�R�.� �(�1�9�9�4�)� �I�n�d�u�c�t�i�o�n� �o�f� �i�n�t�e�r�n�u�c�l�e�o�s�o�m�a�l� �D�N�A� �f�r�a�g�m�e�n�t�a�t�i�o�n� �b�y� 
�c�a�r�c�i�n�o�g�e�n�i�c� �c�h�r�o�m�a�t�e�:� �r�e�l�a�t�i�o�n�s�h�i�p� �t�o� �D�N�A� �d�a�m�a�g�e�,� �g�e�n�o�t�o�x�i�c�i�t�y�,� �a�n�d� �i�n�h�i�b�i�t�i�o�n� �o�f� 
�m�a�c�r�o�m�o�l�e�c�u�l�a�r� �s�y�n�t�h�e�s�i�s�.� �E�n�v�i�r�o�n�.� �H�e�a�l�t�h� �P�e�r�s�p�e�c�t�.� �1�0�2�:� �1�5�9�-�1�6�7� 

�K�r�o�t�e�n�k�a�m�p�.� �A�.�,� �O�'�B�r�i�e�n�,� �P�.�,� �B�e�y�e�r�s�m�a�n�n�,� �D�.� �(�1�9�8�9�)� �T�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �c�h�r�o�m�a�t�e� 
�i�s� �a� �p�r�e�r�e�q�u�i�s�i�t�e� �o�f� �c�h�r�o�m�i�u�m� �b�i�n�d�i�n�g� �t�o� �c�e�l�l� �n�u�c�l�e�i�.� �C�a�r�c�i�n�o�g�e�n�e�s�i�s� �1�2�:� �1�1�4�3�-�1�1�4�4� 

�M�i�l�l�e�r�,� �C�.�A�.�,� �I�I�I�,� �C�o�h�e�n�,� �M�.�D�.�,� �C�o�s�t�a�,� �M�.� �(�1�9�9�1�)� �C�o�m�p�l�e�x�i�n�g� �o�f� �a�c�t�i�n� �a�n�d� �o�t�h�e�r� 
�n�u�c�l�e�a�r� �p�r�o�t�e�i�n�s� �t�o� �D�N�A� �b�y� �c�i�s�-�d�i�a�m�m�i�n�e�d�i�c�h�l�o�r�o�p�l�a�t�i�n�u�m�(�I�]�)� �a�n�d� �c�h�r�o�m�i�u�m� 
�c�o�m�p�o�u�n�d�s�.� �C�a�r�c�i�n�o�g�e�n�e�s�i�s� �1�2�:� �2�6�9�-�2�7�6� 

�L�i�n�,� �X�.�,� �Z�h�u�a�n�g�,� �Z�.�,� �C�o�s�t�a�,� �M�.�(�1�9�9�2�)� �A�n�a�l�y�s�i�s� �o�f� �r�e�s�i�d�u�a�l� �a�m�i�n�o� �a�c�i�d�-�D�N�A� �c�r�o�s�s�-� 
�l�i�n�k�s� �i�n�d�u�c�e�d� �i�n� �i�n�t�a�c�t� �c�e�l�l�s� �b�y� �n�i�c�k�e�l� �a�n�d� �c�h�r�o�m�i�u�m� �c�o�m�p�o�u�n�d�s�.� �C�a�r�c�i�n�o�g�e�n�e�s�i�s� 
�1�3�:� �1�7�6�3�-�1�7�6�8� 

�V�o�i�t�k�u�n�,� �V�.�,� �Z�h�i�t�k�o�v�i�c�h�,� �A�.�,� �C�o�s�t�a�,� �M�.� �(�1�9�9�4�)� �C�o�m�p�l�e�x�i�n�g� �o�f� �a�m�i�n�o� �a�c�i�d�s� �t�o� 
�D�N�A� �b�y� �c�h�r�o�m�a�t�e� �i�n� �i�n�t�a�c�t� �c�e�l�l�s�.� �E�n�v�i�r�o�n�.� �H�e�a�l�t�h� �P�e�r�s�p�e�c�t�.� �1�0�2�:� �2�5�1�-�2�5�5� 

�H�a�r�t�w�i�g�,� �A�.� �(�1�9�9�5�)� �C�u�r�r�e�n�t� �a�s�p�e�c�t�s� �i�n� �m�e�t�a�l� �g�e�n�o�t�o�x�i�c�i�t�y�.� �B�i�o�m�e�t�a�l�s� �8�:� �3�-�1�1� 

�R�o�b�e�r�t�s�,� �J�.�J�.� �(�1�9�7�8�)� �T�h�e� �r�e�p�a�i�r� �o�f� �D�N�A� �m�o�d�i�f�i�e�d� �b�y� �c�y�t�o�t�o�x�i�c�,� �m�u�t�a�g�e�n�i�c�,� �a�n�d� 
�c�a�r�c�i�n�o�g�e�n�i�c� �c�h�e�m�i�c�a�l�s�.� �A�d�v�.� �R�a�d�i�a�t�.� �B�i�o�l�.� �7�:� �2�1�1�-�2�1�5� 

�F�a�u�x�,� �S�.�P�.�,� �G�a�o�,� �M�.�,� �C�h�i�p�m�a�n�,� �J�.�K�.�,� �L�e�v�y�,� �L�.�S�.� �(�1�9�9�2�)� �P�r�o�d�u�c�t�i�o�n� �o�f� �8�-� 
�h�y�d�r�o�x�y�d�e�o�x�y�g�u�a�n�o�s�i�n�e� �i�n� �i�s�o�l�a�t�e�d� �D�N�A� �b�y� �c�h�r�o�m�i�u�m�(�V�J�)� �a�n�d� �c�h�r�o�m�i�u�m�(�V�)�.� 
�C�a�r�c�i�n�o�g�e�n�e�s�i�s� �1�3�:� �1�6�6�7�-�1�6�6�9� 

�F�r�i�e�d�m�a�n�,� �J�.�,� �S�h�a�b�t�a�i�,� �F�.�,� �L�e�v�y�,� �L�.�S�.�,� �D�j�a�l�d�e�t�t�i�,� �M�.� �(�1�9�8�7�)� �C�h�r�o�m�i�u�m� �c�h�l�o�r�i�d�e� 
�i�n�d�u�c�e�s� �c�h�r�o�m�o�s�o�m�a�l� �a�b�e�r�r�a�t�i�o�n�s� �i�n� �h�u�m�a�n� �l�y�m�p�h�o�c�y�t�e�s� �v�i�a� �i�n�d�i�r�e�c�t� �a�c�t�i�o�n�.� �M�u�t�a�t�.� 
�R�e�s�.� �1�9�1�:� �2�0�7�-�2�1�0� 
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�9�5�.� 

�9�6�.� 

�9�7�.� 

�9�8�.� 

�9�9�.� 

�1�0�0�.� 

�1�0�1�.� 

�1�0�2�.� 

�1�0�3�.� 

�1�0�4�.� 

�1�0�5�.� 

�1�0�6�.� 

�1�0�7�.� 

�1�0�8�.� 

�T�s�u�z�u�k�i�,� �T�.�,� �S�u�g�i�y�a�m�a�,� �M�.�,� �H�a�r�a�m�a�k�i�,� �N�.� �(�1�9�9�4�)� �D�N�A� �s�i�n�g�l�e�-�s�t�r�a�n�d� �b�r�e�a�k�s� �a�n�d� 
�c�y�t�o�t�o�x�i�c�i�t�y� �i�n�d�u�c�e�d� �b�y� �c�h�r�o�m�a�t�e�(�V�I�)�,� �c�a�d�m�i�u�m�(�I�D�)�,� �a�n�d� �m�e�r�c�u�r�y�(�I�}� �i�n� �h�y�d�r�o�g�e�n� 
�p�e�r�o�x�i�d�e�-�r�e�s�i�s�t�a�n�t� �c�e�l�l� �l�i�n�e�s�.� �E�n�v�i�r�o�n�.� �H�e�a�l�t�h� �P�e�r�s�p�e�c�t�.� �1�0�2�:� �3�4�1�-�3�4�2� 

�S�h�i�,� �X�.�,� �M�a�o�,� �Y�.� �(�1�9�9�4�)� �8�-�H�y�d�r�o�x�y�-�2�'�-�d�e�o�x�y�g�u�a�n�o�s�i�n�e� �f�o�r�m�a�t�i�o�n� �a�n�d� �D�N�A� 
�d�a�m�a�g�e� �i�n�d�u�c�e�d� �b�y� �s�u�l�f�u�r� �t�r�i�o�x�i�d�e� �a�n�i�o�n� �r�a�d�i�c�a�l�s�.� �B�i�o�c�h�e�m�.� �B�i�o�p�h�y�s�.� �R�e�s�.� 
�C�o�m�m�u�n�.� �2�0�5�:� �1�4�1�-�1�4�7� 

�S�t�e�a�r�n�s�,� �D�.�M�.�,� �K�e�n�n�e�d�y�,� �L�.�J�.�,� �C�o�u�r�t�n�e�y�,� �K�.�D�.�,� �G�i�a�n�g�r�a�n�d�e�,� �P�.�H�.�,� �P�h�i�e�f�f�e�r�,� 
�L�.�S�.�,� �W�e�t�t�e�r�h�a�h�n�,� �K�.�E�.� �(�1�9�9�5�)� �R�e�d�u�c�t�i�o�n� �o�f� �C�r�(�V�I�)� �b�y� �a�s�c�o�r�b�a�t�e� �l�e�a�d�s� �t�o� 
�c�h�r�o�m�i�u�m�-�D�N�A� �b�i�n�d�i�n�g� �a�n�d� �D�N�A� �s�t�r�a�n�d� �b�r�e�a�k�s� �i�n� �v�i�t�r�o�.� �B�i�o�c�h�e�m�i�s�t�r�y� �3�4�:� �9�1�0�-� 
�9�1�9� 

�d�a� �C�r�u�z� �F�r�e�s�c�o�,� �P�.�,� �K�r�o�t�e�n�k�a�m�p�,� �A�.� �(�1�9�9�4�)� �T�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �D�N�A� �c�l�e�a�v�i�n�g� 
�s�p�e�c�i�e�s� �d�u�r�i�n�g� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �c�h�r�o�m�a�t�e� �b�y� �a�s�c�o�r�b�a�t�e�.� �C�a�r�c�i�n�o�g�e�n�e�s�i�s� �1�5�:� �1�7�7�3�-� 
�1�7�7�8� 

�H�a�l�l�i�w�e�l�l�,� �B�.�,� �G�u�t�t�e�r�i�d�g�e�,� �M�.�C�.� �(�e�d�s�.�)� �(�1�9�8�9�)� �F�r�e�e� �R�a�d�i�c�a�l�s� �i�n� �B�i�o�l�o�g�y� �a�n�d� 
�M�e�d�i�c�i�n�e�,� �C�l�a�r�e�n�d�o�n� �P�r�e�s�s�,� �O�x�f�o�r�d� 

�F�r�i�d�o�v�i�c�h�,� �I�.� �(�1�9�7�6�)� �O�x�y�g�e�n� �r�a�d�i�c�a�l�s�,� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �a�n�d� �o�x�y�g�e�n� �t�o�x�i�c�i�t�y�.� �I�n�:� 
�F�r�e�e� �R�a�d�i�c�a�l� �i�n� �B�i�o�l�o�g�y�,� �P�r�y�o�r�,� �W�.�A�.�,� �e�d�.�,� �A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� �V�o�l�.� �1�,� 
�p�p� �2�3�9�-�2�7�7� 

�C�r�o�s�s�,� �C�.�E�.�,� �H�a�l�l�i�w�e�l�l�,� �B�.�,� �B�o�r�i�s�h�,� �E�.�T�.�,� �P�r�y�o�r�,� �W�.�A�.�,� �A�m�e�s�,� �B�.�N�.�,� �S�a�u�l�,� �R�.�L�.�,� 
�M�c�C�o�r�d�,� �J�.�M�.�,� �H�a�r�m�a�n�,� �D�.� �(�1�9�8�7�)� �O�x�y�g�e�n� �r�a�d�i�c�a�l�s� �a�n�d� �h�u�m�a�n� �d�i�s�e�a�s�e�.� �A�n�n�a�l�s� 
�I�n�t�.� �M�e�d�.� �1�0�7�:� �5�2�6�-�5�4�5� 

�B�a�s�t�,� �A�.�,� �G�o�r�i�s�,� �R�.�J�.�A�.� �(�1�9�8�9�)� �O�x�i�d�a�t�i�v�e� �s�t�r�e�s�s�:� �B�i�o�c�h�e�m�i�s�t�r�y� �a�n�d� �h�u�m�a�n� �d�i�s�e�a�s�e� 
�P�h�a�r�m�.� �W�e�e�k�b�l�.� �(�s�c�i�)� �1�1�:� �1�9�9�-�2�0�6� 

�K�l�o�n�e�r�,� �R�.�A�.�,� �P�r�z�y�k�l�e�n�k�,� �K�.� �W�h�i�t�t�a�k�e�r�,� �P�.� �(�1�9�8�9�)� �D�e�l�e�t�e�r�i�o�u�s� �e�f�f�e�c�t�s� �o�f� �o�x�y�g�e�n� 
�r�a�d�i�c�a�l�s� �i�n� �i�s�c�h�e�m�i�a�/�r�e�p�e�r�f�u�s�i�o�n�.� �C�i�r�c�u�l�a�t�i�o�n� �8�0�:� �1�1�1�5�-�1�1�2�7� 

�A�m�e�s�,� �B�.�N�.� �(�1�9�8�9�)� �E�n�d�o�g�e�n�o�u�s� �o�x�i�d�a�t�i�v�e� �D�N�A� �d�a�m�a�g�e�,� �a�g�i�n�g�,� �a�n�d� �c�a�n�c�e�r�.� �F�r�e�e� 
�R�a�d�i�c�.� �R�e�s�.� �C�o�m�m�s�.� �7�:� �1�2�1�-�1�2�8� 

�K�e�n�s�l�e�r�,� �T�.�W�.�,� �T�a�f�f�e�,� �B�.�G�.� �(�1�9�8�6�)� �F�r�e�e� �r�a�d�i�c�a�l�s� �i�n� �t�u�m�o�r� �p�r�o�m�o�t�i�o�n�.� �A�d�v�.� �F�r�e�e� 
�R�a�d�i�c�.� �B�i�o�l�.� �M�e�d�.� �2�:� �3�4�7�-�3�8�7� 

�C�e�r�r�u�t�i�,� �P�.�A�.� �(�1�9�8�5�)� �P�r�o�o�x�i�d�a�n�t� �s�t�a�t�e�s� �a�n�d� �t�u�m�o�r� �p�r�o�m�o�t�i�o�n�.� �S�c�i�e�n�c�e� �2�7�7�:� �3�7�5�-� 
�3�8�1� 

�H�o�c�h�s�t�e�i�n�,� �P�.�,� �A�t�a�l�l�a�h�,� �A�.�S�.� �(�1�9�8�8�)� �T�h�e� �n�a�t�u�r�e� �o�f� �a�n�t�i�o�x�i�d�a�n�t� �s�y�s�t�e�m�s� �i�n� �t�h�e� 
�i�n�h�i�b�i�t�i�o�n� �o�f� �m�u�t�a�t�i�o�n� �a�n�d� �c�a�n�c�e�r�.� �M�u�t�a�t�.� �R�e�s�.� �2�0�2�:� �3�6�3�-�3�7�5� 

�R�o�s�s�,� �D�.�,� �M�o�d�e�u�s�,� �P�.� �(�1�9�9�1�)� �A�n�t�i�o�x�i�d�a�n�t� �d�e�f�e�n�s�e� �s�y�s�t�e�m�s� �a�n�d� �o�x�i�d�a�t�i�v�e� �s�t�r�e�s�s�.� 
�I�n�:� �V�i�g�o�-�P�e�l�f�r�e�y�,� �C�.�,� �e�d�.�,� �M�e�m�b�r�a�n�e� �L�i�p�i�d� �O�x�i�d�a�t�i�o�n�,� �V�o�l�.� �I�I�,� �C�R�C� �P�r�e�s�s�,� �B�o�c�a� 
�R�a�t�o�n�,� �p�p� �1�5�1�-�1�7�0� 

�2�2



�1�0�9�.� 

�1�1�0�.� 

�1�1�1�.� 

�1�1�2�.� 

�1�1�3�.� 

�1�1�4�.� 

�1�1�5�.� 

�1�1�6�.� 

�1�1�7�.� 

�1�1�8�.� 

�1�1�9�.� 

�1�2�0�.� 

�1�2�1�.� 

�1�2�2�.� 

�U�e�n�o�,� �S�.�,� �S�u�s�a�,� �N�.�,� �F�u�r�u�k�a�w�a�,� �Y�.�,� �A�k�i�k�a�w�a�,� �K�.� �a�n�d� �I�t�a�g�a�k�i�,� �I�.� �(�1�9�8�9�)� �C�e�l�l�u�l�a�r� 
�i�n�j�u�r�y� �a�n�d� �l�i�p�i�d� �p�e�r�o�x�i�d�a�t�i�o�n� �i�n�d�u�c�e�d� �b�y� �h�e�x�a�v�a�l�e�n�t� �c�h�r�o�m�i�u�m� �i�n� �i�s�o�l�a�t�e�d� �r�a�t� 
�h�e�p�a�t�o�c�y�t�e�s�.� �J�p�n�.� �J�.� �V�e�t�.� �S�c�i�.� �5�1�:�1�3�7�-�1�4�5� 

�C�o�u�d�r�a�y�,� �C�.�,� �F�a�u�r�e�,� �P�.�,� �R�a�c�h�i�d�i�,� �S�.�,� �J�e�u�n�e�t�,� �A�.�,� �R�i�c�h�a�r�d�,� �M�.�J�.�,� �R�o�u�s�s�e�l�,� �A�.�M�.� 
�a�n�d� �F�a�v�i�e�r�,� �A�.� �(�1�9�9�2�)� �H�y�d�r�o�x�y�l� �r�a�d�i�c�a�l� �f�o�r�m�a�t�i�o�n� �a�n�d� �l�i�p�i�d� �p�e�r�o�x�i�d�a�t�i�o�n� 
�e�n�h�a�n�c�e�m�e�n�t� �b�y� �c�h�r�o�m�i�u�m�.� �I�n� �v�i�t�r�o� �s�t�u�d�y�.� �B�i�o�l�.� �T�r�a�c�e� �E�l�e�m�e�n�t� �R�e�s�.� �3�2�:�1�6�1�-�1�7�0� 

�S�u�g�i�y�a�m�a�,� �M�.� �(�1�9�9�2�)� �R�o�l�e� �o�f� �p�h�y�s�i�o�l�o�g�i�c�a�l� �a�n�t�i�o�x�i�d�a�n�t�s� �i�n� �c�h�r�o�m�i�u�m�(�V�I�)�-�i�n�d�u�c�e�d� 
�c�e�l�l�u�l�a�r� �i�n�j�u�r�y�.� �F�r�e�e� �R�a�d�i�c�.� �B�i�o�l�.� �M�e�d�.� �1�2�:� �3�9�7�-�4�0�7� 

�D�e�b�e�t�t�o�,� �P�.�,� �L�u�c�i�a�n�i�,� �S�.� �(�1�9�8�8�)� �T�o�x�i�c� �e�f�f�e�c�t�s� �o�f� �c�h�r�o�m�i�u�m� �o�n� �c�e�l�l�u�l�a�r� �m�e�t�a�b�o�l�i�s�m�.� 
�S�c�i�.� �T�o�t�a�l� �E�n�v�i�r�o�n�.� �7�1�:� �3�6�5�-�3�7�7� 

�W�i�l�g�a�n�d�,� �H�.�J�.�,� �O�t�t�e�n�w�a�l�d�e�n�,� �H�.�,� �B�o�l�t�,� �H�.�M�.� �(�1�9�8�4�)� �T�h�e� �r�e�d�u�c�t�i�o�n� �o�f� 
�c�h�r�o�m�i�u�m�(�V�I�)� �t�o� �c�h�r�o�m�i�u�m�(�I�I�I�)� �b�y� �g�l�u�t�a�t�h�i�o�n�e�:� �a�n� �i�n�t�r�a�c�e�l�l�u�l�a�r� �r�e�d�o�x� �p�a�t�h�w�a�y� �i�n� 
�m�e�t�a�b�o�l�i�s�m� �o�f� �t�h�e� �c�a�r�c�i�n�o�g�e�n�i�c� �c�h�r�o�m�a�t�e�.� �T�o�x�i�c�o�l�.� �3�3�:� �3�4�1�-�3�4�8� 

�C�h�o�r�v�a�t�o�v�i�c�o�v�a�,� �D�.�,� �G�i�n�t�e�r�,� �E�.�,� �K�o�s�i�n�o�v�a�,� �A�.�,� �Z�l�o�c�h�,� �Z�.� �(�1�9�9�1�)� �E�f�f�e�c�t� �o�f� �V�i�t�a�m�i�n� 
�C� �a�n�d� �E� �o�n� �t�o�x�i�c�i�t�y� �a�n�d� �m�u�t�a�g�e�n�i�c�i�t�y� �o�f� �h�e�x�a�v�a�l�e�n�t� �c�h�r�o�m�i�u�m� �i�n� �r�a�t� �a�n�d� �g�u�i�n�e�a� �p�i�g�.� 
�M�u�t�a�t�.� �R�e�s�.� �2�6�2�:� �4�1�-�4�6� 

�A�i�y�a�r�,� �J�.�.� �B�o�r�g�e�s�,� �K�.�M�.�,� �F�l�o�y�d�,� �R�.�A�.�,� �W�e�t�t�e�r�h�a�h�n�,� �K�.�E�.� �(�1�9�8�9�)� �R�o�l�e� �o�f� 
�c�h�r�o�m�i�u�m� �(�V�)�,� �g�l�u�t�a�t�h�i�o�n�e� �t�h�i�y�l� �r�a�d�i�c�a�l� �a�n�d� �h�y�d�r�o�x�y�l� �r�a�d�i�c�a�l� �i�n�t�e�r�m�e�d�i�a�t�e�s� �i�n� 
�c�h�r�o�m�i�u�m� �(�V�I�)�-�i�n�d�u�c�e�d� �D�N�A�-�d�a�m�a�g�e�.� �T�o�x�i�c�o�l�.� �E�n�v�i�r�o�n�.� �C�h�e�m�.� �2�2�:�1�3�5�-�1�4�8� 

�S�h�i�,� �X�.�,� �D�a�l�a�l�,� �N�.�S�.� �(�1�9�9�0�)� �O�n� �t�h�e� �h�y�d�r�o�x�y�l� �r�a�d�i�c�a�l� �f�o�r�m�a�t�i�o�n� �i�n� �r�e�a�c�t�i�o�n� �b�e�t�w�e�e�n� 
�h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �a�n�d� �b�i�o�l�o�g�i�c�a�l�l�y� �g�e�n�e�r�a�t�e�d� �c�h�r�o�m�i�u�m�(�V�)� �s�p�e�c�i�e�s�.� �A�r�c�h�.� 
�B�i�o�c�h�e�m�.� �B�i�o�p�h�y�s�.� �2�7�7�:� �3�4�2�-�3�5�0� 

�M�i�s�r�a�,� �H�.�P�.� �(�1�9�7�4�)� �G�e�n�e�r�a�t�i�o�n� �o�f� �s�u�p�e�r�o�x�i�d�e� �f�r�e�e� �r�a�d�i�c�a�l� �d�u�r�i�n�g� �t�h�e� �a�u�t�o�x�i�d�a�t�i�o�n� �o�f� 
�t�h�i�o�l�s�.� �J�.� �B�i�o�l�.� �C�h�e�m�.� �2�4�9� �:� �2�1�5�1�-�2�1�5�5� 

�S�e�v�i�l�l�a�,� �M�.�D�.�,� �B�e�c�k�e�r�,� �D�.�,� �S�w�a�r�t�s�,� �S�.�,� �H�e�r�r�i�n�g�t�o�n�,� �J�.� �(�1�9�8�7�)� �S�u�l�f�i�n�y�l� �r�a�d�i�c�a�l� 
�f�o�r�m�a�t�i�o�n� �f�r�o�m� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �c�y�s�t�e�i�n�e� �a�n�d� �g�l�u�t�a�t�h�i�o�n�e� �t�h�i�y�!� �r�a�d�i�c�a�l�s� �w�i�t�h� �m�o�l�e�c�u�l�a�r� 
�o�x�y�g�e�n�.� �B�i�o�c�h�e�m�.� �B�i�o�p�h�y�s�.� �R�e�s�.� �C�o�m�m�u�n�.� �1�4�4�:� �1�0�3�7�-�1�0�4�2� 

�J�o�n�e�s�,� �P�.�,� �K�o�r�t�e�n�k�a�m�p�,� �A�.�,� �O�'�B�r�i�e�n�,� �P�.�,� �W�a�n�g�,� �G�.�,� �Y�a�n�g�,� �G�.� �(�1�9�9�1�)� �E�v�i�d�e�n�c�e� 
�f�o�r� �g�e�n�e�r�a�t�i�o�n� �o�f� �h�y�d�r�o�x�y�l� �r�a�d�i�c�a�l�s� �f�r�o�m� �a� �c�h�r�o�m�i�u�m�(�V�)� �i�n�t�e�r�m�e�d�i�a�t�e� �i�s�o�l�a�t�e�d� �f�r�o�m� 
�r�e�a�c�t�i�o�n� �o�f� �c�h�r�o�m�a�t�e� �w�i�t�h� �g�l�u�t�a�t�h�i�o�n�e�.� �A�r�c�h�.� �B�i�o�c�h�e�m�.� �B�i�o�p�h�y�s�.� �2�8�6�:� �6�5�2�-�6�5�5� 

�O�z�a�w�a�,� �T�.�,� �H�a�n�a�k�i�,� �A�.� �(�1�9�9�0�)� �S�p�i�n�-�t�r�a�p�p�i�n�g� �s�t�u�d�i�e�s� �o�n� �t�h�e� �r�e�a�c�t�i�o�n�s� �o�f� �C�r�(�I�I�D�)� 
�w�i�t�h� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �b�i�o�l�o�g�i�c�a�l� �r�e�d�u�c�t�a�n�t�s�:� �I�s� �C�r�(�I�I�I�)� �n�o�n�-� 
�t�o�x�i�c�?� �B�i�o�c�h�e�m�.� �I�n�t�.� �2�2�:� �3�4�3�-�3�5�2� 

�P�e�r�e�r�a�,� �F�.� �(�1�9�8�7�)� �T�h�e� �p�o�t�e�n�t�i�a�l� �u�s�e�f�u�l�n�e�s�s� �o�f� �b�i�o�l�o�g�i�c�a�l� �m�a�r�k�e�r�s� �i�n� �r�i�s�k� 
�a�s�s�e�s�s�m�e�n�t�.� �E�n�v�i�r�o�n�.� �H�e�a�l�t�h� �P�e�r�s�p�e�c�t�.� �7�6�:�1�4�1�-�1�4�5� 

�L�u�c�i�e�r�,� �G�.�W�.�,� �T�h�o�m�p�s�o�n�,� �C�.�L�.� �(�1�9�8�7�)� �I�s�s�u�e�s� �i�n� �b�i�o�c�h�e�m�i�c�a�l� �a�p�p�l�i�c�a�t�i�o�n�s� �t�o� �r�i�s�k� 
�a�s�s�e�s�s�m�e�n�t�:� �W�h�e�n� �c�a�n� �l�y�m�p�h�o�c�y�t�e�s� �b�e� �u�s�e�d� �a�s� �s�u�r�r�o�g�a�t�e� �m�a�r�k�e�r�s�?� �E�n�v�i�r�o�n�.� 
�H�e�a�l�t�h� �P�e�r�s�p�e�c�t�.� �7�6�:�1�8�7�-�1�9�1� 

�2�3



�1�2�3�.� 

�1�2�4�.� 

�1�2�5�.� 

�1�2�6�.� 

�1�2�7�.� 

�1�2�8�.� 

�1�2�9�.� 

�1�3�0�.� 

�1�3�1�.� 

�1�3�2�.� 

�1�3�3�.� 

�1�3�4�.� 

�1�3�5�.� 

�M�c�C�l�a�i�n�,� �D�.�E�.�,� �K�a�l�i�n�i�c�h�,� �J�.�F�.�,� �P�o�p�l�a�c�k�,� �J�.�K�.�,� �S�n�y�d�e�r�,� �S�.�L�.� �(�1�9�8�9�)� �R�a�d�i�a�t�i�o�n�-� 
�i�n�d�u�c�e�d� �a�s�s�o�c�i�a�t�i�o�n� �o�f� �B�-�g�l�u�c�u�r�o�n�i�d�a�s�e� �w�i�t�h� �p�u�r�i�f�i�e�d� �n�u�c�l�e�i� �f�r�o�m� �i�r�r�a�d�i�a�t�e�d� �M�O�L�T�-�4� 
�a�n�d� �H�e�l�l�a� �c�e�l�l�s�.� �R�a�d�i�a�t�.� �R�e�s�.� �1�1�7�:� �2�2�1�-�2�3�3� 

�C�o�h�e�n�,� �M�.�D�.�,� �K�l�i�n�e�,� �C�.�B�.�,� �C�o�s�t�a�,� �M�.� �(�1�9�9�2�)� �F�o�r�w�a�r�d� �m�u�t�a�t�i�o�n� �a�n�d� �D�N�A�-�p�r�o�t�i�e�n� 
�c�r�o�s�s�l�i�n�k�s� �i�n�d�u�c�e�d� �b�y� �a�m�m�o�n�i�a� �m�e�t�a�v�a�d�a�t�e� �i�n� �c�u�l�t�u�r�e�d� �m�a�m�m�a�l�i�a�n� �c�e�l�l�s�.� �M�u�t�a�t�.� 
�R�e�s�.� �2�6�9�:� �1�4�1�-�1�4�8� 

�C�o�o�g�a�n�,� �T�.�P�.�,� �S�q�u�i�b�b�,� �K�.�S�.�,� �M�o�t�z�,� �J�.�,� �K�i�n�n�e�y�,� �P�.�L�.�,� �C�o�s�t�a�,� �M�.� �(�1�9�9�1�)� 
�D�i�s�t�r�i�b�u�t�i�o�n� �o�f� �c�h�r�o�m�i�u�m� �w�i�t�h�i�n� �c�e�l�l�s� �o�f� �t�h�e� �b�l�o�o�d�.� �T�o�x�i�c�o�l�.� �A�p�p�l�.� �P�h�a�r�m�a�c�o�l�.� 
�1�0�8�:� �1�5�7�-�1�6�6� 

�C�o�s�t�a�,� �M�.�,� �Z�h�i�t�k�o�v�i�c�h�,� �A�.�,� �T�o�n�i�o�l�o�,� �P�.� �(�1�9�9�3�)� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�s� �i�n� �w�e�l�d�e�r�s�:� 
�m�o�l�e�c�u�l�a�r� �i�m�p�l�i�c�a�t�i�o�n�s�.� �C�a�n�c�e�r� �R�e�s�.� �5�3�:� �4�6�0�-�4�6�3� 

�S�u�m�m�e�n�f�i�e�l�d�,� �F�.�,�T�a�p�p�e�l�,� �A�.� �(�1�9�8�4�)� �D�e�t�e�c�t�i�o�n� �a�n�d� �m�e�a�s�u�r�e�m�e�n�t� �b�y� �h�i�g�h� 
�p�e�r�f�o�r�m�a�n�c�e� �l�i�q�u�i�d� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �o�f� �m�a�l�o�n�d�i�a�l�d�e�h�y�d�e� �c�o�m�p�l�e�x�e�s� �i�n� �D�N�A�.� 
�A�n�a�l�y�t�i�c�a�l� �B�i�o�c�h�e�m�.� �1�4�3�:�2�6�5�-�2�7�1� 

�S�i�m�i�c�,� �M�.�,� �D�i�z�d�a�r�o�g�l�u�,� �M�.� �(�1�9�8�5�)� �F�o�r�m�a�t�i�o�n� �o�f� �r�a�d�i�c�a�l�-�i�n�d�u�c�e�d� �c�o�m�p�l�e�x�e�s� 
�b�e�t�w�e�e�n� �t�h�y�m�i�n�e� �a�n�d� �t�y�r�o�s�i�n�e�:� �p�o�s�s�i�b�l�e� �m�o�d�e�l� �f�o�r� �c�r�o�s�s�-�l�i�n�k�i�n�g� �o�f� �D�N�A� �a�n�d� 
�p�r�o�t�e�i�n�s� �b�y� �i�o�n�i�z�i�n�g� �r�a�d�i�a�t�i�o�n�.� �B�i�o�c�h�e�m�i�s�t�r�y� �2�4�:� �2�3�3�-�2�3�6� 

�B�e�d�i�n�g�e�r�,� �P�.�,� �H�o�c�h�s�t�r�a�s�s�e�r�,� �M�.�,� �J�o�n�g�n�e�e�l�,� �C�.�V�.�,� �A�l�b�e�r�t�s�,� �B�.� �(�1�9�8�3�)� �P�r�o�p�e�r�t�i�e�s� �o�f� 
�t�h�e� �T�4� �b�a�c�t�e�r�i�o�p�h�a�g�e� �r�e�p�l�i�c�a�t�i�o�n� �a�p�p�a�r�a�t�u�s�:� �t�h�e� �T�4� �d�d�a� �D�N�A� �h�e�l�i�c�a�s�e� �i�s� �r�e�q�u�i�r�e�d� �t�o� 
�p�a�s�s� �a� �b�o�u�n�d� �R�N�A� �p�o�l�y�m�e�r�a�s�e� �m�o�l�e�c�u�l�e�.� �C�e�l�l� �3�4�:� �1�1�5�-�1�2�3� 

�C�h�i�u�,� �S�.�,� �F�r�i�e�d�m�a�n�,� �L�.�,� �S�k�o�k�a�n�y�,� �N�.�,� �X�u�e�,� �L�.�,� �O�l�e�i�n�i�c�k�,� �N�.�L�.� �(�1�9�8�6�)� �N�u�c�l�e�a�r� 
�m�a�t�r�i�x� �p�r�o�t�e�i�n�s� �a�r�e� �c�r�o�s�s�-�l�i�n�k�e�d� �t�o� �t�r�a�n�s�c�r�i�p�t�i�o�n�a�l�l�y� �a�c�t�i�v�e� �g�e�n�e� �s�e�q�u�e�n�c�e�s� �b�y� 
�i�o�n�i�z�i�n�g� �r�a�d�i�a�t�i�o�n�.� �R�a�d�i�a�t�i�o�n� �R�e�s�.� �1�0�7�:� �2�4�-�3�6� 

�E�g�l�y�,� �J�.�M�.�,� �M�i�y�a�m�o�t�o�,� �N�.�G�.�,� �M�o�n�c�o�l�l�i�n�,� �V�.�,� �C�h�a�m�b�o�n�,� �P�.� �(�1�9�8�4�)� �I�s� �a�c�t�i�n� �a� 
�t�r�a�n�s�c�r�i�p�t�i�o�n� �i�n�i�t�i�a�t�i�o�n� �f�a�c�t�o�r� �f�o�r� �R�N�A� �p�o�l�y�m�e�r�a�s�e� �B�?� �E�M�B�O� �J�.� �3�:� �2�3�6�3�-�2�3�7�1� 

�S�c�h�e�e�r�,� �V�.�,� �H�i�n�s�s�e�n�,� �H�.�,� �F�r�a�n�k�e�,� �W�.�W�.�,� �J�o�c�k�u�s�c�h�,� �B�.�M�.� �(�1�9�8�4�)� �M�i�c�r�o�i�n�j�e�c�t�i�o�n� 
�o�f� �a�c�t�i�n�-�b�i�n�d�i�n�g� �p�r�o�t�e�i�n�s� �a�n�d� �a�c�t�i�n� �a�n�t�i�b�o�d�i�e�s� �d�e�m�o�n�s�t�r�a�t�e�s� �i�n�v�o�l�v�e�m�e�n�t� �o�f� �n�u�c�l�e�a�r� 
�a�c�t�i�n� �i�n� �t�r�a�n�s�c�r�i�p�t�i�o�n� �o�f� �l�a�m�p�-�b�r�u�s�h� �c�h�r�o�m�o�s�o�m�e�s�.� �C�e�l�l� �3�9�:� �1�1�1�-�1�2�2� 

�C�o�s�t�a�,� �M�.� �(�1�9�9�0�)� �A�n�a�l�y�s�i�s� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �i�n�d�u�c�e�d� �b�y� �c�h�e�m�i�c�a�l� 
�c�a�r�c�i�n�o�g�e�n�s�.� �J�.� �C�e�l�l�.� �B�i�o�c�h�e�m�.� �4�4�:� �1�2�7�-�1�3�5� 

�C�r�a�w�f�o�r�d�,� �D�.�,� �C�e�r�u�t�t�i�,� �P�.� �(�1�9�8�7�)� �E�x�p�r�e�s�s�i�o�n� �o�f� �o�x�i�d�a�n�t� �s�t�r�e�s�s�-�r�e�l�a�t�e�d� �g�e�n�e�s� �i�n� 
�t�u�m�o�r� �p�r�o�m�o�t�i�o�n� �o�f� �m�o�u�s�e� �e�p�i�d�e�r�m�a�l� �c�e�l�l�s� �J�B�6�.� �I�n�:� �A�n�t�i�c�a�r�c�i�n�o�g�e�n�e�s�i�s� �a�n�d� 
�R�a�d�i�a�t�i�o�n� �P�r�o�t�e�c�t�i�o�n�,� �(�C�e�r�u�t�t�i�,� �P�.�A�.�,� �N�y�g�a�a�r�d�,� �O�.�F�.�,� �S�i�m�i�c�,� �M�.�G�.�,� �e�d�s�.�)�,� �N�e�w� 
�Y�o�r�k�,� �P�l�e�m�u�m� �p�r�e�s�s�,� �p�p� �1�8�3�-�1�9�0� 

�L�a�n�d�o�l�p�h�,� �J�.�R�.� �(�1�9�9�4�)� �M�o�l�e�c�u�l�a�r� �m�e�c�h�a�n�i�s�m�s� �o�f� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� �o�f� �C�3�H�/�1�0�T�1�/�2� 
�C�1� �8� �m�o�u�s�e� �c�e�l�l�s� �a�n�d� �d�i�p�l�o�i�d� �h�u�m�a�n� �f�i�b�r�o�b�l�a�s�t�s� �b�y� �c�a�r�c�i�n�o�g�e�n�i�c� �m�e�t�a�l� �c�o�m�p�o�u�n�d�s�.� 
�E�n�v�i�r�o�n�.� �H�e�a�l�t�h� �P�e�r�s�p�e�c�t�.� �1�0�2�:� �1�1�9�-�1�2�5� 

�2�4



�1�3�6�.� 

�1�3�7�.� 

�P�l�o�o�y�,� �A�.�C�.�M�.�,� �F�i�c�h�t�i�n�g�e�r�-�S�h�e�p�m�a�n�,� �A�.�M�.�J�.�,� �S�c�h�u�t�t�e�,� �H�.�H�.�,� �V�a�n�D�i�j�k�,� �M�.�,� 
�L�o�h�m�a�n�,� �P�.�H�.�M�.� �(�1�9�8�5�)� �T�h�e� �q�u�a�n�t�i�t�a�t�i�v�e� �d�e�t�e�c�t�i�o�n� �o�f� �v�a�r�i�o�u�s� �p�t�-�D�N�A� �a�d�d�u�c�t�s� �i�n� 
�C�h�i�n�e�s�e� �h�a�m�s�t�e�r� �o�v�a�r�y� �c�e�l�l�s� �t�r�e�a�t�e�d� �w�i�t�h� �c�i�s�p�l�a�t�i�n�:� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �i�m�m�u�n�o�c�h�e�m�i�c�a�l� 
�t�e�c�h�n�i�q�u�e�s�.� �C�a�r�c�i�n�o�g�e�n�e�s�i�s� �6�:� �5�6�1�-�5�6�6� 

�W�e�d�r�y�c�h�o�w�s�k�i�,� �A�.�,� �B�o�h�r�j�e�e�,� �J�.�S�.�,� �B�r�i�g�g�s�,� �R�.�C�.� �(�1�9�8�9�)� �I�n� �v�i�v�o� �c�r�o�s�s�-�l�i�n�k�i�n�g� �o�f� 
�n�u�c�l�e�a�r� �p�r�o�t�e�i�n�s� �t�o� �D�N�A� �b�y� �c�i�s�-�d�i�a�m�m�i�n�e�d�i�c�h�l�o�r�o�p�l�a�t�i�n�u�m�(�l�I�)� �i�n� �d�i�f�f�e�r�e�n�t�i�a�t�i�n�g� �r�a�t� 
�m�y�o�b�l�a�s�t�s�.� �E�x�p�.� �C�e�l�l� �R�e�s�.� �1�8�3�:� �3�7�6�-�3�8�7� 

�2�5



�C�h�a�p�t�e�r� �I�I� 

�M�e�c�h�a�n�i�s�m�s� �o�f� �t�h�e� �C�a�r�c�i�n�o�g�e�n�i�c� �C�h�r�o�m�i�u�m�(�V�I�)�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� 

�C�r�o�s�s�l�i�n�k�i�n�g� �a�n�d� �t�h�e�i�r� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �i�n� �C�u�l�t�u�r�e�d� �I�n�t�a�c�t� �H�u�m�a�n� �C�e�l�l�s� 

�(�M�a�t�t�a�g�a�j�a�s�i�n�g�h�,� �S�.�N�.�,� �M�i�s�r�a�,� �H�.�P�.� �(�1�9�9�4�)� �J�o�u�r�n�a�l� �o�f� �P�r�o�t�e�i�n� �C�h�e�m�i�s�t�r�y� �1�3�:� �4�4�9�-�4�5�0�)� 

�a�n�d� 

�(�M�a�t�t�a�g�a�j�a�s�i�n�g�h�,� �S�.�N�.�,� �M�i�s�r�a�,� �H�.�P�.� �(�1�9�9�5�)� �I�n�:� �M�e�t�h�o�d�s� �i�n� �P�r�o�t�e�i�n�s� �S�t�r�u�c�t�u�r�e� �A�n�a�l�y�s�i�s�,� 

�(�A�t�a�s�s�i�,� �M�.�Z�.�,� �a�n�d� �A�p�p�e�l�l�a�,� �E�.� �e�d�s�.�)�,� �P�l�e�n�u�m� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� �p�p� �2�9�5�-�3�0�7� 

�A�b�s�t�r�a�c�t� 

�D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �w�e�r�e� �i�n�d�u�c�e�d� �i�n� �h�u�m�a�n� �l�e�u�k�e�m�i�c� �T�-�l�y�m�p�h�o�c�y�t�e� �M�O�L�T�4� 

�c�e�l�l�s� �b�y� �t�r�e�a�t�m�e�n�t� �w�i�t�h� �p�o�t�a�s�s�i�u�m� �c�h�r�o�m�a�t�e�.� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �w�e�r�e� �i�s�o�l�a�t�e�d� �b�y� 

�u�l�t�r�a�c�e�n�t�r�i�f�u�g�a�l� �s�e�d�i�m�e�n�t�a�t�i�o�n� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �2�%� �s�o�d�i�u�m� �d�o�d�e�c�y�l� �s�u�l�f�a�t�e� �(�S�D�S�)� �a�n�d� �5�M� 

�u�r�e�a�.� �T�h�e� �c�o�m�p�l�e�x�e�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �b�y� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �S�D�S�-�p�o�l�y�a�c�r�y�l�a�m�i�d�e� �g�e�l� 

�e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �(�P�A�G�E�)�.� �T�h�r�e�e� �a�c�i�d�i�c� �p�r�o�t�e�i�n�s� �o�f� �7�4�,� �4�4� �a�n�d� �4�2� �k�D�,� �a�n�d� �a� �b�a�s�i�c� �p�r�o�t�e�i�n� �o�f� 

�5�1� �k�D� �w�e�r�e� �p�r�i�m�a�r�i�l�y� �c�o�m�p�l�e�x�e�d� �t�o� �D�N�A� �f�o�l�l�o�w�i�n�g� �2�5� �u�M� �c�h�r�o�m�a�t�e� �t�r�e�a�t�m�e�n�t�,� �i�n�d�i�c�a�t�i�n�g� 

�s�e�l�e�c�t�i�v�i�t�y� �i�n� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s�.� �H�i�g�h�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� 

�c�h�r�o�m�a�t�e� �c�r�o�s�s�-�l�i�n�k�e�d� �m�a�n�y� �o�t�h�e�r� �p�r�o�t�e�i�n�s� �t�o� �D�N�A�.� �N�-�t�e�r�m�i�n�a�l� �a�m�i�n�o� �a�c�i�d� �s�e�q�u�e�n�c�i�n�g� �a�n�d� 

�i�m�m�u�n�o�b�l�o�t�t�i�n�g� �s�t�u�d�i�e�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �l�e�c�t�i�n�,� �a�c�t�i�n� �a�n�d� �a�m�i�n�o�g�l�y�c�o�s�i�d�e� 

�n�u�c�l�e�o�t�i�d�y�l�t�r�a�n�s�f�e�r�a�s�e� �c�o�u�l�d� �b�e� �a�m�o�n�g� �o�t�h�e�r� �p�r�o�t�e�i�n�s� �t�h�a�t� �p�a�r�t�i�c�i�p�a�t�e� �i�n� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� 

�D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�i�n�g�.� �T�r�e�a�t�m�e�n�t� �o�f� �t�h�e� �c�o�m�p�l�e�x�e�s� �w�i�t�h� �D�N�a�s�e� �I�,� �R�N�a�s�e� �a�n�d� 

�P�r�o�t�e�i�n�a�s�e� �K� �r�e�v�e�a�l�e�d� �t�h�a�t� �t�h�e� �u�l�t�r�a�c�e�n�t�r�i�f�u�g�a�l� �s�e�d�i�m�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �p�r�o�t�e�i�n�s� �w�a�s� �n�o�t� �d�u�e� �t�o� 

�f�o�r�m�a�t�i�o�n� �o�f� �p�r�o�t�e�i�n� �a�g�g�r�e�g�a�t�e�s�,� �b�u�t� �t�o� �t�h�e�i�r� �a�s�s�o�c�i�a�t�i�o�n� �w�i�t�h� �D�N�A�.� �T�h�e� �c�o�m�p�l�e�x�e�s� �w�e�r�e� 

�d�i�s�r�u�p�t�e�d�,� �t�o� �s�o�m�e� �e�x�t�e�n�t�,� �b�y� �E�D�T�A� �i�n�d�i�c�a�t�i�n�g� �t�h�e� �i�n�v�o�l�v�e�m�e�n�t� �o�f� �a� �c�h�e�l�a�t�a�b�l�e� �f�o�r�m� �o�f� 

�c�h�r�o�m�i�u�m� �i�n� �t�h�e� �c�o�m�p�l�e�x�.� �D�i�s�u�l�f�i�d�e� �r�e�d�u�c�i�n�g� �a�g�e�n�t�s� �s�u�c�h� �a�s� �B�-�m�e�r�c�a�p�t�o�e�t�h�a�n�o�l� �a�n�d� 

�t�h�i�o�u�r�e�a� �c�a�u�s�e�d� �d�i�s�r�u�p�t�i�o�n� �o�f� �t�h�e� �c�o�m�p�l�e�x�e�s� �i�n�d�i�c�a�t�i�n�g� �a� �r�o�l�e� �o�f� �s�u�l�f�h�y�d�r�y�l� �g�r�o�u�p�s� �i�n� �t�h�e� 

�f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �c�o�m�p�l�e�x�e�s�.� �P�r�e�t�r�e�a�t�m�e�n�t� �o�f� �c�e�l�l�s� �w�i�t�h� �a�n�t�i�o�x�i�d�a�n�t�s� �b�e�f�o�r�e� �c�h�r�o�m�a�t�e� 

�t�r�e�a�t�m�e�n�t� �i�n�h�i�b�i�t�e�d� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s�,� �m�e�a�s�u�r�e�d� �a�s� �K�t�-�S�D�S� 

�p�r�e�c�i�p�i�t�a�b�l�e� �p�r�o�t�e�i�n�s� �c�r�o�s�s�l�i�n�k�e�d� �t�o� �D�N�A�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �a�t� �l�e�a�s�t� �s�o�m�e� �o�f� �t�h�e� �p�r�o�t�e�i�n�s� 

�c�r�o�s�s�l�i�n�k�e�d� �t�o� �D�N�A� �v�i�a� �o�x�i�d�a�t�i�v�e� �m�e�c�h�a�n�i�s�m�s�.� �B�e�c�a�u�s�e� �c�h�r�o�m�a�t�e� �c�a�u�s�e�s� �c�e�r�t�a�i�n� �n�u�c�l�e�a�r� 

�p�r�o�t�e�i�n�s� �t�o� �f�o�r�m� �c�o�m�p�l�e�x�e�s� �w�i�t�h� �D�N�A� �a�n�d� �t�h�e� �c�o�m�p�l�e�x�e�s� �a�r�e� �r�e�s�i�s�t�a�n�t� �t�o� �t�r�e�a�t�m�e�n�t�s� �s�u�c�h� �a�s� 

�2�6



�2�%� �S�D�S� �a�n�d� �5� �M� �u�r�e�a�,� �b�u�t� �d�i�s�r�u�p�t�a�b�l�e� �u�n�d�e�r� �g�e�l� �e�l�e�c�t�r�o�p�h�o�r�e�t�i�c� �c�o�n�d�i�t�i�o�n�s�,� �i�t� �i�s� �p�o�s�s�i�b�l�e� 

�t�h�a�t� �c�h�r�o�m�i�u�m� �c�o�u�l�d� �b�e� �u�s�e�d� �a�s� �a� �c�r�o�s�s�-�l�i�n�k�i�n�g� �a�g�e�n�t� �f�o�r� �t�h�e� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �o�t�h�e�r� 

�p�r�o�t�e�i�n�s�,� �s�u�c�h� �a�s� �t�r�a�n�s�c�r�i�p�t�i�o�n� �f�a�c�t�o�r�s�,� �t�h�a�t� �t�r�a�n�s�i�e�n�t�l�y� �i�n�t�e�r�a�c�t� �w�i�t�h� �D�N�A�.� 

�I�n�t�r�o�d�u�c�t�i�o�n� 

�D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �h�a�v�e� �b�e�e�n� �s�h�o�w�n� �t�o� �b�e� �i�n�d�u�c�e�d� �b�y� �a� �n�u�m�b�e�r� �o�f� �p�h�y�s�i�c�a�l� 

�a�n�d� �c�h�e�m�i�c�a�l� �c�a�r�c�i�n�o�g�e�n�i�c� �a�g�e�n�t�s� �s�u�c�h� �a�s� �g�-�r�a�d�i�a�t�i�o�n� �a�n�d� �U�V� �l�i�g�h�t� �(�1�,� �2�)�,� �a�l�k�y�l�a�t�i�n�g� �a�g�e�n�t�s� 

�(�3�)�,� �f�o�r�m�a�l�d�e�h�y�d�e� �(�4�)�,� �v�i�n�y�l� �a�c�e�t�a�t�e� �(�5�)�,� �a�n�d� �m�e�t�a�l� �c�o�m�p�o�u�n�d�s� �o�f� �c�h�r�o�m�a�t�e� �(�6�,� �7�,� �8�)�,� �n�i�c�k�e�l� 

�(�9�)�,� �c�i�s�-� �o�r� �t�r�a�n�s�-� �p�l�a�t�i�n�u�m� �(�1�0�)� �a�n�d� �v�a�n�i�d�i�u�m�(�V�)� �(�1�1�)�.� �H�e�x�a�v�a�l�e�n�t� �c�h�r�o�m�i�u�m� �[�C�r�(�V�D�]� 

�c�o�m�p�o�u�n�d�s� �h�a�v�e� �b�e�e�n� �c�o�n�s�i�d�e�r�e�d� �a�s� �p�o�t�e�n�t� �h�u�m�a�n� �c�a�r�c�i�n�o�g�e�n�s� �a�n�d� �h�a�v�e� �b�e�e�n� �s�h�o�w�n� �t�o� 

�c�a�u�s�e� �d�i�f�f�e�r�e�n�t� �t�y�p�e�s� �o�f� �D�N�A� �d�a�m�a�g�e� �i�n�c�l�u�d�i�n�g� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�-�l�i�n�k�i�n�g� �i�n� �v�a�r�i�o�u�s� �c�e�l�l�s� 

�a�n�d� �t�i�s�s�u�e�s� �(�s�e�e� �R�e�f�.� �1�2� �f�o�r� �a� �r�e�v�i�e�w�)�.� �I�n�t�e�r�e�s�t�i�n�g�l�y�,� �C�r�(�V�I�)� �d�o�e�s� �n�o�t� �b�i�n�d� �t�o� �D�N�A� �o�r� 

�p�r�o�t�e�i�n�s� �i�n� �c�e�l�l� �f�r�e�e� �s�y�s�t�e�m�s� �(�1�3�,� �1�4�)�.� �H�o�w�e�v�e�r�,� �C�r�(�V�I�)�,� �w�h�i�c�h� �e�x�i�s�t�s� �a�s� �a�n� �o�x�y�a�n�i�o�n� �a�t� 

�p�h�y�s�i�o�l�o�g�i�c�a�l� �p�H�,� �i�s� �r�e�a�d�i�l�y� �t�r�a�n�s�p�o�r�t�e�d� �i�n�t�o� �t�h�e� �c�e�l�l� �t�h�r�o�u�g�h� �t�h�e� �c�e�l�l�s�'� �s�u�l�f�a�t�e� �a�n�i�o�n� 

�t�r�a�n�s�p�o�r�t� �s�y�s�t�e�m� �(�1�5�,� �1�6�)�.� �I�n�s�i�d�e� �t�h�e� �c�e�l�l�,� �C�r�(�V�I�)� �i�s� �b�e�l�i�e�v�e�d� �t�o� �b�e� �r�e�d�u�c�e�d� �b�y� �t�h�e� �c�e�l�l�s �� 

�r�e�d�o�x� �s�y�s�t�e�m� �t�o� �i�t�s� �b�i�o�l�o�g�i�c�a�l�l�y� �m�o�s�t� �s�t�a�b�l�e� �f�o�r�m�,� �c�h�r�o�m�i�u�m� �(�I�I�I�)� �(�1�7�,� �1�8�)�.� �C�r�(�I�I�D� �b�i�n�d�s� �t�o� 

�D�N�A� �a�s� �w�e�l�l� �a�s� �p�r�o�t�e�i�n�s� �i�n� �c�e�l�l� �f�r�e�e� �s�y�s�t�e�m�s� �(�1�9�)� �a�n�d� �h�a�s� �h�i�g�h� �a�f�f�i�n�i�t�y� �f�o�r� �m�a�n�y� �o�t�h�e�r� 

�b�i�o�l�o�g�i�c�a�l� �l�i�g�a�n�d�s� �(�2�0�)�.� �C�r�(�I�I�I�)�,� �h�o�w�e�v�e�r�,� �i�s� �p�o�o�r�l�y� �t�a�k�e�n� �u�p� �i�n�t�o� �t�h�e� �c�e�l�l�,� �a�n�d� �i�s� 

�c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �n�o�n�-�c�a�r�c�i�n�o�g�e�n�i�c� �(�2�1�)�.� �D�u�r�i�n�g� �t�h�e� �i�n�t�r�a�c�e�l�l�u�l�a�r� �r�e�d�u�c�t�i�o�n� �o�f� �C�r�(�V�I�)� �t�o� 

�C�r�d�)�,� �r�e�a�c�t�i�v�e� �s�p�e�c�i�e�s� �s�u�c�h� �a�s� �i�n�t�e�r�m�e�d�i�a�t�e� �v�a�l�a�n�c�e� �s�t�a�t�e�s� �o�f� �c�h�r�o�m�i�u�m� �a�n�d� �a�c�t�i�v�e� �o�x�y�g�e�n� 

�s�p�e�c�i�e�s� �a�r�e� �g�e�n�e�r�a�t�e�d� �(�1�7�,� �2�2�)�,� �w�h�i�c�h� �m�a�y�,� �i�n� �t�u�r�n�,� �i�n�i�t�i�a�t�e� �t�h�e� �c�a�r�c�i�n�o�g�e�n�i�c� �p�r�o�c�e�s�s� �b�y� 

�a�l�t�e�r�i�n�g� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �D�N�A� �(�2�3�)�.� �H�y�d�r�o�x�y�l� �r�a�d�i�c�a�l�s� �(�O�H�)�,� �w�h�i�c�h� �a�r�e� �g�e�n�e�r�a�t�e�d� �d�u�r�i�n�g� 

�t�h�e� �c�e�l�l�u�l�a�r� �r�e�d�u�c�t�i�o�n� �o�f� �c�h�r�o�m�a�t�e� �(�2�4�)� �a�r�e� �a�l�s�o� �c�a�p�a�b�l�e� �o�f� �c�a�u�s�i�n�g� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�-� 

�l�i�n�k�i�n�g� �(�2�5�,� �2�6�)�,� �a�n�d� �a�r�e� �c�o�n�s�i�d�e�r�e�d� �a�s� �t�h�e�  ��u�l�t�i�m�a�t�e� �a�g�e�n�t�s�'� �i�n� �c�h�r�o�m�a�t�e� �c�a�r�c�i�n�o�g�e�n�e�s�i�s� 

�(�2�7�)�.� �C�r�(�I�I�l�)� �a�n�d� �t�h�e� �r�e�a�c�t�i�v�e� �i�n�t�e�r�m�e�d�i�a�t�e� �s�t�a�t�e�s� �o�f� �c�h�r�o�m�i�u�m� �m�a�y� �a�l�s�o� �b�e� �c�o�n�s�i�d�e�r�e�d� �a�s� 

�c�a�r�c�i�n�o�g�e�n�i�c� �b�e�c�a�u�s�e� �-�O�H� �r�a�d�i�c�a�l�s� �a�r�e� �s�h�o�w�n� �t�o� �b�e� �g�e�n�e�r�a�t�e�d� �b�y� �r�e�d�o�x� �c�y�c�l�i�n�g� �o�f� �C�r�(�I�I�)� 

�(�2�8�)� �a�n�d� �D�N�A� �d�a�m�a�g�e� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�o� �b�e� �c�a�u�s�e�d� �b�y� �i�n�t�e�r�m�e�d�i�a�t�e� �v�a�l�e�n�c�e� �s�t�a�t�e�s� �o�f� 

�c�h�r�o�m�i�u�m�,� �s�u�c�h� �a�s� �C�r�(�V�)� �(�2�9�)�.� 

�A�l�t�h�o�u�g�h� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �a�r�e� �i�m�p�l�i�c�a�t�e�d� �i�n� �c�h�r�o�m�a�t�e� 

�c�a�r�c�i�n�o�g�e�n�i�c�i�t�y�,� �t�h�e� �m�e�c�h�a�n�i�s�m�s� �o�f� �t�h�e�i�r� �f�o�r�m�a�t�i�o�n�,� �c�o�m�p�o�s�i�t�i�o�n�,� �a�n�d� �b�i�o�l�o�g�i�c�a�l� 

�s�i�g�n�i�f�i�c�a�n�c�e� �a�r�e� �n�o�t� �w�e�l�l� �u�n�d�e�r�s�t�o�o�d�.� �I�t� �h�a�s� �b�e�e�n� �p�o�s�t�u�l�a�t�e�d� �t�h�a�t� �c�r�o�s�s�-�l�i�n�k�i�n�g� �o�f� �p�r�o�t�e�i�n�s� 

�t�o� �D�N�A� �c�o�u�l�d� �d�i�s�r�u�p�t� �c�h�r�o�m�a�t�i�n� �s�t�r�u�c�t�u�r�e� �a�n�d� �t�h�e� �n�o�r�m�a�l� �r�e�g�u�l�a�t�i�o�n� �o�f� �g�e�n�e� �e�x�p�r�e�s�s�i�o�n� 
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�(�3�0�)�.� �T�h�i�s�,� �i�n� �t�u�r�n�,� �c�o�u�l�d� �p�l�a�y� �a� �r�o�l�e� �i�n� �c�a�r�c�i�n�o�g�e�n�e�s�i�s� �i�n� �t�h�a�t� �d�e�l�e�t�i�o�n� �o�f� �D�N�A� �b�a�s�e�s� �m�a�y� 

�r�e�s�u�l�t� �w�h�e�n� �p�o�r�t�i�o�n�s� �o�f� �r�e�p�l�i�c�a�t�i�n�g� �D�N�A� �a�r�e� �b�u�r�i�e�d� �u�n�d�e�r� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �(�3�1�)�.� 

�S�u�c�h� �d�e�l�e�t�i�o�n�s� �t�o� �'�t�u�m�o�r� �s�u�p�p�r�e�s�s�e�r� �g�e�n�e�s�'� �(�3�2�)� �m�a�y� �g�i�v�e� �r�i�s�e� �t�o� �l�o�s�s� �o�r� �i�n�a�c�t�i�v�a�t�i�o�n� �o�f� �t�h�e� 

�g�e�n�e�,� �l�e�a�d�i�n�g� �t�o� �c�a�r�c�i�n�o�g�e�n�e�s�i�s�.� �F�u�r�t�h�e�r�m�o�r�e�,� �d�u�r�i�n�g� �n�o�r�m�a�l� �r�e�g�u�l�a�t�i�o�n� �o�f� �g�e�n�e� 

�e�x�p�r�e�s�s�i�o�n�,� �p�r�o�t�e�i�n�s�,� �e�i�t�h�e�r� �a�l�o�n�e� �o�r� �i�n� �c�o�o�p�e�r�a�t�i�o�n� �o�f� �o�t�h�e�r� �p�r�o�t�e�i�n�s�,� �r�e�v�e�r�s�i�b�l�y� �i�n�t�e�r�a�c�t� 

�w�i�t�h� �s�p�e�c�i�f�i�c� �D�N�A� �s�e�q�u�e�n�c�e�s� �(�3�3�)�.� �C�r�o�s�s�-�l�i�n�k�i�n�g� �o�f� �D�N�A� �w�i�t�h� �i�n�a�p�p�r�o�p�r�i�a�t�e� �p�r�o�t�e�i�n�s� 

�c�o�u�l�d� �d�i�s�r�u�p�t� �t�h�e� �n�o�r�m�a�l� �r�e�g�u�l�a�t�i�o�n� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �i�n�t�e�r�a�c�t�i�o�n�s�,� �c�a�u�s�i�n�g� �s�e�r�i�o�u�s� �g�e�n�e�t�i�c� 

�c�o�n�s�e�q�u�e�n�c�e�s�,� �i�n�c�l�u�d�i�n�g� �d�i�s�r�u�p�t�i�o�n� �i�n� �o�r� �a�l�t�e�r�a�t�i�o�n� �o�f� �g�e�n�e� �e�x�p�r�e�s�s�i�o�n�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �i�s� 

�n�e�c�e�s�s�a�r�y� �t�o� �k�n�o�w� �t�h�e� �i�d�e�n�t�i�t�y� �o�f� �t�h�e� �p�r�o�t�e�i�n�s� �t�h�a�t� �p�a�r�t�i�c�i�p�a�t�e� �i�n� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-� 

�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s�,� �a�n�d� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e�i�r� �i�n�t�e�r�a�c�t�i�o�n� �w�i�t�h� �D�N�A�.� �I�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �p�r�o�t�e�i�n�s� 

�c�r�o�s�s�-�l�i�n�k�e�d� �t�o� �D�N�A� �m�a�y� �a�l�s�o� �a�s�s�i�s�t� �i�n� �o�u�r� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �c�h�r�o�m�a�t�i�n� �s�t�r�u�c�t�u�r�e� �a�n�d� 

�p�r�o�t�e�i�n� �i�n�t�e�r�a�c�t�i�o�n�s�,� �i�n�c�l�u�d�i�n�g� �t�h�e� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �p�r�o�t�e�i�n�s� �a�r�o�u�n�d� �D�N�A�.� 

�I�n� �t�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y�,� �w�e� �h�a�v�e� �a�n�a�l�y�z�e�d� �t�h�e� �p�r�o�t�e�i�n�s� �c�o�m�p�l�e�x�e�d� �t�o� �D�N�A� �b�y� �c�h�r�o�m�a�t�e� 

�t�r�e�a�t�m�e�n�t� �o�f� �M�O�L�T�4� �c�e�l�l�s�.� �B�e�c�a�u�s�e� �i�n�a�p�p�r�o�p�r�i�a�t�e� �c�o�m�p�l�e�x�i�n�g� �o�f� �p�r�o�t�e�i�n�s� �o�f� �s�t�r�u�c�t�u�r�a�l� �o�r� 

�f�u�n�c�t�i�o�n�a�l� �i�m�p�o�r�t�a�n�c�e� �t�o� �D�N�A�,� �r�a�t�h�e�r� �t�h�a�n� �t�h�e� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �t�h�e�m�s�e�l�v�e�s�,� �m�a�y� 

�h�a�v�e� �i�m�p�o�r�t�a�n�c�e� �i�n� �c�h�r�o�m�a�t�e�-�c�a�r�c�i�n�o�g�e�n�i�c�i�t�y�,� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �s�u�c�h� �p�r�o�t�e�i�n�s� �a�r�e� �e�s�s�e�n�t�i�a�l� 

�f�o�r� �t�h�e� �b�e�t�t�e�r� �u�n�d�e�r�s�t�a�n�d�i�n�g� �t�h�e� �p�o�t�e�n�t�i�a�l� �c�o�n�s�e�q�u�e�n�c�e�s� �o�f� �t�h�i�s� �l�e�s�i�o�n�.� �W�e� �h�a�v�e� �a�t�t�e�m�p�t�e�d� 

�t�o� �i�d�e�n�t�i�f�y� �s�o�m�e� �o�f� �t�h�e�s�e� �p�r�o�t�e�i�n�s� �b�y� �i�s�o�l�a�t�i�n�g� �a�n�d� �p�a�r�t�i�a�l� �N�-�t�e�r�m�i�n�a�l� �s�e�q�u�e�n�c�i�n�g� �o�f� �D�N�A�-� 

�b�i�n�d�i�n�g� �p�r�o�t�e�i�n�s�,� �a�s� �w�e�l�l� �a�s� �u�s�i�n�g� �a�n�t�i�b�o�d�i�e�s� �t�o� �c�a�n�d�i�d�a�t�e� �p�r�o�t�e�i�n�s�.� �T�h�e� �c�o�m�p�o�s�i�t�i�o�n� �a�n�d� 

�s�t�a�b�i�l�i�t�y� �o�f� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s�,� �a�n�d� �t�h�e� �e�f�f�e�c�t� �o�f� �a�n�t�i�o�x�i�d�a�n�t�s� �o�n� �t�h�e� 

�f�o�r�m�a�t�i�o�n� �o�f� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �h�a�s� �a�l�s�o� �b�e�e�n� �r�e�p�o�r�t�e�d� �h�e�r�e�.� 

�M�a�t�e�r�i�a�l�s� �a�n�d� �M�e�t�h�o�d�s� 

�C�h�e�m�i�c�a�l�s� 

�H�i�g�h�e�s�t� �p�u�r�i�t�y� �g�r�a�d�e� �p�o�t�a�s�s�i�u�m� �c�h�r�o�m�a�t�e� �(�K�2�C�r�O�4�)� �w�a�s� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �J�.�T�.� 

�B�a�k�e�r� �(�P�h�i�l�l�i�p�s�b�u�r�g�,� �N�J�)�.� �P�r�o�t�e�i�n� �d�e�t�e�r�m�i�n�a�t�i�o�n� �k�i�t�,� �a�n�d� �a�l�l� �g�e�l� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �r�e�a�g�e�n�t�s� 

�w�e�r�e� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �B�i�o�-�R�a�d� �L�a�b�o�r�a�t�o�r�i�e�s� �(�R�i�c�h�m�o�n�d�,� �C�A�)�.� �P�o�l�y�v�i�n�y�l�i�d�e�n�e� �d�i�f�l�u�o�r�i�d�e� 

�(�P�V�D�F�)� �m�e�m�b�r�a�n�e�s�,� �3�H�-�t�h�y�m�i�d�i�n�e�,� �3�5�S�-�m�e�t�h�i�o�n�i�n�e�,� �5�!�C�r�-�p�o�t�a�s�s�i�u�m� �c�h�r�o�m�a�t�e� �a�n�d� 

�A�q�u�a�s�s�u�r�e� �L�S�C� �c�o�c�k�t�a�i�l� �w�e�r�e� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �N�e�w� �E�n�g�l�a�n�d� �N�u�c�l�e�a�r� �(�B�o�s�t�o�n�,� �M�A�)�.� 

�D�N�a�s�e� �f�r�e�e� �R�N�a�s�e� �a�n�d� �P�r�o�t�e�i�n�a�s�e� �K� �w�e�r�e� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �B�o�e�h�r�i�n�g�e�r� �M�a�n�h�e�i�m� 

�(�I�n�d�i�a�n�a�p�o�l�i�s�,� �I�N�)�.� �A�l�l� �o�t�h�e�r� �c�h�e�m�i�c�a�l�s� �a�n�d� �e�n�z�y�m�e�s� �w�e�r�e� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �S�i�g�m�a� 

�C�h�e�m�i�c�a�l� �C�o�.� �(�S�t�.� �L�o�u�i�s�,� �M�O�)�.� 
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�C�e�l�l� �c�u�l�t�u�r�e� �a�n�d� �t�r�e�a�t�m�e�n�t� 

�H�u�m�a�n� �l�e�u�k�e�m�i�c� �T�-�l�y�m�p�h�o�c�y�t�e� �M�O�L�T�4� �c�e�l�l�s� �(�A�T�C�C� �C�R�L� �1�5�8�2�)� �w�e�r�e� �p�u�r�c�h�a�s�e�d� 

�f�r�o�m� �A�m�e�r�i�c�a�n� �T�y�p�e� �C�u�l�t�u�r�e� �C�o�l�l�e�c�t�i�o�n� �(�B�e�t�h�e�s�d�a�,� �M�D�)� �a�n�d� �w�e�r�e� �m�a�i�n�t�a�i�n�e�d� �i�n� 

�s�u�s�p�e�n�s�i�o�n� �a�t� �e�x�p�o�n�e�n�t�i�a�l� �g�r�o�w�t�h� �p�h�a�s�e� �i�n� �R�P�M�I� �1�6�4�0� �[�N�-�2�-�h�y�d�r�o�x�y�e�t�h�y�l�p�i�p�e�r�a�z�i�n�e�-�N �� �-�2�-� 

�e�t�h�a�n�e�s�u�l�f�o�n�i�c� �a�c�i�d� �(�H�E�P�E�S�)� �m�o�d�i�f�i�e�d�]� �m�e�d�i�u�m� �s�u�p�p�l�e�m�e�n�t�e�d� �w�i�t�h� �1�0�%� �h�e�a�t�-�i�n�a�c�t�i�v�a�t�e�d� 

�f�e�t�a�l� �b�o�v�i�n�e� �s�e�r�u�m�,� �1�0� �U� �p�e�n�i�c�i�l�l�i�n� �a�n�d� �1�0� �g�/�m�l� �s�t�r�e�p�t�o�m�y�c�i�n� �s�o�l�u�t�i�o�n� �a�s� �d�e�s�c�r�i�b�e�d� �b�e�f�o�r�e� 

�(�2�2�)�.� �C�e�l�l�u�l�a�r� �D�N�A� �a�n�d� �p�r�o�t�e�i�n�s� �w�e�r�e� �r�a�d�i�o�l�a�b�e�l�e�d� �w�i�t�h� �3�H�-�t�h�y�m�i�d�i�n�e� �a�n�d� �3�>�S�-�m�e�t�h�i�o�n�i�n�e� 
�(�0�.�0�2� �u�C�i�/�m�l� �e�a�c�h�)�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �f�o�r� �~�2�4� �h�r�,� �i�n� �m�e�t�h�i�o�n�i�n�e� �f�r�e�e� �R�P�M�I� �1�6�4�0� �m�e�d�i�u�m�.� 

�R�a�d�i�o�l�a�b�e�l�e�d� �c�e�l�l�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �b�y� �c�e�n�t�r�i�f�u�g�a�t�i�o�n�,� �w�a�s�h�e�d� �t�h�r�e�e� �t�i�m�e�s� �i�n� �c�o�l�d� �S�a�l�i�n�e� �A� �(�5� 

�m�M� �N�a�H�C�O�3�,� �6� �m�M� �d�e�x�t�r�o�s�e�,� �5� �m�M� �K�C�I� �a�n�d� �1�4�0� �m�M� �N�a�C�l�,� �p�H� �7�.�2�)� �a�n�d� �r�e�s�u�s�p�e�n�d�e�d� 

�i�n� �s�a�l�t�s�-�g�l�u�c�o�s�e� �m�e�d�i�u�m� �[�S�G�M�:� �5�0� �m�M� �H�E�P�E�S�,� �1�0�0� �m�M� �N�a�C�l�,� �5� �m�M� �K�C�l�,� �2� �m�M� �C�a�C�l�,� 

�5� �m�M� �d�e�x�t�r�o�s�e�,� �p�H� �7�.�2�]� �a�t� �a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �1�0�6� �c�e�l�l�s�/�m�l�.� �P�o�t�a�s�s�i�u�m� �c�h�l�o�r�i�d�e� �(�a�s� �c�o�n�t�r�o�l�)� 

�o�r� �p�o�t�a�s�s�i�u�m� �c�h�r�o�m�a�t�e� �w�e�r�e� �a�d�d�e�d� �t�o� �t�h�e� �c�e�l�l� �s�u�s�p�e�n�s�i�o�n�s� �f�r�o�m� �f�r�e�s�h�l�y� �p�r�e�p�a�r�e�d� �s�t�o�c�k� 
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�t�o� �b�e� �f�r�e�e� �f�r�o�m� �c�y�t�o�p�l�a�s�m�i�c� �c�o�n�t�a�m�i�n�a�t�i�o�n�s�.� �T�h�e� �p�u�r�i�f�i�e�d� �n�u�c�l�e�i� �w�e�r�e� �u�s�e�d� �f�o�r� �i�s�o�l�a�t�i�o�n� �o�f� 

�D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �u�s�i�n�g� �t�h�e� �m�e�t�h�o�d� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�.� 

�A�n�a�l�y�s�i�s� �o�f� �P�r�o�t�e�i�n�s� �b�y� �T�w�o�-�D�i�m�e�n�s�i�o�n�a�l� �G�e�l� �E�l�e�c�t�r�o�p�h�o�r�e�s�i�s� 

�D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �b�y� �n�o�n�e�q�u�i�l�i�b�r�i�u�m� �p�H� �g�r�a�d�i�e�n�t� 

�e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �O ��F�a�r�r�e�l�l� �e�t� �a�l�.�,� �1�9�7�7� �(�8�7�)� �T�h�i�s� �p�r�o�c�e�d�u�r�e� �d�o�e�s� �n�o�t� �a�l�l�o�w� 

�n�u�c�l�e�i�c� �a�c�i�d�s� �t�o� �e�n�t�e�r� �i�n�t�o� �t�h�e� �f�i�r�s�t� �d�i�m�e�n�s�i�o�n� �f�o�c�u�s�i�n�g� �g�e�l�.� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� 

�c�o�n�t�a�i�n�i�n�g� �1�5�0� �u�g� �o�f� �D�N�A� �w�e�r�e� �a�c�e�t�o�n�e� �p�r�e�c�i�p�i�t�a�t�e�d� �o�r� �l�y�o�p�h�i�l�i�z�e�d� �(�F�T�S� �S�y�s�t�e�m�s�,� �I�n�c�.�,� 

�S�t�o�n�e� �R�i�d�g�e�,� �N�Y�)� �a�n�d� �s�o�l�u�b�i�l�i�z�e�d� �i�n� �3�0� �W�l� �s�o�l�u�b�i�l�i�z�i�n�g� �b�u�f�f�e�r� �[�9� �M� �u�r�e�a�,� �4�%� �N�o�n�i�d�e�t� �P�-� 

�4�0�,� �2�%� �B�-�m�e�r�c�a�p�t�o�e�t�h�a�n�o�l� �a�n�d� �3�%� �a�m�p�h�o�l�i�n�e�s� �(�B�i�o�-�R�a�d�)�,� �p�H� �r�a�n�g�e� �3�-�1�0�]�.� �I�s�o�e�l�e�c�t�r�i�c� 

�f�o�c�u�s�i�n�g� �a�n�d� �n�o�n�e�q�u�i�l�i�b�r�i�u�m� �f�o�c�u�s�i�n�g� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �i�n� �2�0�0� �w�l� �c�a�p�i�l�l�a�r�y� �t�u�b�e�s� �(�1�.�5� �m�m� 

�d�i�a�m�e�t�e�r�,� �F�i�s�h�e�r� �S�c�i�e�n�t�i�f�i�c�,� �N�J�)� �c�o�n�t�a�i�n�i�n�g� �4�%� �p�o�l�y�a�c�r�y�l�a�m�i�d�e� �a�n�d� �2�%� �a�m�p�h�o�l�i�n�e�s� �(�p�H� 

�r�a�n�g�e� �3�-�1�0�)�.� �S�e�c�o�n�d� �d�i�m�e�n�s�i�o�n�a�l� �s�e�p�a�r�a�t�i�o�n� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �o�n� �1�0�%� �o�r� �1�2�%� �S�D�S�-� 

�p�o�l�y�a�c�r�y�l�a�m�i�d�e� �g�e�l�s� �b�y� �f�o�l�l�o�w�i�n�g� �t�h�e� �m�e�t�h�o�d� �o�f� �L�a�e�m�m�l�i�,� �1�9�7�0� �(�3�8�)� �e�x�c�e�p�t� �t�h�a�t� �1�%� �B�-� 

�m�e�r�c�a�p�t�o�e�t�h�a�n�o�l� �w�a�s� �u�s�e�d�.� �I�n� �s�o�m�e� �c�a�s�e�s�,� �t�h�e� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �w�e�r�e� �d�i�g�e�s�t�e�d� �b�y� 

�D�N�a�s�e� �I� �o�r� �R�N�a�s�e� �a�n�d� �c�o�n�c�e�n�t�r�a�t�e�d� �b�y� �a�c�e�t�o�n�e� �p�r�e�c�i�p�i�t�a�t�i�o�n� �o�r� �l�y�o�p�h�i�l�i�z�a�t�i�o�n� �b�e�f�o�r�e� 

�a�n�a�l�y�s�i�s� �b�y� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �g�e�l�s�.� �T�h�e� �g�e�l�s� �w�e�r�e� �s�u�b�j�e�c�t�e�d� �t�o� �p�o�l�y�c�h�r�o�m�a�t�i�c� �s�i�l�v�e�r� �s�t�a�i�n�i�n�g� 

�b�y� �f�o�l�l�o�w�i�n�g� �t�h�e� �m�e�t�h�o�d� �o�f� �S�a�m�m�o�n�s� �e�t� �a�l�.�,� �1�9�8�1� �(�3�9�)�.� 

�3�1



�S�u�b�c�e�l�l�u�l�a�r� �F�r�a�c�t�i�o�n�a�t�i�o�n� 

�S�u�b�c�e�l�l�u�l�a�r� �l�o�c�a�l�i�z�a�t�i�o�n� �o�f� �t�h�e� �p�r�o�t�e�i�n�s� �c�o�m�p�l�e�x�e�d� �t�o� �D�N�A� �u�p�o�n� �c�h�r�o�m�a�t�e� �t�r�e�a�t�m�e�n�t� 

�w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �a�n�a�l�y�z�i�n�g� �t�h�e� �c�y�t�o�p�l�a�s�m�i�c�,� �n�u�c�l�e�a�r� �a�n�d� �n�u�c�l�e�a�r� �m�a�t�r�i�x� �p�r�o�t�e�i�n�s� �o�f� 

�M�O�L�T�4� �c�e�l�l�s� �b�y� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �g�e�l� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s�.� �T�h�e� �p�r�o�t�e�i�n� �f�r�a�c�t�i�o�n�s� �c�o�n�t�a�i�n�i�n�g� �t�h�e� 

�m�e�m�b�r�a�n�e� �a�n�d� �c�y�t�o�p�l�a�s�m�i�c� �f�r�a�c�t�i�o�n�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �b�y� �s�e�d�i�m�e�n�t�a�t�i�o�n� �o�f� �n�u�c�l�e�i� �a�f�t�e�r� 

�h�y�p�o�t�o�n�i�c� �l�y�s�i�s� �o�f� �c�e�l�l�s� �i�n� �p�r�e�s�e�n�c�e� �o�f� �N�o�n�i�d�e�t� �P�-�4�0�,� �a�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e� �(�N�o�n�i�d�e�t� �P�-�4�0� 

�s�o�l�u�b�l�e� �c�y�t�o�p�l�a�s�m�i�c� �m�a�t�e�r�i�a�l�)�.� �T�h�e� �n�u�c�l�e�a�r� �p�r�o�t�e�i�n� �f�r�a�c�t�i�o�n� �w�a�s� �p�r�e�p�a�r�e�d� �f�r�o�m� �t�h�e� �S�D�S� 

�s�o�l�u�b�l�e� �m�a�t�e�r�i�a�l� �o�f� �t�h�e� �i�s�o�l�a�t�e�d� �n�u�c�l�e�i�,� �o�r� �b�y� �s�o�n�i�c�a�t�i�o�n� �o�f� �t�h�e� �p�u�r�i�f�i�e�d� �n�u�c�l�e�i�.� �T�h�e� �n�u�c�l�e�a�r� 

�m�a�t�r�i�x� �f�r�a�c�t�i�o�n�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �b�y� �d�i�g�e�s�t�i�o�n� �o�f� �t�h�e� �p�u�r�i�f�i�e�d� �n�u�c�l�e�i� �w�i�t�h� �D�N�a�s�e� �I� �a�n�d� �R�N�a�s�e�,� 

�f�o�l�l�o�w�e�d� �b�y� �e�x�t�r�a�c�t�i�o�n� �w�i�t�h� �1�.�6� �M� �N�a�C�l�,� �a�s� �p�r�e�v�i�o�u�s�l�y� �d�e�s�c�r�i�b�e�d� �(�4�0�)�.� �T�h�e� �p�r�o�t�e�i�n� 

�c�o�n�t�e�n�t�s� �o�f� �d�i�f�f�e�r�e�n�t� �f�r�a�c�t�i�o�n�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �d�y�e� �b�i�n�d�i�n�g� �m�e�t�h�o�d�,� �a�s� �d�e�s�c�r�i�b�e�d� 

�a�b�o�v�e�.� �T�h�i�r�t�y� �u�g� �o�f� �p�r�o�t�e�i�n� �f�r�o�m� �e�a�c�h� �f�r�a�c�t�i�o�n� �w�a�s� �a�c�e�t�o�n�e� �p�r�e�c�i�p�i�t�a�t�e�d� �a�n�d� �s�o�l�u�b�i�l�i�z�e�d� �i�n� 

�3�0� �w�l� �o�f� �t�h�e� �s�o�l�u�b�i�l�i�z�i�n�g� �b�u�f�f�e�r�.� �E�q�u�i�l�i�b�r�i�u�m� �o�r� �n�o�n�e�q�u�i�l�i�b�r�i�u�m� �f�o�c�u�s�i�n�g�,� �s�e�p�a�r�a�t�i�o�n� �i�n� �t�h�e� 

�s�e�c�o�n�d� �d�i�m�e�n�s�i�o�n�,� �a�n�d� �s�i�l�v�e�r� �s�t�a�i�n�i�n�g� �o�f� �s�a�m�p�l�e�s� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �a�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�.� 

�E�l�e�c�t�r�o�p�h�o�r�e�t�i�c� �t�r�a�n�s�f�e�r� �o�f� �p�r�o�t�e�i�n�s� �t�o� �P�V�D�F� �m�e�m�b�r�a�n�e� �a�n�d� �a�m�i�n�o� �a�c�i�d� �s�e�q�u�e�n�c�i�n�g� 

�D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �c�o�n�t�a�i�n�i�n�g� �2�5�0� �u�g� �o�f� �D�N�A� �w�e�r�e� �a�n�a�l�y�z�e�d� �b�y� �t�w�o�-� 

�d�i�m�e�n�s�i�o�n�a�l� �g�e�l� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �a�n�d� �w�e�r�e� �e�l�e�c�t�r�o�b�l�o�t�t�e�d� �o�n�t�o� �P�V�D�F� �m�e�m�b�r�a�n�e� �a�s� 

�p�r�e�v�i�o�u�s�l�y� �d�e�s�c�r�i�b�e�d� �(�4�1�)�.� �T�h�e� �s�e�c�o�n�d� �d�i�m�e�n�s�i�o�n�a�l� �g�e�l� �w�a�s� �p�r�e�-�r�u�n� �i�n� �p�r�e�s�e�n�c�e� �o�f� �1� �m�M� 

�s�o�d�i�u�m� �t�h�i�o�g�l�y�c�o�l�a�t�e� �t�o� �p�r�o�t�e�c�t� �t�h�e� �p�r�o�t�e�i�n�s� �f�r�o�m� �N�-�t�e�r�m�i�n�a�l� �b�l�o�c�k�i�n�g�.� �P�r�o�t�e�i�n�s� �w�e�r�e� 

�e�l�e�c�t�r�o�b�l�o�t�t�e�d� �o�n�t�o� �P�V�D�F� �m�e�m�b�r�a�n�e�s� �i�n� �a� �B�i�o�-�R�a�d� �T�r�a�n�s�b�l�o�t� �a�p�p�a�r�a�t�u�s� �(�B�i�o�-�R�a�d�,� 

�R�i�c�h�m�o�n�d�,� �C�A�)� �u�s�i�n�g� �1�0� �m�M� �3�-�c�y�c�l�o�h�e�x�y�l�a�m�i�n�o�-�1�-�p�r�o�p�a�n�e�s�u�l�f�o�n�i�c� �a�c�i�d� �(�C�A�P�S�)� �a�n�d� 

�1�0�%� �H�P�L�C� �g�r�a�d�e� �m�e�t�h�a�n�o�l� �(�p�H� �1�1�)� �a�s� �t�h�e� �e�l�e�c�t�r�o�b�l�o�t�t�i�n�g� �b�u�f�f�e�r�,� �a�t� �5�0� �V� �f�o�r� �1� �h�r� �a�t� �r�o�o�m� 

�t�e�m�p�e�r�a�t�u�r�e�.� �C�o�o�m�a�s�s�i�e� �b�r�i�l�l�i�a�n�t� �b�l�u�e� �R�-�2�5�0� �(�B�i�o�-�R�a�d�,� �0�.�0�2�5�%� �i�n� �4�0�%� �m�e�t�h�a�n�o�l�)� �w�a�s� 

�u�s�e�d� �t�o� �v�i�s�u�a�l�i�z�e� �t�h�e� �p�r�o�t�e�i�n�s�.� �A�c�e�t�i�c� �a�c�i�d� �w�a�s� �o�m�i�t�t�e�d� �f�r�o�m� �t�h�e� �s�t�a�i�n�i�n�g� �a�n�d� �d�e�s�t�a�i�n�i�n�g� 

�s�o�l�u�t�i�o�n� �a�s� �i�t� �m�a�y� �c�a�u�s�e� �N�-�t�e�r�m�i�n�a�l� �b�l�o�c�k�i�n�g�.� �T�h�e� �p�r�o�t�e�i�n� �b�a�n�d� �o�f� �i�n�t�e�r�e�s�t� �w�a�s� �e�x�c�i�s�e�d� �a�n�d� 

�a�u�t�o�m�a�t�e�d� �E�d�m�a�n� �d�e�g�r�a�d�a�t�i�o�n� �w�a�s� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �a�n� �A�p�p�l�i�e�d� �B�i�o�s�y�s�t�e�m�s� �4�7�7�A� �p�r�o�t�e�i�n� 

�s�e�q�u�e�n�c�e�r� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� �1�2�0� �A� �a�n�a�l�y�z�e�r� �(�A�p�p�l�i�e�d� �B�i�o�s�y�s�t�e�m�s�,� �I�n�c�.�,� �F�o�s�t�e�r� �C�i�t�y�,� �C�A�)�.� 

�3�2



�E�l�e�c�t�r�o�b�l�o�t�t�i�n�g� �o�f� �p�r�o�t�e�i�n�s� �t�o� �n�i�t�r�o�c�e�l�l�u�l�o�s�e� �a�n�d� �i�m�m�u�n�o�d�e�t�e�c�t�i�o�n� �o�f� �a�c�t�i�n� �u�s�i�n�g� �a�n� �a�n�t�i�-� 
�a�c�t�i�n� �a�n�t�i�b�o�d�y� 

�F�o�l�l�o�w�i�n�g� �o�n�e�-� �o�r� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �g�e�l� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s�,� �t�h�e� �p�r�o�t�e�i�n�s� �w�e�r�e� 

�e�l�e�c�t�r�o�p�h�o�r�e�t�i�c�a�l�l�y� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �n�i�t�r�o�c�e�l�l�u�l�o�s�e� �b�y� �f�o�l�l�o�w�i�n�g� �a� �m�o�d�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �m�e�t�h�o�d� 

�o�f� �B�u�r�n�e�t�t�e� �(�4�2�)�.� �P�r�o�t�e�i�n�s� �w�e�r�e� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �n�i�t�r�o�c�e�l�l�u�l�o�s�e� �i�n� �2�5� �m�M� �T�r�i�s�,� �1�0�0� �m�M� 

�g�l�y�c�i�n�e� �a�n�d� �1�0�%� �m�e�t�h�a�n�o�l� �o�v�e�r�n�i�g�h�t� �a�t� �2�0�0� �m�A�.� �T�h�e� �n�i�t�r�o�c�e�l�l�u�l�o�s�e� �s�h�e�e�t� �w�a�s� �b�l�o�c�k�e�d� �i�n� 

�2�0� �m�M� �T�r�i�s�-�H�C�l� �c�o�n�t�a�i�n�i�n�g� �0�.�0�5�%� �T�w�e�e�n� �2�0�,� �1�%� �N�a�C�l�,� �0�.�0�5�%� �N�a�N�3� �a�n�d� �4�%� �n�o�n�-�f�a�t� 

�d�r�y� �m�i�l�k� �(�p�H� �7�.�5�)� �f�o�r� �1� �h�r� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e�n�,� �t�h�e� �b�l�o�t� �w�a�s� �i�n�c�u�b�a�t�e�d� �w�i�t�h� �1�/�1�0�0�0� 

�d�i�l�u�t�i�o�n� �o�f� �t�h�e� �a�n�t�i�b�o�d�i�e�s� �i�n� �b�l�o�c�k�i�n�g� �b�u�f�f�e�r� �f�o�r� �3� �h�r� �w�i�t�h� �s�h�a�k�i�n�g�.� �T�h�e� �b�l�o�t� �w�a�s� �w�a�s�h�e�d� �i�n� 

�2�0� �m�M� �T�r�i�s�-�H�C�l� �c�o�n�t�a�i�n�i�n�g� �0�.�0�5�%� �T�w�e�e�n� �2�0�,� �1�%� �N�a�C�l�,� �0�.�0�5�%� �N�a�N�3� �(�p�H� �7�.�5�)�,� �a�n�d� �w�a�s� 

�r�e�a�c�t�e�d� �w�i�t�h� �2� �w�C�i� �o�f� �!�2�>�]�-�p�r�o�t�e�i�n� �A� �f�o�r� �3� �h�r� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� �u�n�b�o�u�n�d� �a�n�t�i�b�o�d�i�e�s� 
�w�e�r�e� �w�a�s�h�e�d� �o�f�f� �b�y� �w�a�s�h�i�n�g� �t�h�e� �b�l�o�t� �i�n� �2�0� �m�M� �T�r�i�s�-�H�C�l� �c�o�n�t�a�i�n�i�n�g� �0�.�0�5�%� �T�w�e�e�n� �2�0�,� �1�%� 

�N�a�C�l�,� �0�.�0�5�%� �N�a�N�3� �(�p�H� �7�.�5�)� �f�o�r� �5� �t�i�m�e�s� �(�5� �m�i�n� �e�a�c�h�)�.� �T�h�e� �b�l�o�t�s� �w�e�r�e� �b�l�o�t�-�d�r�i�e�d�,� �a�n�d� �t�h�e� 

�a�n�t�i�g�e�n�s� �w�e�r�e� �d�e�t�e�c�t�e�d� �b�y� �a�u�t�o�r�a�d�i�o�g�r�a�p�h�y� �o�f� �i�m�m�u�n�o�b�l�o�t�s� �u�s�i�n�g� �X�R�P�-�1� �f�i�l�m� �(�E�a�s�t�m�a�n� 

�K�o�d�a�k� �C�o�.�,� �R�o�c�h�e�s�t�e�r�,� �N�Y�)�.� 

�D�N�A� �S�i�z�i�n�g� �o�n� �A�g�a�r�o�s�e� �G�e�l�s� 

�D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �c�o�n�t�a�i�n�i�n�g� �1�0� �u�g� �D�N�A� �f�r�o�m� �c�o�n�t�r�o�l� �a�n�d� �c�h�r�o�m�a�t�e� �t�r�e�a�t�e�d� 

�s�a�m�p�l�e�s� �w�e�r�e� �f�r�a�c�t�i�o�n�e�d� �o�n� �a�g�a�r�o�s�e� �g�e�l�s� �(�0�.�6�%� �w�/�v� �i�n� �4�0� �m�M� �T�r�i�s�,� �4�0� �m�M� �B�o�r�a�t�e�,� �1� �m�M� 

�E�D�T�A�)� �(�3�5�)� �f�o�r� �~� �1�6� �h�r� �a�t� �5�0� �V� �o�n� �a� �m�o�d�e�l� �H�4� �h�o�r�i�z�o�n�t�a�l� �g�e�l� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �a�p�p�a�r�a�t�u�s� 

�(�B�e�t�h�e�s�d�a� �R�e�s�e�a�r�c�h� �L�a�b�o�r�a�t�o�r�i�e�s�,� �G�a�i�t�h�e�r�s�b�u�r�g�,� �M�D�)�.� �T�h�e� �g�e�l� �w�a�s� �s�t�a�i�n�i�n�g� �i�n� �e�t�h�i�d�i�u�m� 

�b�r�o�m�i�d�e� �(�0�.�2� �i�g�/�m�l� �i�n� �T�B�E�)� �a�n�d� �D�N�A� �w�a�s� �v�i�s�u�a�l�i�z�e�d� �b�y� �e�t�h�i�d�i�u�m� �b�r�o�m�i�d�e� �f�l�u�o�r�e�s�c�e�n�c�e� �a�t� 

�2�5�4� �n�m� �o�f� �U�V� �l�i�g�h�t�.� 

�A�n�t�i�o�x�i�d�a�n�t�s� �t�r�e�a�t�m�e�n�t� �o�f� �c�e�l�l�s� �a�n�d� �i�t�s� �e�f�f�e�c�t� �o�n� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-� 

�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� 

�T�h�e� �n�o�n�-�t�o�x�i�c� �l�e�v�e�l� �o�f� �t�h�e� �t�e�s�t� �c�o�m�p�o�u�n�d�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �m�o�n�i�t�o�r�i�n�g� �t�h�e� �e�f�f�e�c�t� 

�o�f� �0�  ��>� �1�0�0� �U�M� �a�-�t�o�c�o�p�h�e�r�o�l� �s�u�c�c�i�n�a�t�e�,� �0�  ��>� �5� �m�M� �s�o�d�i�u�m� �a�s�c�o�r�b�a�t�e�,� �0�  ��>� �5� �m�M� 

�T�i�r�o�n� �a�n�d� �0�  ��>� �1�0�0� �m�M� �m�a�n�n�i�t�o�l�,� �o�n� �t�h�e� �g�r�o�w�t�h� �o�f� �M�O�L�T�4� �c�e�l�l�s� �u�p� �t�o� �9�6� �h�r�.� �C�e�l�l�s� �w�e�r�e� 

�t�r�e�a�t�e�d� �w�i�t�h� �n�o�n�-�t�o�x�i�c� �l�e�v�e�l�s� �(�>�9�8�%� �v�i�a�b�l�e�)� �o�f� �a�-�t�o�c�o�p�h�e�r�o�l� �s�u�c�c�i�n�a�t�e� �(�2�5� �U�M�)�,� �s�o�d�i�u�m� 

�3�3



�a�s�c�o�r�b�a�t�e� �(�1� �m�M�)�,� �T�i�r�o�n� �(�1� �m�M�)� �o�r� �m�a�n�n�i�t�o�l� �(�1�0� �m�M�)� �f�o�r� �1�6� �h�r� �i�n� �c�o�m�p�l�e�t�e� �R�P�M�I� �a�t� �3�7�°�C� 

�b�e�f�o�r�e� �e�x�p�o�s�u�r�e� �t�o� �c�h�r�o�m�a�t�e� �i�n� �S�G�M� �f�o�r� �3� �h�r�.� 

�D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�s� �w�e�r�e� �d�e�t�e�c�t�e�d� �b�y� �m�o�d�i�f�i�c�a�t�i�o�n� �o�f� �p�r�e�v�i�o�u�s�l�y� �p�u�b�l�i�s�h�e�d� 

�m�e�t�h�o�d�s� �(�4�3�,� �4�4� �a�n�d� �4�5�)�.� �L�a�b�e�l�i�n�g� �o�f� �c�e�l�l�s� �w�i�t�h� �3�H�-�t�h�y�m�i�d�i�n�e� �a�n�d� �t�r�e�a�t�m�e�n�t� �w�i�t�h� �c�h�r�o�m�a�t�e� 

�w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �a�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�.� �F�o�l�l�o�w�i�n�g� �t�r�e�a�t�m�e�n�t�,� �c�e�l�l�s� �w�e�r�e� �w�a�s�h�e�d� �t�h�r�e�e� �t�i�m�e�s� �i�n� 

�i�c�e�-�c�o�l�d� �P�B�S� �a�n�d� �w�e�r�e� �f�r�o�z�e�n� �a�t� �-�7�0�°�C� �f�o�r� �1�2� �t�o� �1�6� �h�r�.� �T�h�e� �c�e�l�l�s� �w�e�r�e� �t�h�a�w�e�d� �a�n�d� �w�e�r�e� 

�l�y�s�e�d� �i�n� �2�0� �m�M� �T�r�i�s�-�H�C�l� �c�o�n�t�a�i�n�i�n�g� �1� �m�M� �P�M�S�F� �a�n�d� �2�%� �S�D�S� �(�p�H� �7�.�5�)�.� �T�h�e� �c�e�l�l� �l�y�s�a�t�e�s� 

�w�e�r�e� �b�r�i�e�f�l�y� �s�o�n�i�c�a�t�e�d� �o�n� �i�c�e� �u�s�i�n�g� �a� �H�e�a�t� �S�y�s�t�e�m� �s�o�n�i�c�a�t�o�r�/�C�e�l�l� �D�i�s�r�u�p�t�e�r� �(�M�o�d�e�l� �-�W� �2�2�5� 

�R�,� �U�l�t�r�a�s�o�n�i�c�s�,� �I�n�c�.�,� �P�l�a�i�n�v�i�e�w�,� �N�e�w� �Y�o�r�k�)� �b�y� �g�i�v�i�n�g� �t�e�n� �p�u�l�s�e�s� �a�t� �5�0�%� �d�u�t�y� �c�y�c�l�e�.� �T�h�e� 

�s�a�m�p�l�e�s� �w�e�r�e� �i�n�c�u�b�a�t�e�d� �a�t� �6�5�°�C� �f�o�r� �1�0� �m�i�n� �a�n�d� �K�C�l� �(�i�n� �2�0� �m�M� �T�r�i�s�-�H�C�l�,� �p�H� �7�.�5�)� �w�a�s� 

�a�d�d�e�d� �t�o� �1�0�0� �m�M� �f�i�n�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �c�o�o�l�e�d� �o�n� �i�c�e� �f�o�r� �1�0� �m�i�n�,� �a�n�d� �t�h�e� 

�K�*�+�-�S�D�S� �p�r�e�c�i�p�i�t�a�t�e�s� �f�o�r�m�e�d� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �b�y� �c�e�n�t�r�i�f�u�g�a�t�i�o�n� �a�t� �3�0�0�0�x�g� �f�o�r� �1�0� �m�i�n� �a�t� �4�°�C�.� 

�T�h�e� �p�e�l�l�e�t�s� �w�e�r�e� �r�e�s�u�s�p�e�n�d�e�d� �i�n� �2�0� �m�M� �T�r�i�s�-�H�C�l� �c�o�n�t�a�i�n�i�n�g� �1�0�0� �m�M� �K�C�l�.� �T�h�e� �s�a�m�p�l�e�s� 

�w�e�r�e� �i�n�c�u�b�a�t�e�d� �a�t� �6�5�°�C� �f�o�r� �1�0� �m�i�n�,� �c�o�o�l�e�d� �o�n� �i�c�e�,� �a�n�d� �c�o�l�l�e�c�t�e�d� �b�y� �c�e�n�t�r�i�f�u�g�a�t�i�o�n� �a�s� �a�b�o�v�e�.� 

�T�h�i�s� �s�h�e�a�r�i�n�g� �a�n�d� �w�a�s�h�i�n�g� �s�t�e�p� �w�a�s� �r�e�p�e�a�t�e�d� �t�w�o� �m�o�r�e� �t�i�m�e�s�.� �T�h�e� �f�i�n�a�l� �p�e�l�l�e�t�s� �w�e�r�e� 

�r�e�s�u�s�p�e�n�d�e�d� �i�n� �w�a�t�e�r� �a�n�d� �t�h�e� �p�r�o�t�e�i�n� �b�o�u�n�d� �3�H�-�D�N�A� �w�a�s� �e�s�t�i�m�a�t�e�d� �b�y� �c�o�u�n�t�i�n�g� �t�h�e� 

�s�a�m�p�l�e�s� �i�n� �a� �B�e�c�k�m�a�n� �L�S� �5�8�0�0� �L�i�q�u�i�d� �S�c�i�n�t�i�l�l�a�t�i�o�n� �c�o�u�n�t�e�r� �(�B�e�c�k�m�a�n� �I�n�s�t�r�u�m�e�n�t�s�,� �I�n�c�.�,� 

�I�r�v�i�n�e�,� �C�A�)� �u�s�i�n�g� �A�q�u�a�s�s�u�r�e� �L�S�C� �C�o�c�k�t�a�i�l� �(�N�E�N�,� �B�o�s�t�o�n�,� �M�A�)�.� �T�r�i�c�h�l�o�r�o�a�c�e�t�i�c� �a�c�i�d�-� 

�i�n�s�o�l�u�b�l�e� �m�a�t�e�r�i�a�l� �f�r�o�m� �t�h�e� �c�e�l�l� �l�y�s�a�t�e�s� �w�e�r�e� �u�s�e�d� �t�o� �e�s�t�i�m�a�t�e� �t�h�e� �t�o�t�a�l� �3�H�-�D�N�A�.� �T�h�e� �r�a�t�i�o� 

�o�f� �t�h�e� �p�e�r�c�e�n�t�a�g�e� �o�f� �K�t�-�S�D�S�-�p�r�e�c�i�p�i�t�a�b�l�e� �D�N�A� �i�n� �t�h�e� �t�r�e�a�t�e�d� �c�e�l�l�s� �t�o� �t�h�a�t� �i�n� �t�h�e� �c�o�n�t�r�o�l� �c�e�l�l�s� 

�w�a�s� �u�s�e�d� �t�o� �e�s�t�i�m�a�t�e� �t�h�e� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k� �c�o�e�f�f�i�c�i�e�n�t� �(�D�P�C� �c�o�e�f�f�i�c�i�e�n�t�)�.� 

�E�s�t�i�m�a�t�i�o�n� �o�f� �C�e�l�l�u�l�a�r� �A�s�c�o�r�b�a�t�e� �a�n�d� �V�i�t�a�m�i�n� �E� 

�I�n�t�r�a�c�e�l�l�u�l�a�r� �a�s�c�o�r�b�a�t�e� �l�e�v�e�l� �o�f� �c�e�l�l�s� �w�a�s� �e�s�t�i�m�a�t�e�d� �b�y� �u�s�i�n�g� �F�o�l�i�n� �P�h�e�n�o�l� �R�e�a�g�e�n�t� �a�s� 

�d�e�s�c�r�i�b�e�d� �b�e�f�o�r�e� �(�2�2�)�.� �T�h�e� �v�i�t�a�m�i�n� �E� �l�e�v�e�l� �o�f� �c�e�l�l�s� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�r�i�c�a�l�l�y� 

�b�y� �u�s�i�n�g� �t�h�e� �m�e�t�h�o�d� �o�f� �F�a�b�i�a�n�e�k� �(�4�6�)�.� 

�C�e�l�l�u�l�a�r� �u�p�t�a�k�e� �o�f� �5�1�C�r�O�4 �� 

�C�e�l�l�s�,� �i�n� �S�G�M�,� �w�e�r�e� �i�n�c�u�b�a�t�e�d� �w�i�t�h� �1� �u�C�i� �o�f� �K�2�>�!�C�r�O�,� �a�t� �v�a�r�i�o�u�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� 

�f�o�r� �2� �h�r� �a�t� �3�7�°�C�.� �C�e�l�l�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �b�y� �c�e�n�t�r�i�f�u�g�a�t�i�o�n�,� �w�a�s�h�e�d� �t�h�r�e�e� �t�i�m�e�s� �w�i�t�h� �i�c�e�-�c�o�l�d� 

�P�B�S� �a�n�d� �t�h�e� �c�e�l�l� �n�u�m�b�e�r� �w�a�s� �c�o�u�n�t�e�d� �i�n� �a� �C�o�u�l�t�e�r� �c�o�u�n�t�e�r� �(�M�o�d�e�l� �Z�M�,� �C�o�u�l�t�e�r� 

�E�l�e�c�t�r�o�n�i�c�s�,� �I�n�c�.�,� �H�i�a�l�e�a�h�,� �F�l�)�.� �T�h�e� �c�e�l�l�u�l�a�r� �u�p�t�a�k�e� �o�f� �c�h�r�o�m�a�t�e� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� 
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�m�e�a�s�u�r�i�n�g� �t�h�e� �>�!�C�r� �a�c�t�i�v�i�t�y� �i�n�a� �B�e�c�k�m�a�n� �g�a�m�m�a� �c�o�u�n�t�e�r� �(�B�e�c�k�m�a�n� �G�a�m�m�a� �5�5�0�0� �e�q�u�i�p�p�e�d� 

�w�i�t�h� �a� �D�P� �5�5�0�0� �D�a�t�a� �R�e�d�u�c�t�i�o�n� �S�y�s�t�e�m�,� �B�e�c�k�m�a�n� �I�n�s�t�r�u�m�e�n�t�s� �I�n�c�.�,� �I�r�v�i�n�,� �C�A�)� �a�n�d� 

�c�o�m�p�a�r�i�n�g� �t�o� �a� �s�t�a�n�d�a�r�d� �c�u�r�v�e� �g�e�n�e�r�a�t�e�d� �b�y� �u�s�i�n�g� �0�O ��>�2�0� �n�M� �p�o�t�a�s�s�i�u�m� �>�!�c�h�r�o�m�a�t�e�.� 

�D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �s�t�a�b�i�l�i�t�y� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� 

�D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �c�o�n�t�a�i�n�i�n�g� �1�0�0� �u�g� �D�N�A� �i�n� �1�0� �m�M� �T�r�i�s�-�H�C�l�,� �1� �m�M� �P�M�S�F� 

�(�p�H� �7�.�5�)� �w�e�r�e� �t�a�k�e�n� �i�n� �s�i�l�i�c�o�n�i�z�e�d� �m�i�c�r�o�c�e�n�t�r�i�f�u�g�e� �t�u�b�e�s�.� �M�g�C�l�?� �w�a�s� �a�d�d�e�d� �t�o� �5� �m�M� �f�i�n�a�l� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �s�a�m�p�l�e�s� �t�r�e�a�t�e�d� �w�i�t�h� �D�N�a�s�e� �J� �a�n�d� �R�N�a�s�e�.� �D�N�a�s�e� �I� �(�2�0�0� �l�t�g�/�m�l�)�,� �R�N�a�s�e� 

�(�4�0� �p�g�/�m�l�)�,� �P�r�o�t�e�i�n�a�s�e� �K� �(�2� �m�g�/�m�l�)�,� �E�D�T�A� �(�1�0�-�5�0� �m�M�)�,� �t�h�i�o�u�r�e�a� �(�1�0�0� �m�M�)� �o�r� �B�-� 

�m�e�r�c�a�p�t�o�e�t�h�a�n�o�l� �(�2�%�)� �w�e�r�e� �a�d�d�e�d�,� �m�i�x�e�d�,� �a�n�d� �t�h�e� �t�u�b�e�s� �w�e�r�e� �i�n�c�u�b�a�t�e�d� �a�t� �r�o�o�m� 

�t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �3� �h�r�.� �P�M�S�F� �w�a�s� �e�i�t�h�e�r� �o�m�i�t�t�e�d� �f�r�o�m� �t�h�e� �s�a�m�p�l�e�s� �t�r�e�a�t�e�d� �w�i�t�h� �P�r�o�t�e�i�n�a�s�e� �K� 

�o�r� �t�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �i�n�c�u�b�a�t�e�d� �a�t� �4�°�C� �f�o�r� �2�4� �h�r� �b�e�f�o�r�e� �t�r�e�a�t�m�e�n�t� �w�i�t�h� �P�r�o�t�e�i�n�a�s�e� �K� �t�o� �a�l�l�o�w� 

�i�n�a�c�t�i�v�a�t�i�o�n� �o�f� �P�M�S�F�.� �S�D�S� �w�a�s� �t�h�e�n� �a�d�d�e�d� �t�o� �a� �f�i�n�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �0�.�5�%� �t�o� �i�n�h�i�b�i�t� 

�n�o�n�s�p�e�c�i�f�i�c� �c�r�o�s�s�l�i�n�k�i�n�g�,� �a�n�d� �s�a�m�p�l�e�s� �w�e�r�e� �c�e�n�t�r�i�f�u�g�e�d� �a�t� �1�0�0�,�0�0�0�x�g� �f�o�r� �1�6� �h�r� �a�t� �1�8�°�C�.� 

�T�h�e� �s�u�p�e�r�n�a�t�a�n�t�s� �w�e�r�e� �c�a�r�e�f�u�l�l�y� �r�e�m�o�v�e�d� �a�n�d� �t�h�e� �p�e�l�l�e�t�s� �w�e�r�e� �r�e�s�u�s�p�e�n�d�e�d� �i�n� �1�0� �m�M� �T�r�i�s�-� 

�H�C�l� �(�p�H� �7�.�5�)� �b�y� �b�r�i�e�f� �s�o�n�i�c�a�t�i�o�n�.� �D�N�A� �a�n�d� �p�r�o�t�e�i�n� �c�o�n�t�e�n�t�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �3�H� 

�a�n�d� �3�5�s� �a�c�t�i�v�i�t�y�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �b�y� �l�i�q�u�i�d� �s�c�i�n�t�i�l�l�a�t�i�o�n� �c�o�u�n�t�i�n�g� �a�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�.� 

�S�t�a�t�i�s�t�i�c�s� 

�A�l�l� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �a�t� �l�e�a�s�t� �t�h�r�e�e� �t�i�m�e�s�.� �P�a�i�r�e�d�,� �t�w�o�-�t�a�i�l�e�d� �S�t�u�d�e�n�t�s� �t�-� 

�t�e�s�t� �w�a�s� �p�e�r�f�o�r�m�e�d� �a�n�d� �p� �v�a�l�u�e�s� �<� �0�.�0�5� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d� �s�i�g�n�i�f�i�c�a�n�t�.� 

�R�E�S�U�L�T�S� 

�C�y�t�o�t�o�x�i�c�i�t�y� 

�E�x�p�o�s�u�r�e� �o�f� �M�O�L�T�4� �c�e�l�l�s� �t�o� �0�  �� �2� �m�M� �p�o�t�a�s�s�i�u�m� �c�h�r�o�m�a�t�e� �i�n� �S�G�M� �f�o�r� �2� �h�r� �w�a�s� 

�f�o�u�n�d� �t�o� �h�a�v�e� �l�i�t�t�l�e� �c�y�t�o�t�o�x�i�c� �e�f�f�e�c�t�s�,� �a�s� �a�s�s�e�s�s�e�d� �b�y� �t�r�y�p�a�n� �b�l�u�e� �e�x�c�l�u�s�i�o�n� �(�v�i�a�b�i�l�i�t�y� �w�a�s� 

�w�i�t�h�i�n� �9�8� �+� �2�%� �o�f� �t�h�e� �c�o�n�t�r�o�l�)�.� �T�h�e� �v�i�a�b�i�l�i�t�y� �o�f� �c�e�l�l�s� �t�r�e�a�t�e�d� �w�i�t�h� �2�0�0� �U�M� �c�h�r�o�m�a�t�e� �w�a�s� 

�n�o�t� �a�f�f�e�c�t�e�d� �w�i�t�h�i�n� �4� �h�r� �o�f� �t�r�e�a�t�m�e�n�t�.� �T�h�e� �v�i�a�b�i�l�i�t�y� �o�f� �c�e�l�l�s� �t�r�e�a�t�e�d� �w�i�t�h� �2�0�0� �U�M� �c�h�r�o�m�a�t�e� 

�f�o�r� �1�6� �h�r� �i�n� �S�G�M� �w�a�s� �d�e�c�r�e�a�s�e�d� �t�o� �7�2� �+� �3�%� �o�f� �c�o�n�t�r�o�l�.� 
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�E�f�f�e�c�t� �o�f� �p�o�t�a�s�s�i�u�m� �c�h�r�o�m�a�t�e� �o�n� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�i�n�g� �i�n� �M�O�L�T�4� �c�e�l�l�s� 

�C�e�l�l� �e�x�p�o�s�u�r�e� �t�o� �O ��2� �m�M� �p�o�t�a�s�s�i�u�m� �c�h�r�o�m�a�t�e� �f�o�r� �2� �h�r� �r�e�s�u�l�t�e�d� �i�n� �a� �d�o�s�e�-� 

�d�e�p�e�n�d�e�n�t� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �i�n� �M�O�L�T�4� �c�e�l�l�s�.� �C�e�l�l�s� 

�t�r�e�a�t�e�d� �w�i�t�h� �2�0�0� �u�M� �c�h�r�o�m�a�t�e� �f�o�r� �2� �h�r� �h�a�d� �a�b�o�u�t� �1�7�5�%� �m�o�r�e� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �a�s� 

�c�o�m�p�a�r�e�d� �t�o� �t�h�e� �c�o�n�t�r�o�l� �(�F�i�g�.� �1�)�.� �C�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x� �f�o�r�m�a�t�i�o�n� �i�n� 

�M�O�L�T�A�4� �c�e�l�l�s� �w�a�s� �a�l�s�o� �f�o�u�n�d� �t�o� �b�e� �t�i�m�e� �d�e�p�e�n�d�e�n�t�.� �A�s� �s�h�o�w�n� �i�n� �F�i�g�.� �2�,� �t�h�e� �D�N�A�-�p�r�o�t�e�i�n� 

�c�o�m�p�l�e�x� �f�o�r�m�a�t�i�o�n� �i�n�c�r�e�a�s�e�d� �i�n� �a� �t�i�m�e�-�d�e�p�e�n�d�e�n�t� �m�a�n�n�e�r� �i�n� �c�e�l�l�s� �t�r�e�a�t�e�d� �w�i�t�h� �2�0�0� �u�M� 

�c�h�r�o�m�a�t�e� �f�o�r� �d�i�f�f�e�r�e�n�t� �t�i�m�e� �p�e�r�i�o�d�s� �a�n�d� �a�f�t�e�r� �2�4� �h�r�,� �a� �1�0�-�1�2� �f�o�l�d� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �f�o�r�m�a�t�i�o�n� 

�o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �w�a�s� �o�b�s�e�r�v�e�d� �a�s� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �c�o�n�t�r�o�l� �c�e�l�l�s�.� 

�A�n�a�l�y�s�i�s� �o�f� �p�r�o�t�e�i�n�s� �c�o�m�p�l�e�x�e�d� �t�o� �D�N�A� �b�y� �T�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �g�e�l�s� 

�D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �i�s�o�l�a�t�e�d� �f�r�o�m� �b�o�t�h� �t�h�e� �p�o�t�a�s�s�i�u�m� �c�h�l�o�r�i�d�e� �(�c�o�n�t�r�o�l�)� �o�r� 

�p�o�t�a�s�s�i�u�m� �c�h�r�o�m�a�t�e� �t�r�e�a�t�e�d� �c�e�l�l�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �b�y� �n�o�n�-�e�q�u�i�l�i�b�r�i�u�m� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �g�e�l� 

�e�l�e�c�t�r�o�p�h�o�r�e�s�i�s�.� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �w�e�r�e� �l�o�a�d�e�d� �o�n� �t�h�e� �a�c�i�d�i�c� �e�n�d� �o�f� �t�h�e� �g�e�l�,� �i�n� �o�r�d�e�r� 

�t�o� �a�v�o�i�d� �t�h�e� �e�n�t�r�y� �o�f� �n�u�c�l�e�i�c� �a�c�i�d�s� �i�n�t�o� �t�h�e� �f�i�r�s�t� �d�i�m�e�n�s�i�o�n�a�l� �f�o�c�u�s�i�n�g� �g�e�l�s�.� �S�i�l�v�e�r� �s�t�a�i�n�i�n�g� 

�o�f� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �g�e�l�s� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �i�s�o�l�a�t�e�d� �f�r�o�m� �c�o�n�t�r�o�l� �c�e�l�l�s� �d�i�d� �n�o�t� 

�s�h�o�w� �a�n�y� �p�r�o�t�e�i�n� �i�n� �t�h�e� �g�e�l�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �t�h�e� �S�D�S�/�u�r�e�a� �m�e�t�h�o�d� �u�s�e�d� �f�o�r� �i�s�o�l�a�t�i�o�n� �o�f� 

�D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �e�f�f�e�c�t�i�v�e�l�y� �d�i�s�s�o�c�i�a�t�e�s� �t�h�e� �b�a�c�k�g�r�o�u�n�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �i�n� 

�t�h�e� �c�o�n�t�r�o�l� �c�e�l�l�s� �(�F�i�g�.� �3� �A�)�.� 

�T�h�e� �p�r�o�t�e�i�n�s� �c�o�m�p�l�e�x�e�d� �t�o� �D�N�A�,� �i�n� �c�e�l�l�s� �e�x�p�o�s�e�d� �t�o� �2�5� �U�M� �c�h�r�o�m�a�t�e� �f�o�r� �1�6� �h�r�,� 

�a�n�d� �t�h�a�t� �w�e�r�e� �r�e�s�i�s�t�a�n�t� �t�o� �S�D�S�/�u�r�e�a� �e�x�t�r�a�c�t�i�o�n�,� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�.� �3� �B�.� �T�h�r�e�e� �a�c�i�d�i�c� 

�p�r�o�t�e�i�n�s� �( ��a ��,� �'�b�'� �a�n�d� �'�c�'�)� �a�n�d� �a� �b�a�s�i�c� �p�r�o�t�e�i�n�,� �'�d�'�,� �w�e�r�e� �p�r�i�m�a�r�i�l�y� �c�o�m�p�l�e�x�e�d� �t�o� �D�N�A� �u�p�o�n� 

�c�h�r�o�m�a�t�e� �t�r�e�a�t�m�e�n�t�.� �A�n�a�l�y�s�i�s� �o�f� �t�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �a�n�d� �p�I� �o�f� �t�h�e�s�e� �p�r�o�t�e�i�n�s� �s�h�o�w�e�d� �t�h�a�t� 

�t�h�e� �p�r�o�t�e�i�n� �'�a�'� �h�a�s� �a� �p�I� �o�f� �5�.�2�-�5�.�6� �a�n�d� �a� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �7�4� �k�D�,� �t�h�e� �p�r�o�t�e�i�n� �'�b�'� �h�a�s� �a� �p�I� 

�o�f� �5�.�2�-�5�.�4� �a�n�d� �a� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �4�4� �k�D�,� �a�n�d� �t�h�e� �p�r�o�t�e�i�n�  ��c �� �h�a�s� �a� �p�I� �o�f� �~�5�.�8� �a�n�d� 

�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �4�2� �k�D�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �p�r�o�t�e�i�n�  ��d ��,� �o�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �i�s� �f�o�u�n�d� �t�o� �b�e� 

�a� �b�a�s�i�c� �p�r�o�t�e�i�n� �w�i�t�h� �a� �p�I� �o�f� �8�.�8�-�9�.�2� �a�n�d� �a� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �5�1� �k�D�.� �T�h�e� �n�u�m�b�e�r� �o�f� 

�p�r�o�t�e�i�n�s� �c�r�o�s�s�-�l�i�n�k�e�d� �t�o� �D�N�A� �u�p�o�n� �c�h�r�o�m�a�t�e� �e�x�p�o�s�u�r�e� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� 

�d�o�s�e� �o�f� �c�h�r�o�m�a�t�e� �b�e�c�a�u�s�e� �c�e�l�l�s� �t�r�e�a�t�e�d� �w�i�t�h� �2�0�0� �4�M� �c�h�r�o�m�a�t�e� �f�o�r� �1�6� �h�r� �h�a�d� �m�a�n�y� �o�t�h�e�r� 

�p�r�o�t�e�i�n�s�,� �i�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� �a�b�o�v�e� �p�r�o�t�e�i�n�s�,� �c�o�m�p�l�e�x�e�d� �t�o� �D�N�A� �(�F�i�g�.� �3� �C�)�.� �S�i�n�c�e� �2�5�%� �o�f� 

�t�h�e� �c�e�l�l�s� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �k�i�l�l�e�d� �b�y� �s�u�c�h� �t�r�e�a�t�m�e�n�t�s� �(�2�0�0� �U�M� �c�h�r�o�m�a�t�e� �f�o�r� �1�6� �h�r�)�,� �t�h�e�r�e� �a� 
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�r�e�a�s�o�n� �t�o� �b�e�l�i�e�v�e� �t�h�a�t� �t�h�e� �a�d�d�i�t�i�o�n�a�l� �p�r�o�t�e�i�n�s� �c�r�o�s�s�l�i�n�k�e�d� �w�i�t�h� �D�N�A� �c�o�u�l�d� �b�e� �d�u�e� �t�o� �d�e�a�d� 

�c�e�l�l�s�.� �T�h�a�t� �t�h�i�s� �w�a�s� �n�o�t� �t�h�e� �c�a�s�e� �w�a�s� �d�e�m�o�n�s�t�r�a�t�e�d� �b�y� �u�s�i�n�g� �2�0�0� �U�M� �c�h�r�o�m�a�t�e� �f�o�r� �3� �h�r�.� 

�T�h�i�s� �l�a�t�t�e�r� �t�r�e�a�t�m�e�n�t� �d�o�e�s� �n�o�t� �a�f�f�e�c�t� �t�h�e� �c�e�l�l� �v�i�a�b�i�l�i�t�y�,� �b�u�t� �h�a�d� �s�a�m�e� �p�r�o�t�e�i�n�s� �c�o�m�p�l�e�x�e�d� �w�i�t�h� 

�D�N�A� �(�F�i�g�.� �3� �D�)�.� 

�T�h�e�r�e� �i�s� �o�f� �c�o�u�r�s�e�,� �a� �p�o�s�s�i�b�i�l�i�t�y� �t�h�a�t� �t�h�e� �c�y�t�o�p�l�a�s�m�i�c� �p�r�o�t�e�i�n�s� �m�i�g�h�t� �a�s�s�o�c�i�a�t�e� �w�i�t�h� 

�D�N�A� �d�u�r�i�n�g� �t�h�e� �c�e�l�l� �l�y�s�i�s�.� �I�n� �o�r�d�e�r� �t�o� �l�e�s�s�e�n� �t�h�e� �l�i�k�e�l�i�h�o�o�d� �o�f� �t�h�i�s� �s�u�b�t�l�e� �a�r�t�i�f�a�c�t�,� �w�e� 

�a�n�a�l�y�z�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �i�s�o�l�a�t�e�d� �f�r�o�m� �e�i�t�h�e�r� �w�h�o�l�e� �c�e�l�l�s� �o�r� �t�h�e� �n�u�c�l�e�a�r� �f�r�a�c�t�i�o�n� �o�f� 

�c�e�l�l�s� �t�r�e�a�t�e�d� �w�i�t�h� �c�h�r�o�m�a�t�e�.� �I�f� �c�y�t�o�p�l�a�s�m�i�c� �p�r�o�t�e�i�n�s� �b�e�c�o�m�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �D�N�A� �d�u�r�i�n�g� 

�c�e�l�l� �l�y�s�i�s�,� �a�d�d�i�t�i�o�n�a�l� �p�r�o�t�e�i�n�s� �s�h�o�u�l�d� �a�p�p�e�a�r� �i�n� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �g�e�l�s� �o�f� �w�h�o�l�e� �c�e�l�l�s� �t�h�a�n� �t�h�e� 

�D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �n�u�c�l�e�a�r� �f�r�a�c�t�i�o�n�s�.� �T�h�a�t� �t�h�i�s� �w�a�s� �n�o�t� �t�h�e� �c�a�s�e� �i�s� 

�i�l�l�u�s�t�r�a�t�e�d� �b�y� �t�h�e� �f�a�c�t� �t�h�a�t� �i�d�e�n�t�i�c�a�l� �p�r�o�t�e�i�n�s� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �c�o�m�p�l�e�x�e�d� �t�o� �D�N�A� �w�h�e�n� 

�e�i�t�h�e�r� �w�h�o�l�e� �c�e�l�l�s� �o�r� �n�u�c�l�e�i� �o�f� �c�e�l�l�s� �t�r�e�a�t�e�d� �w�i�t�h� �c�h�r�o�m�a�t�e� �w�e�r�e� �u�s�e�d� �a�s� �t�h�e� �s�t�a�r�t�i�n�g� �m�a�t�e�r�i�a�l� 

�(�F�i�g�.� �3� �D� �a�n�d� �E�)�.� �H�e�n�c�e�,� �i�t� �a�p�p�e�a�r�s� �l�i�k�e�l�y� �t�h�a�t� �c�h�r�o�m�a�t�e� �i�n�d�u�c�e�s� �t�h�e� �c�r�o�s�s�-�l�i�n�k�i�n�g� �o�f� 

�n�u�c�l�e�a�r� �p�r�o�t�e�i�n�s� �t�o� �D�N�A�.� 

�M�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �a�n�d� �p�I� �o�f� �t�h�e� �m�a�j�o�r� �p�r�o�t�e�i�n�s� �c�o�m�p�l�e�x�e�d� �t�o� �D�N�A� �u�p�o�n� �2�0�0� �U�M� 

�c�h�r�o�m�a�t�e� �t�r�e�a�t�m�e�n�t� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �1�.� �T�h�e�s�e� �p�r�o�t�e�i�n�s� �w�e�r�e� �n�o�t� �s�e�e�n� �i�n� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� 

�g�e�l�s� �o�f� �D�N�A�-�p�r�o�t�e�i�n�s� �c�o�m�p�l�e�x�e�s� �i�s�o�l�a�t�e�d� �f�r�o�m� �u�n�t�r�e�a�t�e�d� �c�o�n�t�r�o�l� �c�e�l�l�s�,� �e�v�e�n� �w�h�e�n� �t�h�e� �i�n�i�t�i�a�l� 

�D�N�A� �l�o�a�d� �w�a�s� �i�n�c�r�e�a�s�e�d� �t�o� �v�i�s�u�a�l�i�z�e� �t�h�e� �b�a�c�k�g�r�o�u�n�d� �p�r�o�t�e�i�n�s�.� �W�h�e�n� �t�h�e� �c�o�n�t�r�o�l� �m�a�t�e�r�i�a�l� 

�w�a�s� �d�i�g�e�s�t�e�d� �w�i�t�h� �D�N�a�s�e� �I� �b�e�f�o�r�e� �a�n�a�l�y�s�i�s� �b�y� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �g�e�l�,� �o�n�l�y� �t�r�a�c�e� �a�m�o�u�n�t�s� �o�f� 

�s�o�m�e� �o�f� �t�h�e� �a�b�o�v�e� �p�r�o�t�e�i�n�s� �w�e�r�e� �o�b�s�e�r�v�e�d� �(�d�a�t�a� �n�o�t� �s�h�o�w�n�)�,� �b�u�t� �s�o�m�e� �o�f� �t�h�e�s�e� �p�r�o�t�e�i�n�s� 

�w�e�r�e� �a�l�s�o� �p�r�e�s�e�n�t� �a�s� �c�o�n�t�a�m�i�n�a�n�t�s� �i�n� �D�N�a�s�e� �I� �(�d�a�t�a� �n�o�t� �s�h�o�w�n�)�.� �T�h�e�r�e�f�o�r�e�,� �w�e� �a�s�s�u�m�e� �t�h�a�t� 

�t�h�e� �t�r�a�c�e�s� �o�f� �p�r�o�t�e�i�n�s� �o�b�s�e�r�v�e�d� �i�n� �c�o�n�t�r�o�l� �c�e�l�l�s� �a�r�e� �n�o�t� �f�r�o�m� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �b�u�t� 

�f�r�o�m� �t�h�e� �c�o�n�t�a�m�i�n�a�n�t� �p�r�o�t�e�i�n�s� �p�r�e�s�e�n�t� �i�n� �D�N�a�s�e� �I�.� 

�S�u�b�c�e�l�l�u�l�a�r� �L�o�c�a�l�i�z�a�t�i�o�n� �o�f� �M�a�j�o�r� �P�r�o�t�e�i�n�s� �C�o�m�p�l�e�x�e�s� �t�o� �D�N�A� �u�p�o�n� �C�h�r�o�m�a�t�e� �T�r�e�a�t�m�e�n�t� 

�T�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �s�u�b�c�e�l�l�u�l�a�r� �l�o�c�a�l�i�z�a�t�i�o�n� �o�f� �t�h�e� �f�o�u�r� �p�r�o�t�e�i�n�s� �c�o�m�p�l�e�x�e�d� �t�o� �D�N�A�,� 

�c�y�t�o�p�l�a�s�m�i�c�,� �n�u�c�l�e�a�r� �a�n�d� �n�u�c�l�e�a�r� �m�a�t�r�i�x� �p�r�o�t�e�i�n� �f�r�a�c�t�i�o�n�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �b�y� �t�w�o�-� 

�d�i�m�e�n�s�i�o�n�a�l� �g�e�l� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s�.� �A�s� �s�h�o�w�n� �i�n� �F�i�g�.� �4�,� �t�h�e� �p�u�r�i�f�i�e�d� �n�u�c�l�e�i� �w�e�r�e� �f�r�e�e� �f�r�o�m� 

�c�y�t�o�p�l�a�s�m�i�c� �c�o�n�t�a�m�i�n�a�t�i�o�n�s�.� �P�r�o�t�e�i�n�s� �o�f� �s�i�m�i�l�a�r� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�,� �i�s�o�e�l�e�c�t�r�i�c� �p�o�i�n�t� �a�n�d� 

�c�o�l�o�r�a�t�i�o�n� �a�f�t�e�r� �p�o�l�y�c�h�r�o�m�a�t�i�c� �s�i�l�v�e�r� �s�t�a�i�n�i�n�g� �w�e�r�e� �a�s�s�u�m�e�d� �t�o� �b�e� �t�h�e� �s�a�m�e� �p�r�o�t�e�i�n�.� 

�P�r�o�t�e�i�n�s� �'�b�'�,� �a�n�d� �'�c�'� �w�e�r�e� �v�i�s�u�a�l�i�z�e�d� �a�n�d� �w�e�r�e� �f�o�u�n�d� �t�o� �c�o�r�r�e�s�p�o�n�d� �t�o� �p�r�o�t�e�i�n�s� �i�n� �t�h�e� 
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�c�y�t�o�p�l�a�s�m�i�c� �f�r�a�c�t�i�o�n� �(�F�i�g�.� �5� �A�)�.� �P�r�o�t�e�i�n�s�  ��a ��,� �a�n�d� �'�d�'� �w�e�r�e� �p�r�e�d�o�m�i�n�a�n�t�l�y� �p�r�e�s�e�n�t� �i�n� �t�h�e� 

�n�u�c�l�e�a�r� �f�r�a�c�t�i�o�n� �(�F�i�g�.� �5� �B�)�.� �A�d�d�i�t�i�o�n�a�l� �p�r�o�t�e�i�n�s� �f�o�u�n�d� �c�o�m�p�l�e�x�e�d� �t�o� �D�N�A� �( ��m ��,� �'�n ��,� �'�o�'� 

�a�n�d� �'�p�'�)� �u�p�o�n� �t�r�e�a�t�m�e�n�t� �o�f� �c�e�l�l�s� �w�i�t�h� �2�0�0� �u�M� �c�h�r�o�m�a�t�e�,� �w�e�r�e� �a�l�s�o� �p�r�e�s�e�n�t� �i�n� �t�h�e� �n�u�c�l�e�a�r� 

�f�r�a�c�t�i�o�n�,� �a�l�t�h�o�u�g�h� �t�h�e�y� �w�e�r�e� �p�r�e�d�o�m�i�n�a�n�t�l�y� �p�r�e�s�e�n�t� �i�n� �t�h�e� �c�y�t�o�p�l�a�s�m�i�c� �f�r�a�c�t�i�o�n�.� �F�i�g�.� �5� �C� 

�s�h�o�w�s� �t�h�e� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �r�e�s�o�l�u�t�i�o�n� �o�f� �n�u�c�l�e�a�r� �m�a�t�r�i�x� �p�r�o�t�e�i�n�s� �o�f� �M�O�L�T�4� �c�e�l�l�s�.� �A�s� 

�s�h�o�w�n� �i�n� �t�h�i�s� �f�i�g�u�r�e�,� �a�l�l� �t�h�e� �p�r�o�t�e�i�n�s� �c�r�o�s�s�l�i�n�k�e�d� �t�o� �D�N�A� �b�y� �2�5� �U�M� �c�h�r�o�m�a�t�e� �t�r�e�a�t�m�e�n�t� �a�n�d� 

�a� �6�3� �k�D� �a�c�i�d�i�c� �p�r�o�t�e�i�n� �(�'�m ��)� �c�r�o�s�s�l�i�n�k�e�d� �t�o� �D�N�A� �b�y� �h�i�g�h�e�r� �d�o�s�e�s� �o�f� �c�h�r�o�m�a�t�e�,� �w�e�r�e� �f�o�u�n�d� 

�i�n� �t�h�i�s� �f�r�a�c�t�i�o�n�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �s�u�g�g�e�s�t� �t�h�a�t� �n�u�c�l�e�a�r� �m�a�t�r�i�x� �p�r�o�t�e�i�n�s� �a�r�e� �t�h�e� �t�a�r�g�e�t� �f�o�r� 

�c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�i�n�g�.� 

�E�f�f�e�c�t� �o�f� �n�u�c�l�e�a�s�e�s� �d�i�g�e�s�t�i�o�n� �o�n� �t�h�e� �r�e�s�o�l�u�t�i�o�n� �o�f� �p�r�o�t�e�i�n�s� �d�i�s�s�o�c�i�a�t�e�d� �f�r�o�m� �D�N�A�-�p�r�o�t�e�i�n� 

�c�o�m�p�l�e�x�e�s� 

�D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �w�e�r�e� �d�i�g�e�s�t�e�d� �b�y� �D�N�a�s�e� �I� �o�r� �R�N�a�s�e� �A� �p�r�i�o�r� �t�o� �a�n�a�l�y�s�i�s� �b�y� 

�t�w�o�-�d�i�m�e�n�s�i�o�n� �g�e�l�s� �t�o� �d�e�t�e�r�m�i�n�e� �i�f� �n�u�c�l�e�a�s�e� �d�i�g�e�s�t�i�o�n� �w�o�u�l�d� �r�e�s�o�l�v�e� �t�h�e� �p�r�o�t�e�i�n�s� 

�c�o�m�p�l�e�x�e�d� �t�o� �D�N�A�.� �T�h�e� �p�r�o�t�e�i�n�s� �r�e�s�o�l�v�e�d� �i�n� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �g�e�l�s� �w�i�t�h�o�u�t� �n�u�c�l�e�a�s�e� 

�d�i�g�e�s�t�i�o�n� �o�f� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�.� �6� �(�A�)�.� �F�i�g�.� �6� 

�(�B�)� �a�n�d� �6� �(�C�)� �s�h�o�w� �t�h�e� �r�e�s�o�l�u�t�i�o�n� �o�f� �D�N�A� �a�s�s�o�c�i�a�t�e�d� �p�r�o�t�e�i�n�s� �f�o�l�l�o�w�i�n�g� �t�r�e�a�t�m�e�n�t� �w�i�t�h� 

�D�N�a�s�e� �I� �a�n�d� �R�N�a�s�e� �A�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e�r�e� �w�a�s� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �r�e�s�o�l�u�t�i�o�n� 

�p�a�t�t�e�r�n� �o�f� �p�r�o�t�e�i�n�s� �d�i�s�s�o�c�i�a�t�e�d� �f�r�o�m� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �w�i�t�h� �o�r� 

�w�i�t�h�o�u�t� �n�u�c�l�e�a�s�e� �d�i�g�e�s�t�i�o�n�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �p�r�o�t�e�i�n� �r�e�s�o�l�u�t�i�o�n� �p�a�t�t�e�r�n� �i�n� �D�N�a�s�e� �I� �t�r�e�a�t�e�d� 

�s�a�m�p�l�e� �[�F�i�g�.� �6� �(� �B�)�]� �w�a�s� �d�u�e� �t�o� �t�h�e� �p�r�o�t�e�i�n�s� �i�n� �D�N�a�s�e� �I� �(�l�a�b�e�l�e�d� �a�s� �'�D�'�)�.� �S�i�m�i�l�a�r�l�y�,� �R�N�a�s�e� 

�A� �p�r�o�t�e�i�n�s� �a�r�e� �l�a�b�e�l�e�d� �a�s� �'�R�'� �i�n� �F�i�g�.� �6� �(�C�)�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �s�u�g�g�e�s�t� �t�h�a�t� �n�u�c�l�e�a�s�e� �d�i�g�e�s�t�i�o�n� �i�s� 

�n�o�t� �r�e�q�u�i�r�e�d� �f�o�r� �t�h�e� �r�e�s�o�l�u�t�i�o�n� �o�f� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �i�n� �t�w�o�-� 

�d�i�m�e�n�s�i�o�n�a�l� �g�e�l�s�.� �T�h�e� �r�e�s�i�s�t�a�n�c�e� �o�f� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �t�o� 

�t�r�e�a�t�m�e�n�t�s� �s�u�c�h� �a�s� �2�%� �S�D�S� �a�n�d� �5� �M� �u�r�e�a�,� �b�u�t� �t�h�e�i�r� �r�e�s�o�l�u�t�i�o�n� �i�n� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �g�e�l�s� 

�i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e�s�e� �c�o�m�p�l�e�x�e�s� �a�r�e� �d�i�s�r�u�p�t�a�b�l�e� �b�y� �t�h�e� �e�l�e�c�t�r�o�f�o�c�u�s�i�n�g� �b�u�f�f�e�r� �d�u�e� �t�o� �t�h�e� 

�p�r�e�s�e�n�c�e� �o�f� �2�%� �B�-�m�e�r�c�a�p�t�o�e�t�h�a�n�o�l� �a�n�d�/�o�r� �9� �M� �u�r�e�a�.� 

�I�d�e�n�t�i�f�i�c�a�t�i�o�n� �t�h�e� �P�r�o�t�e�i�n�s� �C�o�m�p�l�e�x�e�d� �t�o� �D�N�A� �u�p�o�n� �C�h�r�o�m�a�t�e� �T�r�e�a�t�m�e�n�t� �o�f� �C�e�l�l�s� �b�y� �P�a�r�t�i�a�l� 

�A�m�i�n�o� �A�c�i�d� �S�e�q�u�e�n�c�i�n�g� �a�n�d� �I�m�m�u�n�o�b�l�o�t�t�i�n�g� 

�A�p�a�r�t� �f�r�o�m� �t�h�e� �s�e�l�e�c�t�i�o�n� �o�f� �c�a�n�d�i�d�a�t�e� �p�r�o�t�e�i�n�s� �b�a�s�e�d� �o�n� �s�i�m�i�l�a�r� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s� 

�a�n�d� �i�s�o�e�l�e�c�t�r�i�c� �p�o�i�n�t�s�,� �w�e� �h�a�v�e� �f�o�l�l�o�w�e�d� �t�w�o� �d�i�f�f�e�r�e�n�t� �a�p�p�r�o�a�c�h�e�s� �t�o� �f�u�r�t�h�e�r� �c�h�a�r�a�c�t�e�r�i�z�e� �t�h�e� 
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�p�r�o�t�e�i�n�s� �c�r�o�s�s�l�i�n�k�e�d� �t�o� �D�N�A� �b�y� �c�h�r�o�m�a�t�e�.� �I�n� �o�n�e� �a�p�p�r�o�a�c�h�,� �p�r�o�t�e�i�n�s� �w�e�r�e� �p�a�r�t�i�a�l�l�y� 

�s�e�q�u�e�n�c�e�d� �f�r�o�m� �t�h�e�i�r� �N�-�t�e�r�m�i�n�a�l� �e�n�d�s�,� �a�n�d� �t�h�e� �a�m�i�n�o� �a�c�i�d� �s�e�q�u�e�n�c�e� �o�b�t�a�i�n�e�d� �w�a�s� �u�s�e�d� �t�o� 

�s�e�a�r�c�h� �f�o�r� �i�t�s� �h�o�m�o�l�o�g�y� �i�n� �d�i�f�f�e�r�e�n�t� �p�r�o�t�e�i�n� �d�a�t�a�b�a�n�k�s�.� �S�o� �f�a�r� �w�e� �h�a�v�e� �n�o�t� �b�e�e�n� �s�u�c�c�e�s�s�f�u�l� 

�i�n� �i�d�e�n�t�i�f�y�i�n�g� �t�h�e� �p�r�o�t�e�i�n�s�  ��a ��,� �'�b ��,� �'�c�'�,� �a�n�d� �'�d�'� �(�F�i�g�.� �3� �C�)� �b�y� �f�o�l�l�o�w�i�n�g� �t�h�e� �a�b�o�v�e� 

�a�p�p�r�o�a�c�h�.� �T�h�e� �f�e�w� �a�m�i�n�o� �a�c�i�d� �s�e�q�u�e�n�c�e�s� �o�b�t�a�i�n�e�d� �b�y� �N�-�t�e�r�m�i�n�a�l� �s�e�q�u�e�n�c�i�n�g� �o�f� �t�h�e�s�e� 

�p�r�o�t�e�i�n�s� �h�a�v�e� �n�o�t� �b�e�e�n� �f�o�u�n�d� �h�o�m�o�l�o�g�o�u�s� �t�o� �a�n�y� �p�r�o�t�e�i�n�s� �i�n� �t�h�e� �e�x�i�s�t�i�n�g� �p�r�o�t�e�i�n� �d�a�t�a� �b�a�n�k�s� 

�(�d�a�t�a� �n�o�t� �s�h�o�w�n�)�.� �H�o�w�e�v�e�r�,� �u�s�i�n�g� �t�h�i�s� �m�e�t�h�o�d�,� �a� �4�3� �k�D� �p�r�o�t�e�i�n� �(�l�a�b�e�l�e�d� �a�s�  ��p �� �i�n� �F�i�g�.� �3� 

�C�,� �p�4�3�,� �p�l� �6�.�0�-�6�.�5�)� �w�h�i�c�h� �w�a�s� �p�r�e�d�o�m�i�n�a�n�t�l�y� �d�e�t�e�c�t�e�d� �i�n� �t�h�e� �c�y�t�o�p�l�a�s�m�i�c� �f�r�a�c�t�i�o�n� �b�u�t� 

�a�b�u�n�d�a�n�t�l�y� �c�r�o�s�s�-�l�i�n�k�e�d� �t�o� �D�N�A�,� �w�a�s� �i�d�e�n�t�i�f�i�e�d� �a�s� �l�e�c�t�i�n�.� �T�h�u�s�,� �t�h�e� �N�-�t�e�r�m�i�n�a�l� �s�e�q�u�e�n�c�i�n�g� 

�o�f� �p�4�3� �r�e�v�e�a�l�e�d� �s�i�x� �c�o�n�s�e�c�u�t�i�v�e� �a�m�i�n�o� �a�c�i�d�s� �t�h�a�t� �h�a�v�e� �a�b�s�o�l�u�t�e� �h�o�m�o�l�o�g�y� �w�i�t�h� �a�m�i�n�o� �a�c�i�d� 

�r�e�s�i�d�u�e�s� �2�4�-�2�9� �o�f� �l�e�c�t�i�n� �b�r�a�-�3� �(�F�i�g�.� �7� �A�)�.� �T�h�i�s� �s�e�q�u�e�n�c�e� �i�s� �a�l�s�o� �p�a�r�t�i�a�l�l�y� �h�o�m�o�l�o�g�o�u�s� �t�o� 

�m�a�n�y� �g�l�y�c�o�p�r�o�t�e�i�n�s� �a�n�d� �t�h�e� �h�u�m�a�n� �m�u�l�t�i�d�r�u�g�-�r�e�s�i�s�t�a�n�c�e� �p�r�o�t�e�i�n� �1�.� �B�a�s�e�d� �o�n� �t�h�e� �p�a�r�t�i�a�l� 

�a�m�i�n�o� �a�c�i�d� �s�e�q�u�e�n�c�i�n�g� �a�n�d� �t�h�e� �h�o�m�o�l�o�g�y� �o�f� �t�h�e� �s�e�q�u�e�n�c�e�,� �a�n�o�t�h�e�r� �4�9� �k�D� �p�r�o�t�e�i�n� �(�l�a�b�e�l�e�d� 

�a�s� �'�n�'� �i�n� �F�i�g�.� �3� �C�)� �a�p�p�e�a�r�s� �t�o� �b�e� �a�m�i�n�o�g�l�y�c�o�s�i�d�e� �n�u�c�l�e�o�t�i�d�y�l�t�r�a�n�s�f�e�r�a�s�e�.� �T�h�e� �s�e�v�e�n� �a�m�i�n�o� 

�a�c�i�d�s� �s�e�q�u�e�n�c�e�d� �f�r�o�m� �t�h�e� �N�-�t�e�r�m�i�n�a�l� �e�n�d� �(�F�i�g�.� �7� �B�)� �w�e�r�e� �f�o�u�n�d� �t�o� �h�a�v�e� �a�b�s�o�l�u�t�e� �h�o�m�o�l�o�g�y� 

�w�i�t�h� �t�h�e� �a�m�i�n�o� �a�c�i�d�s� �2�3� �t�o� �2�9� �o�f� �a�m�i�n�o�g�l�y�c�o�s�i�d�e� �n�u�c�l�e�o�t�i�d�y�l�t�r�a�n�s�f�e�r�a�s�e�.� �T�h�e� �o�t�h�e�r� 

�a�p�p�r�o�a�c�h� �u�s�e�d� �t�o� �i�d�e�n�t�i�f�y� �t�h�e� �p�r�o�t�e�i�n�s� �w�a�s� �i�m�m�u�n�o�b�l�o�t�t�i�n�g�,� �u�s�i�n�g� �c�o�m�m�e�r�c�i�a�l�l�y� �a�v�a�i�l�a�b�l�e� 

�a�n�t�i�b�o�d�y� �t�o� �c�a�n�d�i�d�a�t�e� �p�r�o�t�e�i�n�s�.� �U�s�i�n�g� �a�n� �a�n�t�i�-�a�c�t�i�n� �p�o�l�y�c�l�o�n�a�l� �a�n�t�i�b�o�d�y�,� �t�h�e� �a�c�i�d�i�c� �4�3� �k�D� 

�p�r�o�t�e�i�n� �(�l�a�b�e�l�e�d� �a�s� �'�b�'� �i�n� �F�i�g�.� �3� �C�)� �h�a�s� �b�e�e�n� �i�d�e�n�t�i�f�i�e�d� �a�s� �a�c�t�i�n� �(�F�i�g�.� �8�)�.� �T�h�i�s� �p�r�o�t�e�i�n� �i�s� �o�n�e� 

�o�f� �t�h�e� �m�o�s�t� �p�r�e�v�a�l�e�n�t� �p�r�o�t�e�i�n�s� �c�o�m�p�l�e�x�e�d� �t�o� �D�N�A� �u�p�o�n� �e�x�p�o�s�u�r�e� �o�f� �c�e�l�l�s� �t�o� �c�h�r�o�m�a�t�e�.� 

�E�f�f�e�c�t� �o�f� �a�n�t�i�o�x�i�d�a�n�t�s� �o�n� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� 

�D�u�r�i�n�g� �t�h�e� �b�i�o�l�o�g�i�c�a�l� �r�e�d�u�c�t�i�o�n� �o�f� �C�r�(�V�I�)�,� �r�e�a�c�t�i�v�e� �s�p�e�c�i�e�s�,� �s�u�c�h� �a�s� �c�h�r�o�m�i�u�m�(�V�)� 

�a�n�d� �a�c�t�i�v�e� �o�x�y�g�e�n� �s�p�e�c�i�e�s�,� �a�r�e� �g�e�n�e�r�a�t�e�d�.� �A�l�t�h�o�u�g�h� �o�x�y�g�e�n� �r�a�d�i�c�a�l�s� �h�a�v�e� �b�e�e�n� �s�h�o�w�n� �t�o� 

�c�a�u�s�e� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�i�n�g� �(�2�5�,� �2�6�)� �a�n�d� �s�e�v�e�r�a�l� �i�n�v�e�s�t�i�g�a�t�o�r�s� �h�a�v�e� �s�u�g�g�e�s�t�e�d� �-�O�H� 

�r�a�d�i�c�a�l�s� �a�s� �t�h�e� �"�u�l�t�i�m�a�t�e� �c�a�r�c�i�n�o�g�e�n�"� �i�n� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �c�a�r�c�i�n�o�g�e�n�i�c� �p�r�o�c�e�s�s� �(�2�7�)�,� �t�h�e� 

�r�o�l�e� �o�f� �o�x�y�g�e�n� �r�a�d�i�c�a�l� �s�p�e�c�i�e�s� �i�n� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�i�n�g� �h�a�v�e� �n�o�t� 

�b�e�e�n� �r�e�p�o�r�t�e�d�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �e�f�f�e�c�t� �o�f� �a�n�t�i�o�x�i�d�a�n�t�s� �a�n�d� �f�r�e�e� �r�a�d�i�c�a�l� �s�c�a�v�e�n�g�e�r�s� �o�n� 

�c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�i�n�g� �w�a�s� �i�n�v�e�s�t�i�g�a�t�e�d�.� �B�e�c�a�u�s�e� �d�i�f�f�e�r�e�n�t�i�a�l� �u�p�t�a�k�e� 

�o�f� �c�h�r�o�m�a�t�e� �b�y� �c�e�l�l�s� �w�o�u�l�d� �l�e�a�d� �t�o� �a�l�t�e�r�a�t�i�o�n�s� �i�n� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n�s� 

�c�r�o�s�s�l�i�n�k�i�n�g�,� �e�f�f�e�c�t� �o�f� �a�n�t�i�o�x�i�d�a�n�t�s� �o�n� �c�e�l�l�u�l�a�r� �u�p�t�a�k�e� �o�f� �c�h�r�o�m�a�t�e� �w�a�s� �f�i�r�s�t� �i�n�v�e�s�t�i�g�a�t�e�d�.� 

�A�s� �s�h�o�w�n� �i�n� �T�a�b�l�e�-�2�,� �t�h�e� �c�e�l�l�u�l�a�r� �u�p�t�a�k�e� �o�f� �c�h�r�o�m�a�t�e� �i�n�c�r�e�a�s�e�d� �i�n� �a� �d�o�s�e�-�d�e�p�e�n�d�e�n�t� �m�a�n�n�e�r� 

�w�h�e�n� �M�O�L�T�4� �c�e�l�l�s� �w�e�r�e� �e�x�p�o�s�e�d� �t�o� �5�  ��>� �1�5� �n�M� �o�f� �>�!�c�h�r�o�m�a�t�e�.� �P�r�e�t�r�e�a�t�m�e�n�t� �o�f� �c�e�l�l�s� 

�3�9



�w�i�t�h� �a�-�t�o�c�o�p�h�e�r�o�l� �s�u�c�c�i�n�a�t�e� �(�2�5� �U�M�)�,� �T�i�r�o�n� �(�1� �m�M�)�,� �m�a�n�n�i�t�o�l� �(�1�0� �m�M�)� �o�r� �a�s�c�o�r�b�a�t�e� �(�1� 

�m�m�)� �h�a�d� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t� �o�n� �t�h�e� �c�e�l�l�u�l�a�r� �u�p�t�a�k�e� �o�f� �C�r�(�V�I�)�.� �A�s� �s�h�o�w�n� �i�n� �F�i�g�.� �8�,� 

�p�r�e�t�r�e�a�t�m�e�n�t� �o�f� �c�e�l�l�s� �w�i�t�h� �2�5� �u�M� �a�-�t�o�c�o�p�h�e�r�o�l� �s�u�c�c�i�n�a�t�e�,� �a�n� �a�n�t�i�o�x�i�d�a�n�t�,� �i�n�h�i�b�i�t�e�d� �t�h�e� 

�c�h�r�o�m�a�t�e� �i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�i�n�g� �b�y� �a�b�o�u�t� �5�0�%�.� �P�r�e�t�r�e�a�t�m�e�n�t� �o�f� �c�e�l�l�s� �w�i�t�h� �a�-� 

�t�o�c�o�p�h�e�r�o�l� �o�r� �a�-�t�o�c�o�p�h�e�r�o�l� �a�c�e�t�a�t�e� �a�l�s�o� �h�a�d� �s�i�m�i�l�a�r� �e�f�f�e�c�t�s�.� �C�e�l�l�s� �t�r�e�a�t�e�d� �w�i�t�h� �2�5� �U�M� �a�-� 

�t�o�c�o�p�h�e�r�o�l� �s�u�c�c�i�n�a�t�e� �f�o�r� �1�6� �h�r� �i�n� �c�o�m�p�l�e�t�e� �R�P�M�I� �m�e�d�i�u�m� �a�n�d� �e�x�h�a�u�s�t�i�v�e�l�y� �w�a�s�h�e�d� �h�a�d� 

�a�b�o�u�t� �4�-�f�o�l�d� �i�n�c�r�e�a�s�e� �i�n� �c�e�l�l�u�l�a�r� �t�o�c�o�p�h�e�r�o�l� �l�e�v�e�l� �t�h�a�n� �t�h�e� �u�n�t�r�e�a�t�e�d� �c�o�n�t�r�o�l�s� �(�d�a�t�a� �n�o�t� 

�s�h�o�w�n�)�.� �T�h�i�s� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �f�i�n�d�i�n�g�s� �o�f� �S�u�g�i�y�a�m�a� �e�t� �a�l�.� �(�4�7�)� �w�h�o� �h�a�v�e� �s�h�o�w�n� �a� �1�0�-� 

�f�o�l�d� �i�n�c�r�e�a�s�e� �i�n� �c�e�l�l�u�l�a�r� �a�-�t�o�c�o�p�h�e�r�o�l� �l�e�v�e�l� �a�f�t�e�r� �2�4� �h�r� �t�r�e�a�t�m�e�n�t� �w�i�t�h� �2�5� �U�M� �v�i�t�a�m�i�n� �E� �i�n� 

�C�h�i�n�e�s�e� �h�a�m�s�t�e�r� �V� �7�9� �c�e�l�l�s�.� �P�r�e�t�r�e�a�t�m�e�n�t� �o�f� �c�e�l�l�s� �w�i�t�h� �1� �m�M� �T�i�r�o�n� �(�a� �v�i�t�a�m�i�n� �E� �a�n�a�l�o�g�)� �o�r� 

�1�0� �m�M� �m�a�n�n�i�t�o�l� �(�O�H� �s�c�a�v�e�n�g�e�r�)� �i�n�h�i�b�i�t�e�d� �t�h�e� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� 

�c�r�o�s�s�l�i�n�k�i�n�g� �t�o� �4�5�%� �a�n�d� �2�0�%� �o�f� �c�o�n�t�r�o�l�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �P�r�e�t�r�e�a�t�m�e�n�t� �o�f� �c�e�l�l�s� �w�i�t�h� �1� �m�M� 

�a�s�c�o�r�b�a�t�e�,� �o�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �i�n�c�r�e�a�s�e�d� �t�h�e� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�i�n�g� �t�o� 

�a�b�o�u�t� �1�5�0�%� �o�f� �t�h�e� �c�o�n�t�r�o�l� �(�F�i�g�.� �9�)�.� �C�e�l�l�s� �t�r�e�a�t�e�d� �w�i�t�h� �s�u�c�h� �l�e�v�e�l�s� �o�f� �a�s�c�o�r�b�a�t�e� �i�n�c�r�e�a�s�e�d� 

�t�h�e� �i�n�t�r�a�c�e�l�l�u�l�a�r� �l�e�v�e�l� �o�f� �t�h�i�s� �v�i�t�a�m�i�n� �b�y� �m�o�r�e� �t�h�a�n� �t�w�o� �f�o�l�d� �(�d�a�t�a� �n�o�t� �s�h�o�w�n�)�.� �S�i�n�c�e� 

�a�s�c�o�r�b�a�t�e� �h�a�d� �l�i�t�t�l�e� �e�f�f�e�c�t� �o�n� �c�e�l�l�u�l�a�r� �u�p�t�a�k�e� �o�f� �c�h�r�o�m�a�t�e�,� �a�n�d� �p�r�e�t�r�e�a�t�m�e�n�t� �o�f� �c�o�n�t�r�o�l� �c�e�l�l�s� 

�w�i�t�h� �a�s�c�o�r�b�a�t�e� �h�a�d� �t�r�i�v�i�a�l� �e�f�f�e�c�t�s� �o�n� �t�h�e� �b�a�c�k�g�r�o�u�n�d� �l�e�v�e�l� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s�,� �t�h�e� 

�o�b�s�e�r�v�e�d� �a�u�g�m�e�n�t�a�t�i�o�n� �o�f� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�i�n�g� �f�o�l�l�o�w�i�n�g� �t�h�i�s� 

�a�n�t�i�o�x�i�d�a�n�t� �t�r�e�a�t�m�e�n�t� �m�a�y�,� �m�o�s�t� �p�r�o�b�a�b�l�y�,� �b�e� �d�u�e� �t�o� �t�h�e� �d�i�r�e�c�t� �r�e�d�u�c�t�i�o�n� �o�f� �C�r�(�V�I�)� �b�y� 

�a�s�c�o�r�b�a�t�e�,� �g�i�v�i�n�g� �r�i�s�e� �t�o� �i�n�c�r�e�a�s�e�d� �l�e�v�e�l� �o�f� �i�n�t�r�a�c�e�l�l�u�l�a�r� �C�r�(�I�I�]�)�.� 

�S�t�a�b�i�l�i�t�y� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� 

�T�h�e� �s�t�a�b�i�l�i�t�y� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �w�e�r�e� �t�e�s�t�e�d� �b�y� �m�o�n�i�t�o�r�i�n�g� �t�h�e� �r�e�c�o�v�e�r�y� �o�f� 

�D�N�A� �a�n�d� �p�r�o�t�e�i�n� �i�n� �t�h�e� �p�e�l�l�e�t� �f�o�l�l�o�w�i�n�g� �t�r�e�a�t�m�e�n�t� �o�f� �D�N�a�s�e� �I�,� �R�N�a�s�e� �A�,� �P�r�o�t�e�i�n�a�s�e� �K�,� 

�E�D�T�A�,� �B�-�m�e�r�c�a�p�t�o�e�t�h�a�n�o�l� �o�r� �t�h�i�o�u�r�e�a�.� �A�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �a�g�a�r�o�s�e� �g�e�l� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s�,� �t�h�e� 

�a�v�e�r�a�g�e� �s�i�z�e� �o�f� �D�N�A� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �7�5�0�0� �b�p�.� �T�h�e� �c�o�n�t�r�o�l� �s�a�m�p�l�e�s� �(�w�i�t�h�o�u�t� �a�n�y� 

�t�r�e�a�t�m�e�n�t�)� �h�a�d� �a�l�m�o�s�t� �1�0�0�%� �r�e�c�o�v�e�r�y� �o�f� �b�o�t�h� �D�N�A� �a�n�d� �p�r�o�t�e�i�n� �i�n� �t�h�e� �p�e�l�l�e�t� �f�o�l�l�o�w�i�n�g� 

�u�l�t�r�a�c�e�n�t�r�i�f�u�g�a�t�i�o�n�,� �a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �3�H�-� �a�n�d� �3�5�S�-�r�a�d�i�o�a�c�t�i�v�i�t�y�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�r�e�a�t�m�e�n�t� �o�f� 

�D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s�,� �i�s�o�l�a�t�e�d� �f�r�o�m� �b�o�t�h� �c�o�n�t�r�o�l� �a�n�d� �c�h�r�o�m�a�t�e� �t�r�e�a�t�e�d� �c�e�l�l�s�,� �w�i�t�h� 

�D�N�a�s�e� �I� �s�i�g�n�i�f�i�c�a�n�t�l�y� �r�e�d�u�c�e�d� �t�h�e� �r�e�c�o�v�e�r�y� �o�f� �3�H� �a�n�d� �3�°�S� �i�n� �t�h�e� �p�e�l�l�e�t� �(�F�i�g�.� �1�0�)�.� �R�N�a�s�e� 

�t�r�e�a�t�m�e�n�t� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �d�i�d� �n�o�t� �i�n�t�e�r�f�e�r�e� �w�i�t�h� �r�e�c�o�v�e�r�y� �o�f� �D�N�A� �o�r� �p�r�o�t�e�i�n� �.� 

�P�r�o�t�e�i�n�a�s�e� �K� �t�r�e�a�t�m�e�n�t� �d�i�s�s�o�c�i�a�t�e�d� �m�o�s�t� �o�f� �t�h�e� �p�r�o�t�e�i�n� �f�r�o�m� �t�h�e� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� 

�w�i�t�h�o�u�t� �a�f�f�e�c�t�i�n�g� �t�h�e� �r�e�c�o�v�e�r�y� �o�f� �D�N�A�.� �T�h�e�s�e� �d�a�t�a� �i�n�d�i�c�a�t�e� �t�h�a�t� �c�h�r�o�m�a�t�e� �t�r�e�a�t�m�e�n�t� �i�n�d�u�c�e�s� 
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�t�h�e� �c�r�o�s�s�-�l�i�n�k�i�n�g� �o�f� �p�r�o�t�e�i�n�s� �t�o� �D�N�A� �a�n�d� �d�o�e�s� �n�o�t� �c�a�u�s�e� �s�e�d�i�m�e�n�t�a�b�l�e� �p�r�o�t�e�i�n� �a�g�g�r�e�g�a�t�e�s�,� 

�a�n�d� �a�r�e� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �p�r�e�v�i�o�u�s� �r�e�p�o�r�t� �(�8�)� �f�o�r� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� 

�i�n� �c�u�l�t�u�r�e�d� �C�h�i�n�e�s�e� �h�a�m�s�t�e�r� �o�v�a�r�y� �c�e�l�l�s�.� 

�I�n� �o�r�d�e�r� �t�o� �t�e�s�t� �w�h�e�t�h�e�r� �c�h�r�o�m�i�u�m� �i�s� �d�i�r�e�c�t�l�y� �p�a�r�t�i�c�i�p�a�t�i�n�g� �i�n� �t�h�e� �D�N�A�-�p�r�o�t�e�i�n� 

�c�o�m�p�l�e�x�e�s�,� �E�D�T�A� �i�n� �e�x�c�e�s�s� �w�a�s� �u�s�e�d� �a�s� �a� �c�h�e�l�a�t�i�n�g� �a�g�e�n�t� �t�o� �e�x�a�m�i�n�e� �w�h�e�t�h�e�r� �c�h�e�l�a�t�i�n�g� 

�c�h�r�o�m�i�u�m� �w�o�u�l�d� �d�i�s�r�u�p�t� �t�h�e� �c�o�m�p�l�e�x�.� �A�s� �s�h�o�w�n� �i�n� �F�i�g�.� �1�0�,� �E�D�T�A� �(�5�0� �m�M�)� �t�r�e�a�t�m�e�n�t� �o�f� 

�D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �(�i�s�o�l�a�t�e�d� �f�r�o�m� �c�e�l�l�s� �l�a�b�e�l�e�d� �w�i�t�h� �3�5�S�-�m�e�t�h�i�o�n�i�n�e� �a�n�d� �3�H�-� 

�t�h�y�m�i�d�i�n�e�)� �d�e�c�r�e�a�s�e�d� �t�h�e� �r�e�c�o�v�e�r�y� �o�f� �3�5�§�-�r�a�d�i�o�a�c�t�i�v�i�t�y� �w�i�t�h�o�u�t� �a�f�f�e�c�t�i�n�g� �t�h�e� �r�e�c�o�v�e�r�y� �o�f� 

�3�H�-�a�c�t�i�v�i�t�y�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �d�e�c�r�e�a�s�e� �i�n� �3�5�S� �a�c�t�i�v�i�t�y� �w�a�s� �n�o�t� �d�u�e� �t�o� 

�f�r�a�g�m�e�n�t�a�t�i�o�n� �o�f� �D�N�A�.� �D�i�s�s�o�c�i�a�t�i�o�n� �o�f� �3�°�S� �o�r� �5�1�C�r� �i�n�c�r�e�a�s�e�d� �w�i�t�h� �E�D�T�A� �c�o�n�c�e�n�t�r�a�t�i�o�n� �u�p� 

�t�o� �5�0� �m�M� �a�n�d� �n�o� �f�u�r�t�h�e�r� �d�i�s�s�o�c�i�a�t�i�o�n� �w�a�s� �o�b�s�e�r�v�e�d� �b�e�y�o�n�d� �t�h�i�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �(�d�a�t�a� �n�o�t� 

�s�h�o�w�n�)�.� �T�h�e� �m�a�x�i�m�u�m� �d�e�c�r�e�a�s�e� �i�n� �3�°�S� �r�e�c�o�v�e�r�y� �a�f�t�e�r� �E�D�T�A� �(�5�0� �m�M�)� �t�r�e�a�t�m�e�n�t� �w�a�s� 

�f�o�u�n�d� �t�o� �b�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�8�%� �o�f� �t�h�e� �c�o�n�t�r�o�l� �(�F�i�g�.� �1�0�)�.� �S�i�n�c�e� �C�r�(�I�I�I�)� �h�a�s� �h�i�g�h� �a�f�f�i�n�i�t�y� �f�o�r� 

�E�D�T�A�,� �t�h�e� �d�i�s�s�o�c�i�a�t�i�o�n� �o�f� �s�o�m�e� �o�f� �t�h�e� �c�o�m�p�l�e�x�e�s� �b�y� �E�D�T�A� �m�a�y�,� �i�n� �p�a�r�t�,� �b�e� �d�u�e� �t�o� �a� 

�c�h�e�l�a�t�a�b�l�e� �f�o�r�m� �o�f� �c�h�r�o�m�i�u�m�,� �s�u�c�h� �a�s� �C�r�(�I�I�I�)�.� �T�r�e�a�t�m�e�n�t� �o�f� �t�h�e� �c�o�m�p�l�e�x�e�s� �w�i�t�h� �B�-� 

�m�e�r�c�a�p�t�o�e�t�h�a�n�o�l� �(�2�%�)� �o�r� �t�h�i�o�u�r�e�a� �(�1�0�0� �m�M�)� �d�e�c�r�e�a�s�e�d� �t�h�e� �r�e�c�o�v�e�r�y� �o�f� �p�r�o�t�e�i�n�s� �t�o� �a�b�o�u�t� 

�5�0�%� �a�n�d� �4�5�%� �o�f� �c�o�n�t�r�o�l�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �w�i�t�h�o�u�t� �a�f�f�e�c�t�i�n�g� �t�h�e� �r�e�c�o�v�e�r�y� �o�f� �D�N�A� �(�F�i�g�.� �1�0�)�,� 

�i�n�d�i�c�a�t�i�n�g� �t�h�e� �p�a�r�t�i�c�i�p�a�t�i�o�n� �o�f� �s�u�l�f�h�y�d�r�y�l� �g�r�o�u�p�s� �i�n� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� 

�c�o�m�p�l�e�x�e�s�.� 

�D�I�S�C�U�S�S�I�O�N� 

�A�l�t�h�o�u�g�h� �p�r�e�v�i�o�u�s� �s�t�u�d�i�e�s� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �c�a�r�c�i�n�o�g�e�n�i�c� �C�r�(�V�I�)� �i�n�d�u�c�e�s� �D�N�A�-� 

�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�s�,� �l�i�t�t�l�e� �i�s� �k�n�o�w�n� �a�b�o�u�t� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-� 

�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�s�.� �I�t� �h�a�s� �g�e�n�e�r�a�l�l�y� �b�e�e�n� �b�e�l�i�e�v�e�d� �t�h�a�t� �t�h�e� �r�e�d�u�c�e�d� �f�o�r�m� �o�f� �t�h�e� �c�a�r�c�i�n�o�g�e�n�i�c� 

�C�r�(�V�I�)�,� �C�r�d�)�,� �g�i�v�e�s� �r�i�s�e� �t�o� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�s� �b�y� �d�i�r�e�c�t�l�y� �m�e�d�i�a�t�i�n�g� �t�h�e� �c�r�o�s�s�l�i�n�k�i�n�g� 

�b�e�t�w�e�e�n� �t�h�e� �c�e�l�l�u�l�a�r� �D�N�A� �a�n�d� �p�r�o�t�e�i�n� �(�4�8�)�.� �T�h�i�s� �b�e�l�i�e�f� �i�s� �m�a�i�n�l�y� �b�a�s�e�d� �o�n� �t�h�e� �f�a�c�t� �t�h�a�t� 

�c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�s� �c�o�u�l�d� �b�e� �d�i�s�r�u�p�t�e�d� �b�y� �E�D�T�A�,� �a� �c�h�e�l�a�t�o�r� �o�f� 

�C�r�(�U�i�D�)� �b�u�t� �n�o�t� �t�h�a�t� �o�f� �C�r�(�V�J�)�,� �a�n�d� �t�h�a�t� �t�h�e� �p�r�o�t�e�i�n�s� �i�n� �t�h�e� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �c�o�u�l�d� �b�e� 

�v�i�s�u�a�l�i�z�e�d� �o�n� �S�D�S�-�p�o�l�y�a�c�r�y�l�a�m�i�d�e� �g�e�l�s� �w�i�t�h�o�u�t� �n�u�c�l�e�a�s�e� �d�i�g�e�s�t�i�o�n� �(�4�9�)�.� �I�n� �t�h�e�s�e� �s�t�u�d�i�e�s�,� 

�c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �w�e�r�e� �o�n�l�y� �p�a�r�t�i�a�l�l�y� �d�i�s�r�u�p�t�e�d� �b�y� �E�D�T�A�.� �A�g�a�i�n�,� 

�t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� �c�r�o�s�s�l�i�n�k� �w�o�u�l�d� �n�o�t� �b�e� �e�x�p�l�a�i�n�e�d� �b�y� �r�e�s�o�l�u�t�i�o�n� �o�f� �a� �p�r�o�t�e�i�n� �o�n� �S�D�S�-� 

�P�A�G�E�,� �i�f� �t�h�e� �s�a�m�e� �p�r�o�t�e�i�n� �i�s� �c�r�o�s�s�l�i�n�k�e�d� �t�o� �D�N�A� �b�y� �d�i�f�f�e�r�e�n�t� �m�e�c�h�a�n�i�s�m�s�,� �b�e�c�a�u�s�e� �a� 

�4�1



�s�i�n�g�l�e� �p�r�o�t�e�i�n� �c�o�u�l�d� �p�o�s�s�e�s�s� �m�a�n�y� �d�i�f�f�e�r�e�n�t� �r�e�a�c�t�i�v�e� �g�r�o�u�p�s� �t�o� �r�e�a�c�t� �w�i�t�h� �d�i�f�f�e�r�e�n�t� 

�c�r�o�s�s�l�i�n�k�i�n�g� �a�g�e�n�t�s�.� �M�o�s�t� �o�t�h�e�r� �i�n� �v�i�t�r�o� �s�t�u�d�i�e�s� �s�u�p�p�o�r�t�i�n�g� �C�r�(�I�I�I�)� �a�s� �t�h�e� �c�r�o�s�s�l�i�n�k�i�n�g� 

�a�g�e�n�t� �a�r�e� �b�a�s�e�d� �o�n� �t�h�e� �f�a�c�t� �t�h�a�t� �r�e�d�u�c�i�n�g� �a�g�e�n�t�s� �a�r�e� �r�e�q�u�i�r�e�d� �i�n� �t�h�e� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e�s� �f�o�r� 

�C�r�(�V�I�)�-�i�n�d�u�c�e�d� �c�r�o�s�s�l�i�n�k�i�n�g� �o�f� �D�N�A� �a�n�d� �p�r�o�t�e�i�n� �t�o� �t�a�k�e� �p�l�a�c�e� �(�1�3�,� �5�0�)�,� �a� �c�o�n�d�i�t�i�o�n� �t�h�a�t� 

�g�e�n�e�r�a�t�e�s� �r�e�a�c�t�i�v�e� �s�p�e�c�i�e�s� �c�a�p�a�b�l�e� �o�f� �c�a�u�s�i�n�g� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�i�n�g� �(�5�1�)�.� �T�h�e�r�e�f�o�r�e�,� 

�t�h�e� �n�a�t�u�r�e� �o�f� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�s� �a�r�e� �n�o�t� �f�u�l�l�y� �r�e�s�o�l�v�e�d�.� �W�e� �h�a�v�e� 

�p�r�e�v�i�o�u�s�l�y� �r�e�p�o�r�t�e�d� �t�h�a�t� �c�h�r�o�m�a�t�e� �i�n�d�u�c�e�s� �a�n� �o�x�i�d�a�t�i�v�e� �s�t�r�e�s�s� �i�n� �t�h�e� �c�e�l�l�s� �(�2�2�)�,� �a�n�d� 

�p�r�e�t�r�e�a�t�m�e�n�t� �o�f� �c�e�l�l�s� �w�i�t�h� �v�i�t�a�m�i�n� �E�,� �a�n� �a�n�t�i�o�x�i�d�a�n�t�,� �i�n�h�i�b�i�t�s� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-� 

�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�i�n�g� �(�5�2�)�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y�,� �f�o�r� �t�h�e� �f�i�r�s�t� �t�i�m�e�,� �i�n�d�i�c�a�t�e� �t�h�a�t� 

�c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �m�a�y� �b�e� �f�o�r�m�e�d� �b�y� �t�h�e� �g�e�n�e�r�a�t�i�o�n� �o�f� �a�c�t�i�v�e� 

�o�x�y�g�e�n� �s�p�e�c�i�e�s� �d�u�r�i�n�g� �t�h�e� �i�n�t�r�a�c�e�l�l�u�l�a�r� �r�e�d�u�c�t�i�o�n� �o�f� �c�h�r�o�m�a�t�e�.� 

�I�n� �t�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�i�n�g� �i�n�c�r�e�a�s�e�d� �i�n� �a� �d�o�s�e�-� �a�n�d� �t�i�m�e�-� 

�d�e�p�e�n�d�e�n�t� �m�a�n�n�e�r�,� �w�h�e�n� �M�O�L�T�4� �c�e�l�l�s� �w�e�r�e� �t�r�e�a�t�e�d� �w�i�t�h� �c�h�r�o�m�a�t�e� �(�F�i�g�.� �1� �a�n�d� �2�)�,� �a�n�d� �d�i�d� 

�n�o�t� �a�t�t�a�i�n� �a� �p�l�a�t�e�a�u� �u�n�d�e�r� �t�h�e� �p�r�e�s�e�n�t� �e�x�p�e�r�i�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s�.� �T�h�e� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� 

�f�o�r�m�a�t�i�o�n� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �w�a�s� �n�o�t� �d�u�e� �t�o� �c�e�l�l� �d�e�a�t�h� �b�e�c�a�u�s�e� �s�h�o�r�t� �t�e�r�m� 

�e�x�p�o�s�u�r�e� �t�o� �c�h�r�o�m�a�t�e�,� �w�h�i�c�h� �d�i�d� �n�o�t� �a�f�f�e�c�t� �c�e�l�l� �m�o�r�t�a�l�i�t�y�,� �s�u�b�s�t�a�n�t�i�a�l�l�y� �i�n�c�r�e�a�s�e�d� �D�N�A�-� 

�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�i�n�g�,� �a�n�d� �c�r�o�s�s�l�i�n�k�e�d� �s�i�m�i�l�a�r� �p�r�o�t�e�i�n�s� �t�o� �D�N�A�.� �A� �s�p�e�c�i�f�i�c� �g�r�o�u�p� �o�f� �n�u�c�l�e�a�r� 

�n�o�n�-�h�i�s�t�o�n�e� �p�r�o�t�e�i�n�s� �s�e�e�m� �t�o� �p�a�r�t�i�c�i�p�a�t�e� �i�n� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s�.� 

�T�h�e�s�e� �p�r�o�t�e�i�n�s� �m�u�s�t� �r�e�s�i�d�e� �i�n� �c�l�o�s�e� �v�i�c�i�n�i�t�y� �o�f� �D�N�A� �i�n� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�,� 

�b�e�c�a�u�s�e� �a� �p�r�o�t�e�i�n� �m�u�s�t� �r�e�s�i�d�e� �i�n� �c�l�o�s�e� �p�r�o�x�i�m�i�t�y� �t�o� �D�N�A� �a�n�d� �i�t�s� �r�e�a�c�t�i�v�e� �g�r�o�u�p�s� �s�h�o�u�l�d� �b�e� 

�o�r�i�e�n�t�e�d� �s�u�c�h� �t�h�a�t� �t�h�e�y� �a�r�e� �a�b�l�e� �t�o� �i�n�t�e�r�a�c�t� �w�i�t�h� �t�h�a�t� �o�f� �D�N�A� �i�n� �o�r�d�e�r� �f�o�r� �i�t� �t�o� �b�e� �c�r�o�s�s�-�l�i�n�k�e�d� 

�t�o� �D�N�A� �b�y� �a�n�y� �f�o�r�m� �o�f� �c�r�o�s�s�-�l�i�n�k�i�n�g� �a�g�e�n�t�.� �P�r�e�s�e�n�t� �s�t�u�d�i�e�s� �s�h�o�w� �t�h�a�t� �o�n�l�y� �f�o�u�r� �p�r�o�t�e�i�n�s� 

�( ��a�'�,� �'�b�D ��,�  ��c �� �a�n�d� �'�d ��)� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �p�r�i�m�a�r�i�l�y� �c�o�m�p�l�e�x�e�d� �t�o� �D�N�A�,� �a�l�t�h�o�u�g�h� �s�e�v�e�r�a�l� 

�o�t�h�e�r� �p�r�o�t�e�i�n�s� �w�e�r�e� �s�e�e�n� �i�n� �t�h�e� �n�u�c�l�e�a�r� �p�r�o�t�e�i�n� �f�r�a�c�t�i�o�n� �(�F�i�g� �5� �B�)�.� �S�i�n�c�e� �c�h�r�o�m�a�t�e� �w�a�s� 

�r�e�q�u�i�r�e�d� �f�o�r� �t�h�e� �c�r�o�s�s�l�i�n�k�i�n�g� �o�f� �t�h�e�s�e� �p�r�o�t�e�i�n�s� �w�i�t�h� �D�N�A�,� �i�t� �i�s� �a�p�p�a�r�e�n�t� �t�h�a�t� �t�h�e�i�r� �s�e�l�e�c�t�i�v�e� 

�i�n�t�e�r�a�c�t�i�o�n� �w�i�t�h� �c�h�r�o�m�i�u�m� �w�a�s� �n�e�c�e�s�s�a�r�y� �f�o�r� �t�h�e� �c�r�o�s�s�l�i�n�k�i�n�g� �o�f� �t�h�e�s�e� �p�r�o�t�e�i�n�s� �t�o� �D�N�A�.� 

�O�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�o�r�s� �h�a�v�e� �r�e�p�o�r�t�e�d� �t�h�e� �a�s�s�o�c�i�a�t�i�o�n� �o�f� �a� �4�5� �k�D� �p�r�o�t�e�i�n� �(�s�i�m�i�l�a�r� �i�n� �m�o�l�.� �w�t�.� �a�n�d� 

�p�I� �t�o� �p�r�o�t�e�i�n� �'�b�'� �w�e� �h�a�v�e� �d�e�t�e�c�t�e�d�)� �t�o� �D�N�A� �b�y� �c�h�r�o�m�i�u�m� �(�5�3�,� �5�4�,� �4�9�)� �p�l�a�t�i�n�u�m� �(�8�)�,� �a�n�d� 

�i�o�n�i�z�i�n�g� �r�a�d�i�a�t�i�o�n� �(�5�5�)�.� �T�h�e� �i�d�e�n�t�i�t�y� �o�f� �p�r�o�t�e�i�n�s�  ��a ��,� �'�c�'�,� �a�n�d� �'�d �� �r�e�m�a�i�n�s� �t�o� �b�e� �d�e�t�e�r�m�i�n�e�d�.� 

�A�l�t�h�o�u�g�h� �h�i�s�t�o�n�e�s� �c�o�n�s�t�i�t�u�t�e� �a� �s�u�b�s�t�a�n�t�i�a�l� �p�a�r�t� �o�f� �t�h�e� �c�h�r�o�m�a�t�i�n�,� �t�h�e�s�e� �b�a�s�i�c� �p�r�o�t�e�i�n�s� �w�e�r�e� 

�n�o�t� �c�o�m�p�l�e�x�e�d� �t�o� �D�N�A� �u�p�o�n� �c�h�r�o�m�a�t�e� �t�r�e�a�t�m�e�n�t�.� �T�h�i�s� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �f�i�n�d�i�n�g�s� �o�f� 

�M�i�l�l�e�r� �e�t� �a�l�.� �(�4�9�)�.� �B�e�c�a�u�s�e� �C�r�(�I�I�D�)� �h�a�s� �h�i�g�h� �a�f�f�i�n�i�t�y� �f�o�r� �s�u�l�f�u�r�-�c�o�n�t�a�i�n�i�n�g� �l�i�g�a�n�d�s�,� �a�n�d� �t�h�e�r�e� 

�4�2



�i�s� �s�c�a�r�c�i�t�y� �o�f� �c�y�s�t�e�i�n�e� �r�e�s�i�d�u�e�s� �a�m�o�n�g� �h�i�s�t�o�n�e�s�,� �i�t� �a�p�p�e�a�r�s� �p�l�a�u�s�i�b�l�e� �t�h�a�t� �h�i�s�t�o�n�e�s� �m�a�y� �n�o�t� 

�c�o�m�p�l�e�x� �t�o� �D�N�A� �b�y� �c�h�r�o�m�a�t�e� �d�u�e� �t�o� �u�n�a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �a�p�p�r�o�p�r�i�a�t�e� �l�i�g�a�n�d�s�.� 

�W�e� �h�a�v�e� �t�e�n�t�a�t�i�v�e�l�y� �i�d�e�n�t�i�f�i�e�d� �t�h�r�e�e� �d�i�f�f�e�r�e�n�t� �p�r�o�t�e�i�n�s� �t�h�a�t� �c�r�o�s�s�l�i�n�k� �w�i�t�h� �D�N�A� �w�h�e�n� 

�c�e�l�l�s� �a�r�e� �e�x�p�o�s�e�d� �t�o� �c�h�r�o�m�a�t�e�.� �T�h�e�i�r� �i�d�e�n�t�i�t�y� �a�n�d� �t�h�e� �f�o�l�l�o�w�i�n�g� �p�l�a�u�s�i�b�l�e� �p�a�t�h�o�-� 

�p�h�y�s�i�o�l�o�g�i�c�a�l� �c�o�n�s�e�q�u�e�n�c�e�s� �a�r�e� �c�o�n�s�i�d�e�r�e�d�.� �(�i�)� �T�h�e� �4�4� �k�D� �a�c�i�d�i�c� �p�r�o�t�e�i�n� �(�p�r�o�t�e�i�n�  ��b�'�)� �c�o�u�l�d� 

�b�e� �n�u�c�l�e�a�r� �a�c�t�i�n� �b�a�s�e�d� �o�n� �i�t�s� �i�d�e�n�t�i�c�a�l� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �a�n�d� �i�s�o�e�l�e�c�t�r�i�c� �p�o�i�n�t� �w�i�t�h� �a�c�t�i�n�.� 

�F�u�r�t�h�e�r�m�o�r�e�,� �i�t� �p�o�s�i�t�i�v�e�l�y� �r�e�a�c�t�e�d� �w�i�t�h� �a�n� �a�n�t�i�-�a�c�t�i�n� �p�o�l�y�c�l�o�n�a�l� �a�n�t�i�b�o�d�y�.� �T�h�i�s� �i�s� �i�n� �a�c�c�o�r�d� 

�w�i�t�h� �t�h�e� �f�i�n�d�i�n�g� �t�h�a�t� �a�c�t�i�n� �d�o�e�s� �c�r�o�s�s�l�i�n�k� �w�i�t�h� �D�N�A� �i�n� �c�h�r�o�m�a�t�e� �t�r�e�a�t�e�d� �C�H�O� �c�e�l�l�s� �(�5�6�)�.� 

�A�c�t�i�n� �i�s� �p�r�e�s�e�n�t� �i�n� �n�u�c�l�e�u�s�,� �n�u�c�l�e�o�l�u�s� �a�s� �w�e�l�l� �a�s� �t�h�e� �n�u�c�l�e�a�r� �m�a�t�r�i�x� �(�5�7�)�.� �A�c�t�i�n� �h�a�s� �b�e�e�n� 

�s�h�o�w�n� �t�o� �b�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �D�N�A� �r�e�p�l�i�c�a�t�i�o�n�,� �D�N�A� �r�e�p�a�i�r� �a�n�d� �R�N�A� �t�r�a�n�s�c�r�i�p�t�i�o�n� �(�5�8�,� �5�9�,� 

�6�0�)�.� �H�e�n�c�e�,� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �a�c�t�i�n�-�D�N�A� �c�r�o�s�s�l�i�n�k�i�n�g� �m�a�y�,� �a�t� �l�e�a�s�t� �i�n� �p�a�r�t�,� �l�e�a�d� �t�o� �a�l�t�e�r�e�d� 

�g�e�n�e� �e�x�p�r�e�s�s�i�o�n�,� �a�s� �i�t� �h�a�s� �r�e�c�e�n�t�l�y� �b�e�e�n� �s�h�o�w�n� �f�o�r� �i�n�d�u�c�i�b�l�e� �g�e�n�e�s� �(�6�1�)�.� �(�1�1�)� �T�h�e� �h�o�m�o�l�o�g�y� 

�o�f� �p�4�3� �(�p�r�o�t�e�i�n�  ��p�'�)� �m�i�c�r�o�s�e�q�u�e�n�c�e� �w�i�t�h� �a�m�i�n�o� �a�c�i�d�s� �2�4�-�2�9� �o�f� �l�e�c�t�i�n� �b�r�a�-�3� �(�F�i�g�.� �6�)� �i�n�d�i�c�a�t�e�s� 

�t�h�a�t� �i�t� �c�o�u�l�d� �b�e� �a� �h�u�m�a�n� �l�e�c�t�i�n�.� �L�e�c�t�i�n�s� �h�a�v�e� �n�o�t� �b�e�e�n� �p�r�e�v�i�o�u�s�l�y� �s�h�o�w�n� �a�s� �D�N�A�-�b�i�n�d�i�n�g� 

�p�r�o�t�e�i�n�s�.� �A�l�t�h�o�u�g�h� �l�e�c�t�i�n� �r�e�c�e�p�t�o�r�s� �h�a�v�e� �b�e�e�n� �f�o�u�n�d� �o�n� �t�h�e� �c�y�t�o�p�l�a�s�m�i�c� �s�u�r�f�a�c�e� �o�f� 

�i�n�t�r�a�c�e�l�l�u�l�a�r� �m�e�m�b�r�a�n�e�s� �s�u�c�h� �a�s� �t�h�e� �n�u�c�l�e�a�r� �e�n�v�e�l�o�p�e� �a�n�d� �m�i�t�o�c�h�o�n�d�r�i�a�l� �o�u�t�e�r� �m�e�m�b�r�a�n�e�,� 

�r�e�c�e�n�t� �e�v�i�d�e�n�c�e� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �l�e�c�t�i�n� �b�i�n�d�i�n�g� �t�a�k�e�s� �p�l�a�c�e� �o�n� �t�h�e� �n�o�n�c�y�t�o�p�l�a�s�m�i�c� �s�u�r�f�a�c�e� �o�f� 

�t�h�e�s�e� �o�r�g�a�n�e�l�l�e�s� �(�6�2�)�.� �L�e�c�t�i�n�s� �a�r�e� �l�o�c�a�t�e�d� �i�n� �a� �w�i�d�e� �v�a�r�i�e�t�y� �o�f� �c�e�l�l�s� �a�n�d� �c�e�l�l� �m�e�m�b�r�a�n�e�s� �a�n�d� 

�a�l�t�e�r�a�t�i�o�n� �i�n� �t�h�e�i�r� �l�e�v�e�l�s� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �u�p�o�n� �m�a�l�i�g�n�a�n�t� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� �(�6�3�)�.� �L�e�c�t�i�n�s� �a�r�e� 

�s�h�o�w�n� �t�o� �p�l�a�y� �i�m�p�o�r�t�a�n�t� �r�o�l�e�s� �i�n� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t�a�l� �p�r�o�c�e�s�s�e�s� �(�6�4�)�.� �L�e�c�t�i�n�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� 

�s�h�o�w�n� �t�o� �f�u�n�c�t�i�o�n� �a�s� �r�e�c�e�p�t�o�r�s� �(�6�4�)� �a�n�d� �m�i�t�o�g�e�n�i�c� �r�e�g�u�l�a�t�o�r�s� �(�6�5�)�.� �(�i�i�)� �T�h�e� �s�e�v�e�n� �N�-� 

�t�e�r�m�i�n�a�l� �a�m�i�n�o� �a�c�i�d�s� �o�f� �t�h�e� �4�9� �k�D� �p�r�o�t�e�i�n� �(�l�a�b�e�l�e�d� �a�s� �n� �i�n� �F�i�g�.� �3� �C�)� �w�a�s� �f�o�u�n�d� �t�o� �h�a�v�e� 

�a�b�s�o�l�u�t�e� �h�o�m�o�l�o�g�y� �w�i�t�h� �a�m�i�n�o�g�l�y�c�o�s�i�d�e� �n�u�c�l�e�o�t�i�d�y�l�t�r�a�n�s�f�e�r�a�s�e�.� �B�e�c�a�u�s�e� �c�h�r�o�m�a�t�e�-� 

�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �p�r�e�d�o�m�i�n�a�n�t�l�y� �o�c�c�u�r� �i�n� �t�r�a�n�s�c�r�i�p�t�i�o�n�a�l�l�y� �a�c�t�i�v�e� �D�N�A� �(�6�1�)�,� 

�i�t� �r�e�m�a�i�n�s� �t�o� �s�e�e� �i�f� �t�h�e�s�e� �p�r�o�t�e�i�n�s� �a�r�e� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �t�r�a�n�s�c�r�i�p�t�i�o�n� �p�r�o�c�e�s�s�.� �N�o�n�e�t�h�e�l�e�s�s�,� 

�t�h�e� �c�r�o�s�s�-�l�i�n�k�i�n�g� �o�f� �t�h�e�s�e� �p�r�o�t�e�i�n�s� �t�o� �D�N�A� �c�o�u�l�d� �l�e�a�d� �t�o� �s�e�r�i�o�u�s� �p�h�y�s�i�o�l�o�g�i�c�a�l� �a�n�d� �g�e�n�e�t�i�c� 

�c�o�n�s�e�q�u�e�n�c�e�s�.� 

�T�h�e� �n�a�t�u�r�e� �o�f� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �w�a�s� �a�n�a�l�y�z�e�d� �b�y� �e�n�z�y�m�e� 

�a�n�d� �c�h�e�m�i�c�a�l� �t�r�e�a�t�m�e�n�t� �o�f� �t�h�e� �c�o�m�p�l�e�x�e�s�.� �T�r�e�a�t�m�e�n�t� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �i�s�o�l�a�t�e�d� 

�f�r�o�m� �c�o�n�t�r�o�l� �o�r� �c�h�r�o�m�a�t�e�-�t�r�e�a�t�e�d� �c�e�l�l� �n�u�c�l�e�i� �w�i�t�h� �D�N�a�s�e� �I� �d�i�s�s�o�c�i�a�t�e�d� �m�o�s�t� �o�f� �t�h�e� �p�r�o�t�e�i�n�s� 

�a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �D�N�A� �(�T�a�b�l�e� �1�)�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �t�h�e� �s�e�d�i�m�e�n�t�a�b�l�e� �n�a�t�u�r�e� �o�f� �t�h�e� �p�r�o�t�e�i�n�s� �i�s� 

�d�u�e� �t�o� �t�h�e� �a�s�s�o�c�i�a�t�i�o�n� �o�f� �p�r�o�t�e�i�n�s� �w�i�t�h� �t�h�e� �g�e�n�o�m�i�c� �D�N�A� �a�n�d� �n�o�t� �d�u�e� �t�o� �p�r�o�t�e�i�n� �a�g�g�r�e�g�a�t�i�o�n� 
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�f�o�l�l�o�w�i�n�g� �c�h�r�o�m�a�t�e� �t�r�e�a�t�m�e�n�t� �o�r� �a�l�t�e�r�e�d� �s�o�l�u�b�i�l�i�t�y� �o�f� �t�h�e� �m�e�t�a�l� �b�o�u�n�d� �p�r�o�t�e�i�n�s�.� �T�h�e� �s�m�a�l�l� 

�a�m�o�u�n�t� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �t�h�a�t� �w�e�r�e� �s�e�d�i�m�e�n�t�e�d� �a�f�t�e�r� �D�N�a�s�e� �I� �d�i�g�e�s�t�i�o�n� �a�p�p�e�a�r�s� �t�o� 

�b�e� �m�o�s�t�l�y� �i�n� �t�h�e� �f�o�r�m� �o�f� �s�t�a�b�l�e� �c�h�r�o�m�i�u�m�-�n�u�c�l�e�o�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s�.� �T�h�i�s� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� 

�t�h�e� �f�i�n�d�i�n�g�s� �o�f� �o�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�o�r�s� �w�h�o� �h�a�v�e� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�e� �r�e�s�i�s�t�a�n�c�e� �o�f� �c�h�r�o�m�i�u�m�-� 

�b�o�u�n�d� �n�u�c�l�e�o�l�i� �t�o� �n�u�c�l�e�a�s�e� �d�i�g�e�s�t�i�o�n� �(�6�6�)�,� �a�n�d� �t�h�e� �c�r�o�s�s�-�l�i�n�k�i�n�g� �o�f� �n�u�c�l�e�a�r� �m�a�t�r�i�x� �p�r�o�t�e�i�n�s� 

�t�o� �D�N�A� �b�y� �h�e�a�v�y� �m�e�t�a�l�s� �a�n�d� �U�V� �i�r�r�a�d�i�a�t�i�o�n� �(�5�4�,� �6�7�)�.� �T�h�e� �r�e�s�i�s�t�a�n�c�e� �o�f� �t�h�e� �D�N�A�-�p�r�o�t�e�i�n� 

�c�o�m�p�l�e�x�e�s� �t�o� �R�N�a�s�e� �d�i�g�e�s�t�i�o�n� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �c�h�r�o�m�a�t�e� �t�r�e�a�t�m�e�n�t� �d�o�e�s� �n�o�t� �i�n�d�u�c�e� �t�h�e� 

�f�o�r�m�a�t�i�o�n� �o�f� �R�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s�.� �T�h�e� �s�t�a�b�i�l�i�t�y� �o�f� �t�h�e� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �w�a�s� 

�f�u�r�t�h�e�r� �a�s�s�e�s�s�e�d� �b�y� �m�o�n�i�t�o�r�i�n�g� �t�h�e� �r�e�s�i�s�t�a�n�c�e� �o�f� �t�h�e� �c�o�m�p�l�e�x�e�s� �t�o� �E�D�T�A� �t�r�e�a�t�m�e�n�t�.� 

�T�r�e�a�t�m�e�n�t� �o�f� �E�D�T�A� �c�a�u�s�e�d� �d�i�s�s�o�c�i�a�t�i�o�n� �o�f� �o�n�l�y� �1�8�%� �o�f� �3�5�S� �a�c�t�i�v�i�t�y� �f�r�o�m� �t�h�e� �D�N�A�-�p�r�o�t�e�i�n� 

�c�o�m�p�l�e�x�e�s�.� �B�e�c�a�u�s�e� �E�D�T�A� �e�f�f�e�c�t�i�v�e�l�y� �c�h�e�l�a�t�e�s� �C�r�(�I�I�I�)� �b�u�t� �p�o�o�r�l�y� �b�i�n�d�s� �w�i�t�h� �o�x�y�a�n�i�o�n� �o�f� 

�C�r�(�V�I�)�,� �E�D�T�A�-�d�i�s�s�o�c�i�a�b�l�e� �p�r�o�t�e�i�n�s� �f�r�o�m� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �c�o�u�l�d� �h�a�v�e� �b�e�e�n� 

�m�e�d�i�a�t�e�d� �b�y� �a� �c�h�e�l�a�t�a�b�l�e� �f�o�r�m� �o�f� �c�h�r�o�m�i�u�m� �s�u�c�h� �a�s� �C�r�(�I�I�I�)�.� �H�o�w�e�v�e�r�,� �t�h�e� �m�a�j�o�r�i�t�y� �o�f� �t�h�e� 

�c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �w�e�r�e� �r�e�s�i�s�t�a�n�t� �t�o� �E�D�T�A� �t�r�e�a�t�m�e�n�t�.� �T�h�e�s�e� �d�a�t�a� 

�s�u�g�g�e�s�t� �t�h�a�t� �t�h�e� �p�r�e�d�o�m�i�n�a�n�t� �f�o�r�m� �o�f� �c�h�r�o�m�i�u�m� �i�n� �t�h�e� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �i�s� �n�o�t� 

�C�r�i�)�.� 

�I�t� �i�s� �p�l�a�u�s�i�b�l�e� �t�h�a�t� �s�o�m�e� �d�i�r�e�c�t� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �p�r�o�t�e�i�n� �a�n�d� �D�N�A� �o�c�c�u�r�s� �v�i�a� �t�h�e� 

�f�o�r�m�a�t�i�o�n� �o�f� �p�r�o�t�e�i�n� �o�r�/�a�n�d� �D�N�A� �r�a�d�i�c�a�l�s� �g�e�n�e�r�a�t�e�d� �d�u�r�i�n�g� �t�h�e� �i�n�t�r�a�c�e�l�l�u�l�a�r� �r�e�d�u�c�t�i�o�n� �o�f� 

�c�h�r�o�m�a�t�e�.� �T�h�e� �d�i�s�s�o�c�i�a�t�i�o�n� �o�f� �s�o�m�e� �o�f� �t�h�e� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �b�y� 

�B�-�m�e�r�c�a�p�t�o�e�t�h�a�n�o�l� �o�r� �t�h�i�o�u�r�e�a� �s�u�g�g�e�s�t�s� �t�h�a�t� �s�o�m�e� �o�f� �t�h�e� �c�r�o�s�s�l�i�n�k�s� �i�n�v�o�l�v�e� �s�u�l�f�h�y�d�r�y�]� 

�g�r�o�u�p�s�.� �A�l�t�h�o�u�g�h� �C�r�(�I�I�)� �i�s� �k�n�o�w�n� �t�o� �f�o�r�m� �c�o�m�p�l�e�x�e�s� �w�i�t�h� �s�u�l�f�u�r�-�c�o�n�t�a�i�n�i�n�g� �l�i�g�a�n�d�s�,� �t�h�e� 

�-�S�H� �g�r�o�u�p�s� �c�o�u�l�d� �d�i�r�e�c�t�l�y� �b�e� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �c�o�m�p�l�e�x� �v�i�a� �t�h�i�y�l� �r�a�d�i�c�a�l�s� �o�r� �d�i�s�u�l�f�i�d�e�s� �t�h�a�t� �a�r�e� 

�g�e�n�e�r�a�t�e�d� �d�u�r�i�n�g� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �o�x�i�d�a�t�i�v�e� �s�t�r�e�s�s�.� �T�h�e� �l�a�t�e�r� �c�o�n�t�e�n�t�i�o�n� �i�s� �f�u�r�t�h�e�r� 

�s�u�p�p�o�r�t�e�d� �b�y� �t�h�e� �f�a�c�t� �t�h�a�t� �p�r�e�t�r�e�a�t�m�e�n�t� �o�f� �c�e�l�l�s� �w�i�t�h� �a�n�t�i�o�x�i�d�a�n�t�s� �o�r� �f�r�e�e� �r�a�d�i�c�a�l� �s�c�a�v�e�n�g�e�r�s� 

�s�u�c�h� �a�s� �a�-�t�o�c�o�p�h�e�r�o�l� �s�u�c�c�i�n�a�t�e�,� �T�i�r�o�n� �a�n�d� �m�a�n�n�i�t�o�l� �d�i�d� �i�n�h�i�b�i�t� �t�h�e� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-� 

�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�i�n�g�.� �T�h�e� �o�b�s�e�r�v�e�d� �i�n�c�r�e�a�s�e� �i�n� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� 

�c�r�o�s�s�l�i�n�k�i�n�g� �f�o�l�l�o�w�i�n�g� �a�s�c�o�r�b�a�t�e� �t�r�e�a�t�m�e�n�t� �m�a�y�,� �i�n� �p�a�r�t�,� �b�e� �d�u�e� �t�o� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �r�e�d�u�c�t�i�o�n� 

�o�f� �C�r�(�V�I�)� �l�e�a�d�i�n�g� �t�o� �t�h�e� �i�n�c�r�e�a�s�e�d� �a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �i�n�t�r�a�c�e�l�l�u�l�a�r� �C�r�d�D�,� �w�h�i�c�h� �m�a�y�,� �i�n� 

�t�u�r�n�,� �g�i�v�e� �r�i�s�e� �t�o� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s�.� �I�n�t�r�a�c�e�l�l�u�l�a�r� �C�r�(�I�I�I�)� �i�s� �p�r�e�d�o�m�i�n�a�t�e�l�y� �g�e�n�e�r�a�t�e�d� 

�b�y� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �C�r�(�V�J�)�,� �a� �p�r�o�c�e�s�s� �s�h�o�w�n� �t�o� �g�e�n�e�r�a�t�e� �o�x�y�g�e�n� �f�r�e�e� �r�a�d�i�c�a�l�s� �(�5�1�,� �6�8�)�.� 

�F�r�e�e� �r�a�d�i�c�a�l� �g�e�n�e�r�a�t�i�n�g� �s�y�s�t�e�m�s� �s�u�c�h� �a�s� �i�o�n�i�z�i�n�g� �r�a�d�i�a�t�i�o�n� �a�s� �w�e�l�l� �a�s� �F�e�n�t�o�n� �t�y�p�e� �r�e�a�c�t�i�o�n�s� 

�h�a�v�e� �b�e�e�n� �s�h�o�w�n� �t�o� �c�a�u�s�e� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�-�l�i�n�k�i�n�g� �(�6�9�,� �7�0�)�.� �C�o�l�l�e�c�t�i�v�e�l�y�,� �t�h�e�s�e� �r�e�s�u�l�t�s� 

�4�4



�s�u�g�g�e�s�t� �t�h�a�t� �f�r�e�e� �r�a�d�i�c�a�l�s� �m�a�y�,� �a�t� �l�e�a�s�t� �i�n� �p�a�r�t�,� �b�e� �i�n�v�o�l�v�e�d� �i�n� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-� 

�p�r�o�t�e�i�n� �c�r�o�s�s�-�l�i�n�k�i�n�g�.� 

�F�r�e�e� �r�a�d�i�c�a�l� �i�n�d�e�p�e�n�d�e�n�t� �m�e�c�h�a�n�i�s�m�s� �m�a�y� �a�l�s�o� �p�l�a�y� �a� �r�o�l�e� �i�n� �s�o�m�e� �c�h�r�o�m�a�t�e�-� 

�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�i�n�g�,� �b�e�c�a�u�s�e� �t�h�e� �e�l�e�c�t�r�o�p�h�o�r�e�t�i�c� �c�o�n�d�i�t�i�o�n�s� �w�o�u�l�d� �n�o�t� 

�d�i�s�r�u�p�t� �t�h�e� �r�a�d�i�c�a�l�-�i�n�d�u�c�e�d� �c�o�v�a�l�e�n�t� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�-�l�i�n�k�s�,� �a�n�d� �w�e� �w�e�r�e� �a�b�l�e� �t�o� �v�i�s�u�a�l�i�z�e� 

�t�h�e� �p�r�o�t�e�i�n�s� �c�r�o�s�s�-�l�i�n�k�e�d� �t�o� �D�N�A� �i�n� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �g�e�l�s� �w�i�t�h�o�u�t� �d�i�g�e�s�t�i�n�g� �D�N�A�.� 

�F�u�r�t�h�e�r�m�o�r�e�,� �n�u�c�l�e�a�s�e� �d�i�g�e�s�t�i�o�n� �d�i�d� �n�o�t� �c�a�u�s�e� �t�h�e� �a�p�p�e�a�r�a�n�c�e� �o�f� �a�d�d�i�t�i�o�n�a�l� �p�r�o�t�e�i�n�s� �o�n� �t�w�o�-� 

�d�i�m�e�n�s�i�o�n�a�l� �g�e�l�s�.� �V�i�s�u�a�l�i�z�a�t�i�o�n� �o�f� �p�r�o�t�e�i�n�s� �i�n� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �g�e�l�s� �w�i�t�h�o�u�t� �n�u�c�l�e�a�s�e� 

�d�i�g�e�s�t�i�o�n� �o�f� �t�h�e� �c�o�m�p�l�e�x�e�s� �m�a�y�,� �a�t� �l�e�a�s�t� �i�n� �p�a�r�t�,� �b�e� �d�u�e� �t�o� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �s�u�l�f�h�y�d�r�y�l�!� 

�g�r�o�u�p�s� �o�f� �p�r�o�t�e�i�n�s� �b�y� �B�-�m�e�r�c�a�p�t�o�e�t�h�a�n�o�l� �a�n�d� �p�r�e�s�e�n�c�e� �o�f� �h�i�g�h� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �s�a�l�t�s� �i�n� �t�h�e� 

�s�a�m�p�l�e� �b�u�f�f�e�r�,� �l�e�a�d�i�n�g� �t�o� �d�i�s�r�u�p�t�i�o�n� �o�f� �t�h�e� �c�o�m�p�l�e�x�.� �S�u�c�h� �m�e�c�h�a�n�i�s�m�s� �h�a�v�e� �b�e�e�n� �s�h�o�w�n� 

�t�o� �b�e� �t�h�e� �l�e�a�d�i�n�g� �c�a�u�s�e� �f�o�r� �c�h�r�o�m�a�t�e� �a�n�d� �c�i�s�p�l�a�t�i�n�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �(�5�4�)�.� 

�A�n�o�t�h�e�r� �p�o�s�s�i�b�i�l�i�t�y� �i�s� �t�h�a�t� �t�h�e� �s�a�m�e� �p�r�o�t�e�i�n�s� �a�r�e� �c�o�m�p�l�e�x�e�d� �t�o� �D�N�A� �v�i�a� �b�o�t�h� �t�h�e� �C�r�(�I�D� �a�n�d� 

�o�x�i�d�a�t�i�v�e� �m�e�c�h�a�n�i�s�m�s� �d�u�e� �t�o� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �d�i�f�f�e�r�e�n�t� �a�m�i�n�o� �a�c�i�d� �r�e�s�i�d�u�e�s� �w�i�t�h� �D�N�A�.� �I�n� �t�h�a�t� 

�c�a�s�e�,� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �g�e�l� �p�a�t�t�e�r�n�s� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �m�a�y� �b�e� �t�h�e� �s�a�m�e� �w�i�t�h� �o�r� 

�w�i�t�h�o�u�t� �n�u�c�l�e�a�s�e� �d�i�g�e�s�t�i�o�n�.� �T�h�a�t� �t�h�i�s� �w�a�s� �t�h�e� �c�a�s�e� �w�a�s� �s�h�o�w�n� �b�y� �d�i�g�e�s�t�i�o�n� �o�f� �t�h�e� 

�c�o�m�p�l�e�x�e�s� �w�i�t�h� �D�N�a�s�e� �I� �a�n�d� �R�N�a�s�e� �(�F�i�g�.� �6�)�.� 

�I�n� �v�i�e�w� �o�f� �t�h�e� �d�i�f�f�i�c�u�l�t�i�e�s� �a�n�d� �l�i�m�i�t�a�t�i�o�n�s� �o�f� �t�h�e� �m�e�t�h�o�d�s�,� �i�t� �i�s� �n�o�t� �p�o�s�s�i�b�l�e� �t�o� 

�p�r�o�p�o�s�e� �a� �d�e�f�i�n�i�t�e� �m�e�c�h�a�n�i�s�m�(�s�)� �o�f� �a�c�t�i�o�n� �o�f� �c�h�r�o�m�a�t�e� �i�n� �i�n�d�u�c�i�n�g� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� 

�i�s� �f�e�a�s�i�b�l�e� �a�t� �t�h�i�s� �t�i�m�e�.� �H�o�w�e�v�e�r�,� �i�t� �i�s� �l�i�k�e�l�y� �t�h�a�t� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� 

�c�o�m�p�l�e�x�e�s� �a�r�e� �f�o�r�m�e�d� �v�i�a� �m�o�r�e� �t�h�a�n� �o�n�e� �m�e�c�h�a�n�i�s�m� �a�n�d� �a�t� �l�e�a�s�t� �s�o�m�e� �o�f� �t�h�e� �c�o�m�p�l�e�x�e�s� �a�r�e� 

�n�o�n�c�o�v�a�l�e�n�t� �i�n� �n�a�t�u�r�e�.� �T�h�e�r�e�f�o�r�e�,� �u�s�e� �o�f� �t�h�e� �t�e�r�m� �"�c�r�o�s�s�l�i�n�k�"� �t�o� �i�n�d�i�c�a�t�e� �t�h�e� �a�s�s�o�c�i�a�t�i�o�n� �o�f� 

�p�r�o�t�e�i�n�s� �w�i�t�h� �D�N�A� �m�a�y� �n�o�t� �b�e� �a�p�p�r�o�p�r�i�a�t�e�,� �e�v�e�n� �t�h�o�u�g�h�,� �w�e� �h�a�v�e� �u�s�e�d� �t�h�i�s� �t�e�r�m� �t�o� 

�e�x�p�r�e�s�s� �t�h�e� �a�s�s�o�c�i�a�t�i�o�n� �t�o� �D�N�A� �a�n�d� �p�r�o�t�e�i�n�,� �a�s� �h�a�s� �b�e�e�n� �u�s�e�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e�.� 

�T�h�e� �r�e�s�u�l�t�s� �p�r�e�s�e�n�t�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �i�n�d�i�c�a�t�e� �t�h�a�t� �c�h�r�o�m�a�t�e� �t�r�e�a�t�m�e�n�t� �o�f� �c�e�l�l�s� 

�c�o�m�p�l�e�x�e�d� �a� �s�e�l�e�c�t�e�d� �g�r�o�u�p� �o�f� �n�o�n�-�h�i�s�t�o�n�e� �p�r�o�t�e�i�n�s� �t�o� �D�N�A�.� �A�c�t�i�n�,� �l�e�c�t�i�n� �a�n�d� 

�a�m�i�n�o�g�l�y�c�o�s�i�d�e� �n�u�c�l�e�o�t�i�d�y�l�t�r�a�n�s�f�e�r�a�s�e� �c�o�u�l�d� �b�e� �a�m�o�n�g� �s�o�m�e� �o�f� �t�h�e� �p�r�o�t�e�i�n�s� �t�h�a�t� �p�a�r�t�i�c�i�p�a�t�e� 

�i�n� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s�.� �T�h�e� �e�x�a�c�t� �n�a�t�u�r�e� �o�f� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� 

�t�h�e� �D�N�A� �a�n�d� �p�r�o�t�e�i�n� �r�e�m�a�i�n�s� �t�o� �b�e� �d�e�t�e�r�m�i�n�e�d�.� �H�o�w�e�v�e�r�,� �o�u�r� �r�e�s�u�l�t�s� �s�u�g�g�e�s�t� �b�o�t�h� �t�h�e� 

�p�a�r�t�i�c�i�p�a�t�i�o�n� �o�f� �a� �c�h�e�l�a�t�a�b�l�e� �f�o�r�m� �o�f� �c�h�r�o�m�i�u�m� �s�u�c�h� �a�s� �C�r�(�I�I�I�)� �a�s� �w�e�l�l� �a�s� �t�h�e� �i�n�v�o�l�v�e�m�e�n�t� �o�f� 

�o�x�i�d�a�t�i�v�e� �m�e�c�h�a�n�i�s�m�s� �i�n� �t�h�e� �p�r�o�c�e�s�s� �o�f� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�i�n�g�.� 

�4�5



�A�l�t�h�o�u�g�h� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �a�r�e� �f�o�u�n�d� �t�o� �b�e� �r�e�s�i�s�t�a�n�t� �t�o� �t�r�e�a�t�m�e�n�t�s� 

�s�u�c�h� �a�s� �2�%� �S�D�S� �a�n�d� �5� �M� �u�r�e�a�,� �t�h�e�i�r� �r�e�v�e�r�s�i�b�i�l�i�t�y� �i�n� �t�h�e� �g�e�l� �e�l�e�c�t�r�o�p�h�o�r�e�t�i�c� �c�o�n�d�i�t�i�o�n�s� 

�i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e�i�r� �a�s�s�o�c�i�a�t�i�o�n� �i�s� �i�n� �t�h�e� �f�o�r�m� �o�f� �n�o�n�-�c�o�v�a�l�e�n�t� �i�n�t�e�r�a�c�t�i�o�n�s�.� �T�h�e�s�e� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �c�h�r�o�m�a�t�e�-�i�n�d�u�c�e�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �s�u�g�g�e�s�t� �t�h�a�t� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�o� 

�u�s�e� �c�h�r�o�m�i�u�m� �i�n� �s�t�u�d�i�e�s� �i�n�v�o�l�v�i�n�g� �c�h�r�o�m�a�t�i�n� �s�t�r�u�c�t�u�r�e� �a�s� �w�e�l�l� �a�s� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �p�r�o�t�e�i�n�s� 

�p�a�r�t�i�c�i�p�a�t�i�n�g� �i�n� �D�N�A�-�p�r�o�t�e�i�n� �i�n�t�e�r�a�c�t�i�o�n�s�,� �s�p�e�c�i�f�i�c�a�l�l�y� �t�h�o�s�e� �t�h�a�t� �u�n�d�e�r�g�o� �t�r�a�n�s�i�e�n�t� 

�i�n�t�e�r�a�c�t�i�o�n� �w�i�t�h� �D�N�A�,� �s�u�c�h� �a�s� �t�r�a�n�s�c�r�i�p�t�i�o�n� �f�a�c�t�o�r�s�.� 

�R�E�F�E�R�E�N�C�E�S� 

�1�.� �B�a�n�j�a�r� �Z�M�,� �H�n�i�l�i�c�a� �L�S�,� �B�r�i�g�g�s� �R�C�,� �S�t�e�i�n� �J�,� �S�t�e�i�n� �G�:� �C�r�o�s�s�l�i�n�k�i�n�g� �o�f� �c�h�r�o�m�o�s�o�m�a�l� 
�p�r�o�t�e�i�n�s� �t�o� �D�N�A� �i�n� �H�e�l�a� �c�e�l�l�s� �b�y� �U�V� �g�a�m�m�a� �r�a�d�i�a�t�i�o�n� �a�n�d� �s�o�m�e� �a�n�t�i�t�u�m�o�r� �d�r�u�g�s�.� 
�B�i�o�c�h�e�m� �B�i�o�p�h�y�s� �R�e�s� �C�o�m�m�u�n� �1�1�4�:� �7�6�7�-�7�7�3�,� �1�9�8�3� 

�2�.� �O�l�e�i�n�i�c�k� �N�L�,� �C�h�i�u� �S�,� �R�a�m�a�k�r�i�s�h�n�a�n� �N�,� �X�u�e� �L�:� �T�h�e� �f�o�r�m�a�t�i�o�n�,� �i�d�e�n�t�i�f�i�c�a�t�i�o�n�,� �a�n�d� 
�s�i�g�n�i�f�i�c�a�n�c�e� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�-�l�i�n�k�s� �i�n� �m�a�m�m�a�l�i�a�n� �c�e�l�l�s�.� �B�r� �J� �C�a�n�c�e�r� �(�s�u�p�p�l� �8�)� 
�5�5�:�1�3�5�-�1�4�0�,� �1�9�8�7� 

�3�.� �G�r�u�n�i�c�k�e� �H�,� �B�o�c�k� �K�W�,� �B�e�c�k�e�r� �H�,� �G�a�n�g� �V�,� �S�c�h�n�i�e�r�d�a� �J�,� �P�u�s�c�h�e�n�d�o�r�f� �B�:� �E�f�f�e�c�t� �o�f� 
�a�l�k�y�l�a�t�i�n�g� �a�n�t�i�t�u�m�o�r� �a�g�e�n�t�s� �o�n� �t�h�e� �b�i�n�d�i�n�g� �o�f� �D�N�A� �t�o� �p�r�o�t�e�i�n�.� �C�a�n�c�e�r� �R�e�s� �3�3�:� 
�1�0�4�8�-�1�0�5�3�,� �1�9�7�3� 

�4�.� �C�o�s�m�a� �G�N�,� �J�a�m�a�s�b�i� �R�,� �M�a�r�c�h�o�k� �A�:� �G�r�o�w�t�h� �i�n�h�i�b�i�t�i�o�n� �o�f� �D�N�A� �d�a�m�a�g�e� �i�n�d�u�c�e�d� �b�y� 
�b�e�n�z�o�[�a�]�p�y�r�e�n�e� �a�n�d� �f�o�r�m�a�l�d�e�h�y�d�e� �i�n� �p�r�i�m�a�r�y� �c�u�l�t�u�r�e�s� �o�f� �r�a�t� �t�r�a�c�h�e�a�l� �e�p�i�t�h�e�l�i�a�l� �c�e�l�l�s�.� 
�M�u�t�a�t� �R�e�s� �2�0�1�:� �1�6�1�-�1�6�8�,� �1�9�8�8� 

�5�.� �K�u�y�k�e�n�d�a�l�l� �J�R�,� �T�a�y�l�o�r� �M�A�,� �B�o�g�d�a�n�f�f�y� �M�W�:� �C�y�t�o�t�o�x�i�c�i�t�y� �a�n�d� �D�N�A�-�p�r�o�t�e�i�n� 
�c�r�o�s�s�l�i�n�k� �f�o�r�m�a�t�i�o�n� �i�n� �r�a�t� �n�a�s�a�l� �t�i�s�s�u�e�s� �e�x�p�o�s�e�d� �t�o� �v�i�n�y�l� �a�c�e�t�a�t�e� �a�r�e� 
�c�a�r�b�o�x�y�l�e�s�t�e�r�a�s�e�-�m�e�d�i�a�t�e�d�.� �T�o�x�i�c�o�l� �A�p�p�l� �P�h�a�r�m�a�c�o�l� �1�2�3�:� �2�8�3�-�2�9�2�,� �1�9�9�3� 

�6�.� �W�e�d�r�y�c�h�o�w�s�k�i� �A�,� �W�a�r�d� �W�S�,� �S�c�h�m�i�d�t� �W�N�,� �H�n�i�l�i�c�a� �L�S�:� �C�h�r�o�m�i�u�m�-�i�n�d�u�c�e�d� 
�c�r�o�s�s�l�i�n�k�i�n�g� �o�f� �n�u�c�l�e�a�r� �p�r�o�t�e�i�n�s� �a�n�d� �D�N�A�.� �J� �B�i�o�l� �C�h�e�m� �2�6�0�:�7�1�5�0�-�7�1�5�5�,� �1�9�8�5� 

�7�.� �S�u�g�i�y�a�m�a� �M�,� �P�a�t�i�e�r�n�o� �S�R�,� �C�a�t�o�n�i� �O�,� �C�o�s�t�a� �M�:� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �D�N�A� �l�e�s�i�o�n�s� 
�i�n�d�u�c�e�d� �b�y� �C�a�C�r�O�,� �i�n� �s�y�n�c�h�r�o�n�o�u�s� �a�n�d� �a�s�y�n�c�h�r�o�n�o�u�s� �c�u�l�t�u�r�e�d� �m�a�m�m�a�l�i�a�n� �c�e�l�l�s�.� 
�M�o�l� �P�h�a�r�m�a�c�o�l� �2�9�:� �6�0�6�-�6�1�3�,� �1�9�8�6� 

�8�,� �M�i�l�l�e�r� �C�A� �I�I�I�,� �C�o�s�t�a� �M�:� �A�n�a�l�y�s�i�s� �o�f� �p�r�o�t�e�i�n�s� �c�r�o�s�s�-�l�i�n�k�e�d� �t�o� �D�N�A� �a�f�t�e�r� �t�r�e�a�t�m�e�n�t� �o�f� 
�c�e�l�l�s� �w�i�t�h� �f�o�r�m�a�l�d�e�h�y�d�e�,� �c�h�r�o�m�a�t�e�,� �a�n�d� �c�i�s�-�d�i�a�m�m�i�n�e�d�i�c�h�r�o�l�o�p�l�a�t�i�n�u�m�(�]�)�.� �M�o�l� 
�T�o�x�i�c�o�l� �2�:�1�1�-�2�6�,� �1�9�8�9� 

�9�.� �P�a�t�i�e�r�n�o� �S�R�,� �C�o�s�t�a� �M�:� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�s� �i�n�d�u�c�e�d� �b�y� �n�i�c�k�e�l� �c�o�m�p�o�u�n�d�s� �i�n� 
�i�n�t�a�c�t� �c�u�l�t�u�r�e�d� �m�a�m�m�a�l�i�a�n� �c�e�l�l�s�.� �C�h�e�m�-�B�i�o�l� �I�n�t�e�r�a�c�t� �5�5�:� �7�5�-�9�1�,� �1�9�8�5� 

�4�6



�1�0�.� 

�1�1�.� 

�1�2�.� 

�1�3�.� 

�1�4�.� 

�1�5�.� 

�1�6�.� 

�1�7�.� 

�1�8�.� 

�1�9�.� 

�2�0�.� 

�2�1�.� 

�2�2�.� 

�2�3�.� 

�B�a�n�j�a�r� �Z�M�,� �H�n�i�l�i�c�a� �L�,� �B�r�i�g�g�s� �R�,� �S�t�e�i�n� �J�,� �S�t�e�i�n� �G�:� �C�i�s�-� �a�n�d� �t�r�a�n�s�-� 
�d�i�a�m�m�i�n�e�d�i�c�h�l�o�r�o�-�p�l�a�t�i�n�u�m�(�I�]�-�m�e�d�i�a�t�e�d� �c�r�o�s�s�l�i�n�k�i�n�g� �o�f� �c�h�r�o�m�o�s�o�m�a�l� �n�o�n�-�h�i�s�t�o�n�e� 
�p�r�o�t�e�i�n�s� �t�o� �D�N�A� �i�n� �H�e�l�a� �c�e�l�l�s�.� �B�i�o�c�h�e�m�i�s�t�r�y� �2�3�:� �1�9�2�1�-�1�9�2�6�,� �1�9�8�4� 

�C�o�h�e�n� �M�D�,� �K�l�e�i�n� �C�B�,� �C�o�s�t�a� �M�:� �F�o�r�w�a�r�d� �m�u�t�a�t�i�o�n� �a�n�d� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�s� 
�i�n�d�u�c�e�d� �b�y� �a�m�m�o�n�i�u�m� �m�e�t�a�v�a�n�a�d�a�t�e� �i�n� �c�u�l�t�u�r�e�d� �m�a�m�m�a�l�i�a�n� �c�e�l�l�s�.� �M�u�t�a�t� �R�e�s� �2�6�9�:� 
�1�4�1�-�1�4�8�,� �1�9�9�2� 

�C�o�h�e�n� �M�,� �L�a�t�t�a� �D�,� �C�o�o�g�a�n� �T�,� �C�o�s�t�a� �M�:� �T�h�e� �r�e�a�c�t�i�o�n�s� �o�f� �m�e�t�a�l�s� �w�i�t�h� �n�u�c�l�e�i�c� �a�c�i�d�s�.� 
�I�n�:� �E�.�C�.� �F�o�u�l�k�e�s� �(�e�d�.�)� �T�h�e� �B�i�o�l�o�g�i�c�a�l� �E�f�f�e�c�t�s� �o�f� �H�e�a�v�y� �M�e�t�a�l�s�.� �V�o�l�.� �2�:� 
�M�e�c�h�a�n�i�s�m�s� �o�f� �M�e�t�a�l� �C�a�r�c�i�n�o�g�e�n�e�s�i�s�.� �C�R�C� �P�r�e�s�s�,� �B�o�c�a� �R�a�t�o�n�,� �F�l�o�r�i�d�a�,� �1�9�9�0�,� �p�p� 
�1�9�-�7�6� 

�F�o�r�n�a�c�e� �A�J� �J�r�,� �S�e�r�e�s� �D�S�,� �L�e�c�h�n�e�r� �J�F�,� �H�a�r�r�i�s� �C�C�:� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�-�l�i�n�k�i�n�g� �b�y� 
�c�h�r�o�m�i�u�m� �s�a�l�t�s�.� �C�h�e�m�-�B�i�o�l� �I�n�t�e�r�a�c�t� �3�6�:� �3�4�5�-�3�5�4�,� �1�9�8�1� 

�K�o�s�t�e�r� �A�,� �B�e�y�e�r�s�m�a�n�n� �D�:� �C�h�r�o�m�i�u�m� �b�i�b�d�i�n�g� �b�y� �c�a�l�f� �t�h�y�m�u�s� �n�u�c�l�e�i� �a�n�d� �e�f�f�e�c�t�s� �o�n� 
�c�h�r�o�m�a�t�i�n�.� �T�o�x�i�c�o�l� �E�n�v�i�r�o�n� �C�h�e�m� �1�0�:�3�0�7�-�3�1�3�,� �1�9�8�5� 

�J�e�n�n�e�t�t�e� �K�W�:� �T�h�e� �r�o�l�e� �o�f� �m�e�t�a�l�s� �i�n� �c�a�r�c�i�n�o�g�e�n�e�s�i�s�:� �B�i�o�c�h�e�m�i�s�t�r�y� �a�n�d� �m�e�t�a�b�o�l�i�s�m� 
�E�n�v�i�r�o�n� �H�e�a�l�t�h� �P�e�r�s�p�e�c�t� �4�0�:� �2�2�3�-�2�5�2�,� �1�9�8�1� 

�A�r�s�l�a�n� �P�,� �B�e�l�t�r�a�m�e� �M�,� �T�o�m�a�s�i� �A�:� �I�n�t�r�a�c�e�l�l�u�l�a�r� �c�h�r�o�m�i�u�m� �r�e�d�u�c�t�i�o�n�.� �B�i�o�c�h�e�m� 
�B�i�o�p�h�y�s� �A�c�t�a� �9�3�1�:�1�0�-�1�5�,� �1�9�8�7� 

�C�o�n�n�e�t�t� �P�H�,� �W�e�t�t�e�r�h�a�h�n� �K�E�:� �M�e�t�a�b�o�l�i�s�m� �o�f� �t�h�e� �c�a�r�c�i�n�o�g�e�n� �c�h�r�o�m�a�t�e� �b�y� �c�e�l�l�u�l�a�r� 
�c�o�n�s�t�i�t�u�e�n�t�s�.� �S�t�r�u�c� �B�o�n�d� �5�4�:� �9�3�-�1�2�4�,� �1�9�8�3� 

�N�i�e�b�o�e�r� �E�,� �J�u�s�y�s� �A�:� �B�i�o�l�o�g�i�c� �c�h�e�m�i�s�t�r�y� �o�f� �c�h�r�o�m�i�u�m�.� �I�n�:� �N�i�e�b�o�e�r� �E�,� �N�r�i�a�g�u� �J�O� 
�(�e�d�s�.�)� �C�h�r�o�m�i�u�m� �i�n� �N�a�t�u�r�a�l� �a�n�d� �H�u�m�a�n� �E�n�v�i�r�o�n�m�e�n�t�.� �A�d�v�a�n�c�e�s� �i�n� �S�c�i�e�n�c�e� �a�n�d� 
�T�e�c�h�n�o�l�o�g�y�,� �V�o�l�.� �2�0�,� �J�o�h�n� �W�i�l�e�y�,� �N�e�w� �Y�o�r�k�,� �1�9�8�8�,� �p�p� �2�1�-�7�9� 

�T�s�a�p�a�k�o�s� �M�J�,� �W�e�t�t�e�r�h�a�h�n� �K�E�:� �T�h�e� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �c�h�r�o�m�i�u�m� �w�i�t�h� �n�u�c�l�e�i�c� �a�c�i�d�s�.� 
�C�h�e�m�-�B�i�o�l� �I�n�t�e�r�a�c�t� �4�6�:� �2�6�5�-�2�7�7�,� �1�9�8�3� 

�E�a�r�l�e�y� �J�E�,� �C�a�n�n�o�n� �R�D�:� �A�q�u�e�o�u�s� �c�h�e�m�i�s�t�r�y� �o�f� �c�h�r�o�m�i�u�m�(�I�I�I�)�.� �I�n�:� �C�a�r�l�i�n� �R�L� �(�e�d�.�)� 
�T�r�a�n�s�i�t�i�o�n� �M�e�t�a�l� �C�h�e�m�i�s�t�r�y�,� �v�o�l�.� �1�.� �M�a�r�c�e�r� �D�e�k�k�e�r�,� �N�e�w� �Y�o�r�k�,� �1�9�6�5�,� �p�p� �3�3� 

�D�e�F�l�o�r�a� �S�,� �W�e�t�t�e�r�h�a�h�n�,� �K�E�:� �M�e�c�h�a�n�i�s�m�s� �o�f� �c�h�r�o�m�i�u�m� �m�e�t�a�b�o�l�i�s�m� �a�n�d� 
�g�e�n�o�t�o�x�i�c�i�t�y�.� �L�i�f�e� �C�h�e�m� �R�e�p� �7�:� �1�6�9�-�2�7�7�,� �1�9�8�9� 

�M�a�t�t�a�g�a�j�a�s�i�n�g�h� �S�N�,� �M�i�s�r�a� �H�P�:� �A�l�t�e�r�a�t�i�o�n�s� �i�n� �t�h�e� �p�r�o�o�x�i�d�a�n�t� �a�n�d� �a�n�t�i�o�x�i�d�a�n�t� �s�t�a�t�u�s� 
�o�f� �h�u�m�a�n� �l�e�u�k�e�m�i�c� �T�-�l�y�m�p�h�o�c�y�t�e� �M�O�L�T�4� �c�e�l�l�s� �t�r�e�a�t�e�d� �w�i�t�h� �p�o�t�a�s�s�i�u�m� �c�h�r�o�m�a�t�e�.� 
�M�o�l� �C�e�l�l� �B�i�o�c�h�e�m� �1�4�2�:� �6�1�-�7�0�,� �1�9�9�5� 

�K�a�w�a�n�i�s�h�i� �S�,� �I�n�o�u�e� �S�,� �S�a�n�o� �S�:� �M�e�c�h�a�n�i�s�m� �o�f� �D�N�A� �c�l�e�a�v�a�g�e� �i�n�d�u�c�e�d� �b�y� �s�o�d�i�u�m� 
�c�h�r�o�m�a�t�e�(�V�I�)� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e�.� �J� �B�i�o�l� �C�h�e�m� �2�6�1�:�5�9�5�2�-�5�9�8�9�,� 
�1�9�8�6� 

�4�7



�2�4�.� 

�2�5�.� 

�2�6�.� 

�2�7�.� 

�2�8�.� 

�2�9�.� 

�3�0�.� 

�3�1�.� 

�3�2�.� 

�3�3�.� 

�3�4�.� 

�3�5�.� 

�3�6�.� 

�3�7�.� 

�S�h�i� �X�,� �D�a�l�a�l� �N�S�:� �E�v�i�d�e�n�c�e� �f�o�r� �a� �F�e�n�t�o�n�-�t�y�p�e� �m�e�c�h�a�n�i�s�m� �f�o�r� �t�h�e� �g�e�n�e�r�a�t�i�o�n� �o�f� �.�O�H� 
�r�a�d�i�c�a�l�s� �i�n� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �C�r�(�V�I�)� �i�n� �c�e�l�l�u�l�a�r� �m�e�d�i�a�.� �A�r�c�h� �B�i�o�c�h�e�m� �B�i�o�p�h�y�s� �2�8�1�:� 
�9�0�-�9�5�,� �1�9�9�0� 

�M�a�r�g�o�l�i�s� �S�A�,� �C�o�x�o�n� �B�,� �G�a�j�e�w�s�k�i� �E�,� �D�i�z�d�a�r�o�g�l�u�,� �M�:� �S�t�r�u�c�t�u�r�e� �o�f� �a� �h�y�d�r�o�x�y�l� 
�r�a�d�i�c�a�l� �i�n�d�u�c�e�d� �c�r�o�s�s�-�l�i�n�k� �o�f� �t�h�y�m�i�n�e� �a�n�d� �t�y�r�o�s�i�n�e�.� �B�i�o�c�h�e�m�i�s�t�r�y� �2�7�:� �6�3�5�3�-�6�3�5�9�,� 
�1�9�8�8� 

�G�a�j�e�w�s�k�i� �E�,� �D�i�z�d�a�r�o�g�l�u� �M�:� �H�y�d�r�o�x�y�l� �r�a�d�i�c�a�l� �i�n�d�u�c�e�d� �c�r�o�s�s�-�l�i�n�k�i�n�g� �o�f� �c�y�t�o�s�i�n�e� �a�n�d� 
�t�y�r�o�s�i�n�e� �i�n� �n�u�c�l�e�o�h�i�s�t�o�n�e�.� �B�i�o�c�h�e�m�i�s�t�r�y� �2�9�:� �9�7�7�-�9�8�0�,� �1�9�9�0� 

�S�h�i� �X�,� �D�a�l�a�l� �N�S�:� �O�n� �t�h�e� �h�y�d�r�o�x�y�l� �r�a�d�i�c�a�l� �f�o�r�m�a�t�i�o�n� �i�n� �t�h�e� �r�e�a�c�t�i�o�n� �b�e�t�w�e�e�n� 
�h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �a�n�d� �b�i�o�l�o�g�i�c�a�l�l�y� �g�e�n�e�r�a�t�e�d� �c�h�r�o�m�i�u�m�(�V�)� �s�p�e�c�i�e�s�.� �A�r�c�h� 
�B�i�o�c�h�e�m� �B�i�o�p�h�y�s� �2�7�7�:� �3�4�2�-�3�5�0�,� �1�9�9�0� 

�S�u�g�d�e�n� �K�D�,� �G�e�e�r� �R�D�,� �R�o�g�e�r�s� �S�J�:� �O�x�y�g�e�n� �R�a�d�i�c�a�l�-�M�e�d�i�a�t�e�d� �D�N�A� �D�a�m�a�g�e� �b�y� 
�R�e�d�o�x�-�A�c�t�i�v�e� �C�r�(�I�I�I�)� �C�o�m�p�l�e�x�e�s�.� �B�i�o�c�h�e�m�i�s�t�r�y� �3�1�:� �1�1�6�2�6�-�1�1�6�3�1�,� �1�9�9�2� 

�K�o�r�t�e�n�k�a�m�p� �A�,� �O�z�o�l�i�n�s� �Z�,� �B�e�y�e�r�s�m�a�n�n� �D�,� �O�'�B�r�i�e�n� �P�:� �G�e�n�e�r�a�t�i�o�n� �o�f� �P�M�2� �D�N�A� 
�b�r�e�a�k�s� �i�n� �t�h�e� �c�o�u�r�s�e� �o�f� �r�e�d�u�c�t�i�o�n� �o�f� �c�h�r�o�m�i�u�m�(�V�I�)� �b�y� �g�l�u�t�a�t�h�i�o�n�e�.� �M�u�t�a�t� �R�e�s� �2�1�6�:� 
�1�9�-�2�6�,� �1�9�8�9� 

�B�e�d�i�n�g�e�r� �P�,� �H�o�c�h�s�t�r�a�s�s�e�r� �M�,� �J�o�n�g�e�n�e�l� �C�V�,� �A�l�b�e�r�t�s� �B�M�:� �P�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �T�4� 
�b�a�c�t�e�r�i�o�p�h�a�g�e� �D�N�A� �r�e�p�l�i�c�a�t�i�o�n� �a�p�p�a�r�a�t�u�s�:� �t�h�e� �T�4� �d�d�a� �D�N�A� �h�e�l�i�c�a�s�e� �i�s� �r�e�q�u�i�r�e�d� �t�o� 
�p�a�s�s� �a� �b�o�u�n�d� �R�N�A� �p�o�l�y�m�e�r�a�s�e� �m�o�l�e�c�u�l�e�.� �C�e�l�l� �3�4�:�1�1�5�-�1�2�3�,� �1�9�8�3� 

�B�r�i�g�g�s� �J�A�,� �B�r�i�g�g�s� �R�C�:� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �c�h�r�o�m�i�u�m� �e�f�f�e�c�t�s� �o�n� �a� �r�a�t� �l�i�v�e�r� �e�p�i�t�h�e�l�i�a�l� 
�c�e�l�l� �l�i�n�e� �a�n�d� �t�h�e�i�r� �r�e�l�e�v�a�n�c�e� �t�o� �i�n� �v�i�t�r�o� �t�r�a�n�s�f�o�r�m�a�t�i�o�n�.� �C�a�n�c�e�r� �R�e�s� �4�8�:� �6�4�8�4�-�6�4�9�0�,� 
�1�9�8�8� 

�B�o�u�c�k� �N�P�,� �B�e�n�j�a�m�i�n� �B�K�:� �L�o�s�s� �o�f� �c�a�n�c�e�r� �s�u�p�p�r�e�s�s�e�r�s�,� �a� �d�r�i�v�i�n�g� �f�o�r�c�e� �i�n� 
�c�a�r�c�i�n�o�g�e�n�e�s�i�s�.� �C�h�e�m� �R�e�s� �T�o�x�i�c�o�l� �2�:�1�-�1�1�,� �1�9�8�9� 

�S�t�e�i�n� �G�S�,� �K�l�e�i�n�s�m�i�t�h� �L�J� �(�e�d�s�.�)� �C�h�r�o�m�o�s�o�m�a�l� �P�r�o�t�e�i�n�s� �a�n�d� �T�h�e�i�r� �R�o�l�e� �i�n� 
�R�e�g�u�l�a�t�i�o�n� �o�f� �G�e�n�e� �E�x�p�r�e�s�s�i�o�n�.� �A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� �1�9�7�9� 

�M�a�t�t�a�g�a�j�a�s�i�n�g�h� �S�N�,� �M�i�s�r�a� �H�P�:� �M�o�d�i�f�i�c�a�t�i�o�n� �o�f� �c�h�r�o�m�a�t�i�n� �s�t�r�u�c�t�u�r�e� �f�o�l�l�o�w�i�n�g� 
�e�x�p�o�s�u�r�e� �o�f� �M�O�L�T�4� �c�e�l�l�s� �t�o� �t�h�e� �c�a�r�c�i�n�o�g�e�n�i�c� �c�h�r�o�m�i�u�m�(�V�I�)�.� �I�n�:� �A�t�a�s�s�i� �M�Z�,� 
�A�p�p�e�l�l�a� �E� �(�e�d�s�.�)� �M�e�t�h�o�d�s� �i�n� �P�r�o�t�e�i�n�s� �S�t�r�u�c�t�u�r�e� �A�n�a�l�y�s�i�s�.� �P�l�e�n�u�m� �P�r�e�s�s�,� �N�e�w� 
�Y�o�r�k�,� �1�9�9�4�,� �p�p� �2�9�5�-�3�0�7� 

�M�a�n�i�a�t�i�s� �T�,� �F�r�i�t�s�c�h� �E�F�,� �S�a�m�b�r�o�o�k�,� �J� �(�e�d�s�.�)� �M�o�l�e�c�u�l�a�r� �C�l�o�n�i�n�g�:� �A� �L�a�b�o�r�a�t�o�r�y� 
�M�a�n�u�a�l�.� �C�o�l�d� �S�p�r�i�n�g� �H�a�r�b�o�r� �L�a�b�o�r�a�t�o�r�y� �P�u�b�l�i�c�a�t�i�o�n�s�,� �N�e�w� �Y�o�r�k�,� �N�e�w� �Y�o�r�k�,� 
�1�9�8�2� 

�B�r�a�d�f�o�r�d� �M�M�:� �A� �r�a�p�i�d� �a�n�d� �s�e�n�s�i�t�i�v�e� �m�e�t�h�o�d� �f�o�r� �t�h�e� �q�u�a�n�t�i�t�a�t�i�o�n� �o�f� �m�i�c�r�o�g�r�a�m� 
�q�u�a�n�t�i�t�i�e�s� �o�f� �p�r�o�t�e�i�n� �u�t�i�l�i�z�i�n�g� �t�h�e� �p�r�i�n�c�i�p�l�e� �o�f� �p�r�o�t�e�i�n�-�d�y�e� �b�i�n�d�i�n�g� �.� �A�n�a�l� �B�i�o�c�h�e�m� 
�7�2�:� �2�4�8�-�2�5�4�,� �1�9�7�6� 

�O ��F�a�r�r�e�l�l� �P�Z�,� �G�o�o�d�m�a�n� �H�M�,� �O ��F�a�r�r�e�l�l� �P�H�:� �H�i�g�h� �r�e�s�o�l�u�t�i�o�n� �t�w�o� �d�i�m�e�n�s�i�o�n�a�l� 
�e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �o�f� �b�a�s�i�c� �a�s� �w�e�l�l� �a�s� �a�c�i�d�i�c� �p�r�o�t�e�i�n�s�.� �C�e�l�l� �1�2�:� �1�1�3�3�-�1�1�4�2�,� �1�9�7�7� 
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�3�8�.� 

�3�9�.� 

�4�0�.� 

�4�1�.� 

�4�2�.� 

�4�3�.� 

�4�4�,� 

�4�5�.� 

�4�6�.� 

�4�7�.� 

�4�8�.� 

�4�9�.� 

�5�0�.� 

�5�1�.� 

�L�a�e�m�m�l�i� �U�K�:� �C�l�e�a�v�a�g�e� �o�f� �s�t�r�u�c�t�u�r�a�l� �p�r�o�t�e�i�n�s� �d�u�r�i�n�g� �t�h�e� �a�s�s�e�m�b�l�y� �o�f� �t�h�e� �h�e�a�d� �o�f� 
�b�a�c�t�e�r�i�o�p�h�a�g�e� �T�4�.� �N�a�t�u�r�e� �2�2�7�:� �6�8�0�-�6�8�5�,� �1�9�7�0� 

�S�a�m�m�o�n�s� �D�W�,� �A�d�a�m�s� �L�D�,� �N�i�s�h�i�z�i�w�a� �E�E�:� �U�l�t�r�a�c�e�n�s�i�t�i�v�e� �s�i�l�v�e�r� �b�a�s�e�d� �c�o�l�o�r� 
�s�t�a�i�n�i�n�g� �o�f� �p�o�l�y�p�e�p�t�i�d�e�s� �i�n� �p�o�l�y�a�c�r�y�l�a�m�i�d�e� �g�e�l�s�.� �E�l�e�c�t�r�o�p�h�o�r�e�s�i�s�.� �2�:� �1�3�5�-�1�4�1�,� 
�1�9�8�1� 

�K�a�u�f�m�a�n�n� �S�H�,� �C�o�f�f�e�e� �D�C�,� �S�h�a�p�e�r� �J�H�:� �C�o�n�s�i�d�e�r�a�t�i�o�n�s� �i�n� �t�h�e� �i�s�o�l�a�t�i�o�n� �o�f� �r�a�t� �l�i�v�e�r� 
�n�u�c�l�e�a�r� �m�a�t�r�i�x�,� �n�u�c�l�e�a�r� �e�n�v�e�l�o�p�e�,� �a�n�d� �p�o�r�e� �c�o�m�p�l�e�x� �l�a�m�i�n�a�.� �E�x�p� �C�e�l�l� �R�e�s� �1�3�2�:� 
�1�0�5�-�1�2�3�,� �1�9�8�1� 

�M�a�t�t�a�g�a�j�a�s�i�n�g�h�,� �S�N�,� �M�i�s�r�a� �H�P�:� �P�a�r�t�i�a�l� �s�e�q�u�e�n�c�i�n�g� �o�f� �a� �p�r�o�t�e�i�n� �c�r�o�s�s�-�l�i�n�k�i�n�g� �t�o� 
�D�N�A� �u�p�o�n� �t�r�e�a�t�m�e�n�t� �o�f� �c�u�l�t�u�r�e�d� �i�n�t�a�c�t� �h�u�m�a�n� �c�e�l�l�s� �(�M�O�L�T�4�)� �w�i�t�h� �t�h�e� �c�a�r�c�i�n�o�g�e�n� 
�c�h�r�o�m�i�u�m�(�V�I�)�.� �J� �P�r�o�t�e�i�n� �C�h�e�m� �1�3�:� �4�4�9�-�4�5�0�,� �1�9�9�4� 

�B�u�r�n�e�t�t�e� �W�N�:� �"�W�e�s�t�e�r�n� �b�l�o�t�t�i�n�g ��:� �e�l�e�c�t�r�o�p�h�o�r�e�t�i�c� �t�r�a�n�s�f�e�r� �o�f� �p�r�o�t�e�i�n�s� �f�r�o�m� �s�o�d�i�u�m� 
�d�o�d�e�c�y�l� �s�u�l�f�a�t�e�-�p�o�l�y�a�c�r�y�l�a�m�i�d�e� �g�e�l�s� �t�o� �u�n�m�o�d�i�f�i�e�d� �n�i�t�r�o�c�e�l�l�u�l�o�s�e� �a�n�d� �r�a�d�i�o�g�r�a�p�h�i�c� 
�d�e�t�e�c�t�i�o�n� �w�i�t�h� �a�n�t�i�b�o�d�y� �a�n�d� �r�a�d�i�o�i�o�d�i�n�a�t�e�d� �p�r�o�t�e�i�n� �A�.� �A�n�a�l� �B�i�o�c�h�e�m� �1�1�2�:� �1�9�5�-�2�0�3�,� 
�1�9�8�1� 

�L�i�u� �L�F�,� �R�o�w�e� �T�C�,� �Y�a�n�g� �L�,� �T�e�w�e�y� �K�M�,� �C�h�e�n� �G�L�:� �C�l�e�a�v�a�g�e� �o�f� �D�N�A� �b�y� 
�m�a�m�m�a�l�i�a�n� �D�N�A� �t�o�p�o�i�s�o�m�e�r�a�s�e� �I�I�.� �J� �B�i�o�l� �C�h�e�m� �2�5�8�:� �1�5�3�6�5�-�1�5�3�7�0�,� �1�9�8�3� 

�T�r�a�s�k� �D�K�,� �D�i�D�o�n�a�t�o� �J�A�,� �M�u�l�l�e�r� �M�T�:� �R�a�p�i�d� �d�e�t�e�c�t�i�o�n� �a�n�d� �i�s�o�l�a�t�i�o�n� �o�f� �c�o�v�a�l�e�n�t� 
�D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s�:� �a�p�p�l�i�c�a�t�i�o�n� �t�o� �t�o�p�o�i�s�o�m�e�r�a�s�e� �I� �a�n�d� �I�I�.� �E�M�B�O� �J� �3�:� �6�7�1�-� 
�6�7�6�,� �1�9�8�4� 

�Z�h�i�t�k�o�v�i�c�h� �A�,� �C�o�s�t�a� �M�:� �A� �s�i�m�p�l�e�,� �s�e�n�s�i�t�i�v�e� �a�s�s�a�y� �t�o� �d�e�t�e�c�t� �D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�s� 
�i�n� �i�n�t�a�c�t� �c�e�l�l�s� �a�n�d� �i�n� �v�i�v�o�.� �C�a�r�c�i�n�o�g�e�n�e�s�i�s� �1�3�:� �1�4�8�5�-�1�4�8�9�,� �1�9�9�2� 

�F�a�b�i�a�n�e�k� �J�,� �D�e�F�i�l�i�p�p�i� �J�,� �R�i�c�k�a�r�d�s� �T�,� �H�e�r�p� �A�:� �M�i�c�r�o�m�e�t�h�o�d� �f�o�r� �T�o�c�o�p�h�e�r�o�l� 
�D�e�t�e�r�m�i�n�a�t�i�o�n� �i�n� �B�l�o�o�d� �S�e�r�u�m�.� �C�l�i�n�i�c�a�l� �C�h�e�m� �1�4�:� �4�5�6�-�4�6�2�,� �1�9�6�8� 

�S�u�g�i�y�a�m�a� �M�,� �T�s�u�z�u�k�i� �K�,� �M�a�t�s�u�m�o�t�o� �K�,� �O�g�u�r�a� �R�:� �E�f�f�e�c�t� �o�f� �v�i�t�a�m�i�n� �E� �o�n� 
�c�y�t�o�t�o�x�i�c�i�t�y�,� �D�N�A� �s�i�n�g�l�e� �s�t�r�a�n�d� �b�r�e�a�k�s�,� �c�h�r�o�m�o�s�o�m�a�l� �a�b�e�r�r�a�t�i�o�n�s�,� �a�n�d� �m�u�t�a�t�i�o�n� �i�n� 
�c�h�i�n�e�s�e� �h�a�m�s�t�e�r� �V�-�7�9� �c�e�l�l�s� �e�x�p�o�s�e�d� �t�o� �u�l�t�r�a�v�i�o�l�e�t�-�B� �l�i�g�h�t�.� �P�h�o�c�h�e�m� �P�h�o�t�o�b�i�o�l� �5�6�:� 
�3�1�-�3�4�,� �1�9�9�2� 

�S�t�a�n�d�e�v�e�n� �A�M�,� �W�e�t�t�e�r�h�a�h�n� �K�:� �I�s� �T�h�e�r�e� �a� �r�o�l�e� �f�o�r� �r�e�a�c�t�i�v�e� �o�x�y�g�e�n� �s�p�e�c�i�e�s� �i�n� �t�h�e� 
�m�e�c�h�a�n�i�s�m� �o�f� �c�h�r�o�m�i�u�m�(�V�I�)� �c�a�r�c�i�n�o�g�e�n�e�s�i�s�?� �C�h�e�m� �R�e�s� �T�o�x�i�c�o�l� �4�:� �6�1�6�-�6�2�5�,� �1�9�9�1� 

�M�i�l�l�e�r� �C�A� �I�I�I�,� �C�o�s�t�a� �M�:� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �i�n�d�u�c�e�d� �i�n� 
�i�n�t�a�c�t� �c�e�l�l�s� �b�y� �t�h�e� �c�a�r�c�i�n�o�g�e�n� �c�h�r�o�m�a�t�e�.� �M�o�l� �C�a�r�c�i�n�o�g�e�n� �1�:� �1�2�5�-�1�3�3�,� �1�9�8�8� 

�K�o�r�t�e�n�k�a�m�p� �A�,� �O�'�B�r�i�e�n� �P�,� �B�e�y�e�r�s�m�a�n�n� �D�:� �T�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �c�h�r�o�m�a�t�e� �i�s� �a� 
�p�r�e�r�e�q�u�i�s�i�t�e� �o�f� �c�h�r�o�m�i�u�m� �b�i�n�d�i�n�g� �t�o� �c�e�l�l� �n�u�c�l�e�i�.� �C�a�r�c�i�n�o�g�e�n�e�s�i�s� �1�2�:� �1�1�4�3�-�1�1�4�4�,� 
�1�9�9�]� 

�J�o�n�e�s� �P�,� �K�o�r�t�e�n�k�a�m�p� �A�,� �O�'�B�r�i�e�n� �P�,� �W�a�n�g� �G�,� �Y�a�n�g� �G�:� �E�v�i�d�e�n�c�e� �f�o�r� �t�h�e� �g�e�n�e�r�a�t�i�o�n� 
�o�f� �h�y�d�r�o�x�y�l� �r�a�d�i�c�a�l�s� �f�r�o�m� �a� �c�h�r�o�m�i�u�m�(�V�)� �i�n�t�e�r�m�e�d�i�a�t�e� �i�s�o�l�a�t�e�d� �f�r�o�m� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� 
�c�h�r�o�m�a�t�e� �w�i�t�h� �g�l�u�t�a�t�h�i�o�n�e�.� �A�r�c�h� �B�i�o�c�h�e�m� �B�i�o�p�h�y�s� �2�8�6�:� �6�5�2�-�6�5�5�,� �1�9�9�1� 
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�M�a�t�t�a�g�a�j�a�s�i�n�g�h� �S�N�,� �M�i�s�r�a� �H�P�:� �V�i�t�a�m�i�n� �E� �s�u�p�p�r�e�s�s�e�s� �t�h�e� �p�o�t�a�s�s�i�u�m� �c�h�r�o�m�a�t�e� 
�i�n�d�u�c�e�d� �c�r�o�s�s�l�i�n�k�i�n�g� �o�f� �p�r�o�t�e�i�n�s� �t�o� �D�N�A� �i�n� �M�O�L�T�4� �c�e�l�l�s�.� �F�A�S�E�B� �J� �7�:� �4�6�9�,� �1�9�9�3� 

�W�e�d�r�y�c�h�o�w�s�k�i� �A�,� �W�a�r�d� �W�S�,� �S�c�h�m�i�d�t� �W�N�,� �H�n�i�l�i�c�a� �L�S�:� �C�h�r�o�m�i�u�m�-�i�n�d�u�c�e�d� 
�c�r�o�s�s�l�i�n�k�i�n�g� �o�f� �n�u�c�l�e�a�r� �p�r�o�t�e�i�n�s� �a�n�d� �D�N�A�.� �J� �B�i�o�l� �C�h�e�m� �2�6�0�:�7�1�5�0�-�7�1�5�5�,� �1�9�8�5� 

�W�e�d�r�y�c�h�o�w�s�k�i� �A�,� �S�c�h�m�i�d�t� �W�N�,� �H�n�i�l�i�c�a� �L�S�:� �T�h�e� �i�n� �v�i�v�o� �c�r�o�s�s�l�i�n�k�i�n�g� �o�f� �p�r�o�t�e�i�n�s� 
�a�n�d� �D�N�A� �b�y� �h�e�a�v�y� �m�e�t�a�l�s�.� �J� �B�i�o�l� �C�h�e�m� �2�6�1�:� �3�3�7�0�-�3�3�7�6�,� �1�9�8�6� 

�.� �C�h�i�u� �S�,� �F�r�i�e�d�m�a�n� �L�,� �S�o�k�a�n�y� �N�,� �X�u�e� �L�,� �O�l�e�i�n�i�c�k� �N�:� �N�u�c�l�e�a�r� �m�a�t�r�i�x� �p�r�o�t�e�i�n�s� �a�r�e� 
�c�r�o�s�s�l�i�n�k�e�d� �t�o� �t�r�a�n�s�c�r�i�p�t�i�o�n�a�l�l�y� �a�c�t�i�v�e� �g�e�n�e� �s�e�q�u�e�n�c�e�s� �b�y� �i�o�n�i�z�i�n�g� �r�a�d�i�a�t�i�o�n�.� �R�a�d�i�a�t� 
�R�e�s� �1�0�7�:� �2�4�-�3�8�,� �1�9�8�6� 

�M�i�l�l�e�r� �C�A� �I�I�,� �C�o�h�e�n� �M�D�,� �C�o�s�t�a� �M�D�:� �C�o�m�p�l�e�x�i�n�g� �o�f� �a�c�t�i�n� �a�n�d� �o�t�h�e�r� �n�u�c�l�e�a�r� 
�p�r�o�t�e�i�n�s� �t�o� �D�N�A� �b�y� �c�i�s�-�d�i�a�m�m�i�n�e�d�i�c�h�l�o�r�o�p�l�a�t�i�n�u�m�(�I�I�)� �a�n�d� �c�h�r�o�m�i�u�m� �c�o�m�p�o�u�n�d�s�.� 
�C�a�r�c�i�n�o�g�e�n�e�s�i�s� �1�2�:� �2�6�9�-�2�7�6�,� �1�9�9�1� 

�P�e�t�e�r�s� �K�E�,� �O�k�a�d�a� �T�A�,� �C�o�m�i�n�g�s� �D�E�:� �C�h�i�n�e�s�e� �h�a�m�s�t�e�r� �n�u�c�l�e�a�r� �p�r�o�t�e�i�n�s�-�A�n� 
�e�l�e�c�t�r�o�p�h�o�r�e�t�i�c� �a�n�a�l�y�s�i�s� �o�f� �i�n�t�e�r�p�h�a�s�e�,� �m�e�t�a�p�h�a�s�e� �a�n�d� �n�u�c�l�e�a�r� �m�a�t�r�i�x� �p�r�e�p�a�r�a�t�i�o�n�s�.� 
�E�u�r� �J� �B�i�o�c�h�e�m� �1�2�9�:� �2�2�1�-�2�3�2�,� �1�9�8�2� 

�S�c�h�e�e�r� �U�,� �H�i�n�s�s�e�n� �H�,� �F�r�a�n�k�e� �W�W�,� �J�o�c�k�u�s�c�h� �B�M�:� �M�i�c�r�o�i�n�j�e�c�t�i�o�n� �o�f� �a�c�t�i�n�-�b�i�n�d�i�n�g� 
�p�r�o�t�e�i�n�s� �a�n�d� �a�n�t�i�-�a�c�t�i�n� �a�n�t�i�b�o�d�i�e�s� �d�e�m�o�n�s�t�r�a�t�e�s� �i�n�v�o�l�v�e�m�e�n�t� �o�f� �n�u�c�l�e�a�r� �a�c�t�i�n� �i�n� 
�t�r�a�n�s�c�r�i�p�t�i�o�n� �o�f� �l�a�m�p� �b�r�u�s�h� �c�h�r�o�m�o�s�o�m�e�s�.� �C�e�l�l� �3�9�:� �1�1�1�-�1�2�2�,� �1�9�8�4� 

�E�a�g�l�y� �J�M�,� �M�i�y�a�m�o�t�o� �N�G�,� �M�o�n�c�o�l�l�i�n� �V�,� �C�h�a�m�b�o�n� �P�:� �I�s� �a�c�t�i�n� �a� �t�r�a�n�s�c�r�i�p�t�i�o�n� 
�i�n�i�t�i�a�t�i�o�n� �f�a�c�t�o�r� �f�o�r� �R�N�A� �p�o�l�y�m�e�r�a�s�e� �B�?� �E�M�B�O� �J� �3�:� �2�3�6�3�-�2�3�7�1�,� �1�9�8�4� 

�R�u�n�g�g�e�r� �D�,� �R�u�n�g�g�e�r�-�B�r�a�n�d�l�e� �E�,� �C�h�a�p�o�n�n�i�e�r� �C�,� �G�a�b�b�i�a�n�i� �G�:� �I�n�t�r�a�n�u�c�l�e�a�r� �i�n�j�e�c�t�i�o�n� 
�o�f� �a�n�t�i�-�a�c�t�i�n� �a�n�t�i�b�o�d�i�e�s� �i�n�t�o� �X�e�n�o�p�u�s� �o�o�c�y�t�e�s� �b�l�o�c�k�s� �c�h�r�o�m�o�s�o�m�e� �c�o�n�d�e�n�s�a�t�i�o�n�.� 
�N�a�t�u�r�e� �2�8�2�:� �3�2�0�-�3�2�1�,� �1�9�7�9� 

�H�a�m�i�l�t�o�n� �J�W�,� �W�e�t�t�e�r�h�a�h�n� �K�E�:� �D�i�f�f�e�r�e�n�t�i�a�l� �e�f�f�e�c�t�s� �o�f� �c�h�r�o�m�i�u�m�(�V�I�)� �o�n� �c�o�n�s�t�i�t�u�t�i�v�e� 
�a�n�d� �i�n�d�u�c�i�b�l�e� �g�e�n�e� �e�x�p�r�e�s�s�i�o�n� �i�n� �c�h�i�c�k� �e�m�b�r�y�o� �l�i�v�e�r� �i�n� �v�i�v�o� �a�n�d� �c�o�r�r�e�l�a�t�i�o�n� �w�i�t�h� 
�c�h�r�o�m�i�u�m�(�V�I�)�-�i�n�d�u�c�e�d� �D�N�A� �d�a�m�a�g�e�.� �M�o�l� �C�a�r�c�i�n�o�g�e�n� �2�:� �2�7�4�-�2�8�6�,� �1�9�8�9� 

�L�i�s� �H�,� �N�a�t�h�a�n� �S�:� �A�p�p�l�i�c�a�t�i�o�n� �o�f� �l�e�c�t�i�n�s�.� �I�n�:� �L�i�e�n�e�r� �I�.�,� �S�h�a�r�o�n� �N�,� �a�n�d� �G�o�l�d�s�t�e�i�n� �I�J� 
�(�e�d�s�)� �T�h�e� �L�e�c�t�i�n�s�:� �P�r�o�p�e�r�t�i�e�s�,� �F�u�n�c�t�i�o�n�,� �a�n�d� �A�p�p�l�i�c�a�t�i�o�n�s� �i�n� �B�i�o�l�o�g�y� �a�n�d� �M�e�d�i�c�i�n�e�.� 
�A�c�a�d�e�m�i�c� �p�r�e�s�s�,� �I�n�c�.�,� �N�e�w� �Y�o�r�k�,� �1�9�8�6�(�a�)�,� �p�p� �2�9�3�-�3�7�0� 

�G�a�b�i�u�s� �H�,� �E�n�g�e�l�h�a�r�d�t� �R�,� �G�r�a�u�p�n�e�r� �G�,� �C�r�a�m�e�r�,�F�:� �L�e�c�t�i�n�s� �i�n� �c�a�r�c�i�n�o�m�a� �c�e�l�l�s�:� �L�e�v�e�l� 
�r�e�d�u�c�t�i�o�n� �a�s� �p�o�s�s�i�b�l�e� �r�e�g�u�l�a�t�o�r�y� �e�v�e�n�t� �i�n� �t�u�m�o�r� �g�r�o�w�t�h� �a�n�d� �c�o�l�o�n�i�z�a�t�i�o�n�.� �I�n�:� 
�L�e�c�t�i�n�s�:� �B�i�o�l�o�g�y�,� �B�i�o�c�h�e�m�i�s�t�r�y�,� �C�l�i�n�i�c�a�l� �B�i�o�c�h�e�m�i�s�t�r�y�.� �B�o�g�-�H�a�n�s�e�n�,� �T�.�C�.�,� �a�n�d� 
�v�a�n� �D�r�i�e�s�s�c�h�e�,� �E�.� �(�e�d�s�.�)� �v�o�l�.� �5�,� �W�a�l�t�e�r� �d�e� �G�r�u�y�t�e�r� �&� �C�o�.�,� �B�e�r�l�i�n�,� �1�9�8�6�,� �p�p� �2�3�7�-� 
�2�4�2� 

�K�o�l�b�-�B�a�c�h�o�f�e�n� �V�:� �M�a�m�m�a�l�i�a�n� �l�e�c�t�i�n�s� �a�n�d� �t�h�e�i�r� �f�u�n�c�t�i�o�n� �-� �A� �R�e�v�i�e�w�.� �I�n�:� �B�o�g�-� 
�H�a�n�s�e�n�,� �T�.�C�.�,� �a�n�d� �v�a�n� �D�r�i�e�s�s�c�h�e�,� �E�.� �(�e�d�s�)�,� �L�e�c�t�i�n�s�:� �B�i�o�l�o�g�y�,� �B�i�o�c�h�e�m�i�s�t�r�y�,� 
�C�l�i�n�i�c�a�l� �B�i�o�c�h�e�m�i�s�t�r�y�.� �d�e� �G�r�u�y�t�e�r�,� �B�e�r�l�i�n�,� �1�9�8�6�,� �p�p�1�9�7�-�2�0�6� 
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�6�5�.� 

�6�6�.� 

�6�7�.� 

�6�8�.� 

�6�9�.� 

�7�0�.� 

�L�i�s� �H�,� �N�a�t�h�a�n� �S�:� �B�i�o�l�o�g�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �l�e�c�t�i�n�s�.� �I�n�:� �L�i�e�n�e�r� �I�.�,� �S�h�a�r�o�n� �N�,� �a�n�d� 
�G�o�l�d�s�t�e�i�n� �I�J� �(�e�d�s�)� �T�h�e� �L�e�c�t�i�n�s�:� �P�r�o�p�e�r�t�i�e�s�,� �F�u�n�c�t�i�o�n�,� �a�n�d� �A�p�p�l�i�c�a�t�i�o�n�s� �i�n� �B�i�o�l�o�g�y� 
�a�n�d� �M�e�d�i�c�i�n�e�.� �A�c�a�d�e�m�i�c� �p�r�e�s�s�,� �I�n�c�.�,� �N�e�w� �Y�o�r�k�,� �1�9�8�6� �(�b�)�,� �p�p� �2�6�5�-�2�9�1� 

�O�n�o� �H�,� �W�a�d�a� �O�,� �O�n�o� �T�:� �D�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�r�a�c�e� �m�e�t�a�l�s� �i�n� �n�u�c�l�e�o�l�i� �o�f� �n�o�r�m�a�l� �a�n�d� 
�r�e�g�e�n�e�r�a�t�i�o�n� �r�a�t� �l�i�v�e�r� �w�i�t�h� �s�p�e�c�i�a�l� �r�e�f�e�r�e�n�c�e� �t�o� �t�h�e� �d�i�f�f�e�r�e�n�t� �b�e�h�a�v�i�o�r� �o�f� �n�i�c�k�e�l� �a�n�d� 
�c�h�r�o�m�i�u�m�.� �J� �T�o�x�i�c�o�l� �E�n�v�i�r�o�n� �H�e�a�l�t�h� �8�:� �9�4�7�-�9�5�7�,� �1�9�8�1� 

�B�o�u�l�i�a�k�a�s� �T�:� �P�r�o�t�e�i�n�-�p�r�o�t�e�i�n� �a�n�d� �p�r�o�t�e�i�n�-�D�N�A� �i�n�t�e�r�a�c�t�i�o�n�s� �i�n� �c�a�l�f� �t�h�y�m�u�s� �n�u�c�l�e�a�r� 
�m�a�t�r�i�x� �u�s�i�n�g� �c�r�o�s�s�-�l�i�n�k�i�n�g� �b�y� �u�l�t�r�a�v�i�o�l�e�t� �i�r�r�a�d�i�a�t�i�o�n�.� �C�e�l�l� �B�i�o�l� �6�4�:� �4�7�4�-�4�8�4�,� �1�9�8�6� 

�S�h�i� �X�,� �D�a�l�a�l� �N�S�:� �C�h�r�o�m�i�u�m�(�V�)� �a�n�d� �h�y�d�r�o�x�y�l� �r�a�d�i�c�a�l� �f�o�r�m�a�t�i�o�n� �d�u�r�i�n�g� �t�h�e� 
�g�l�u�t�a�t�h�i�o�n�e� �r�e�d�u�c�t�a�s�e�-�c�a�t�a�l�y�z�e�d� �r�e�d�u�c�t�i�o�n� �o�f� �c�h�r�o�m�i�u�m�(�V�I�)�.� �B�i�o�c�h�e�m� �B�i�o�p�h�y�s� �R�e�s� 
�C�o�m�m�u�n� �1�6�3�:� �6�2�7�-�6�3�4�,� �1�9�8�9� 

�C�h�i�u� �S�,� �F�r�i�e�d�m�a�n� �L�,� �S�o�k�a�n�y� �N�,� �X�u�e� �L�,� �O�l�e�i�n�i�c�k� �N�:� �N�u�c�l�e�a�r� �m�a�t�r�i�x� �p�r�o�t�e�i�n�s� �a�r�e� 
�c�r�o�s�s�l�i�n�k�e�d� �t�o� �t�r�a�n�s�c�r�i�p�t�i�o�n�a�l�l�y� �a�c�t�i�v�e� �g�e�n�e� �s�e�q�u�e�n�c�e�s� �b�y� �i�o�n�i�z�i�n�g� �r�a�d�i�a�t�i�o�n�.� �R�a�d�i�a�t� 
�R�e�s� �1�0�7�:� �2�4�-�3�8�,� �1�9�8�6� 

�L�e�s�k�o� �S�A�,� �D�r�o�c�o�u�r�t� �J�,� �Y�a�n�g� �S�:� �D�e�o�x�y�r�i�b�o�n�u�c�l�e�i�c� �a�c�i�d�-�p�r�o�t�e�i�n� �a�n�d� 
�d�e�o�x�y�r�i�b�o�n�u�c�l�e�i�c� �a�c�i�d� �i�n�t�e�r�s�t�r�a�n�d� �c�r�o�s�s�-�l�i�n�k�s� �i�n�d�u�c�e�d� �i�n� �i�s�o�l�a�t�e�d� �c�h�r�o�m�a�t�i�n� �b�y� 
�h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �a�n�d� �f�e�r�r�o�u�s� �e�t�h�y�l�e�n�e�d�i�a�m�i�n�e�t�e�t�r�a�-�a�c�e�t�a�t�e� �c�h�e�l�a�t�e�s�.� �B�i�o�c�h�e�m�i�s�t�r�y� 
�2�1�:� �5�0�1�0�-�5�0�1�5�,� �1�9�8�2� 
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�T�a�b�l�e�-�1�:� �M�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �a�n�d� �p�I� �o�f� �t�h�e� �m�a�j�o�r� �p�r�o�t�e�i�n�s� �c�o�m�p�l�e�x�e�d� �t�o� �D�N�A� 

�u�p�o�n� �c�h�r�o�m�a�t�e� �t�r�e�a�t�m�e�n�t� �o�f� �i�n�t�a�c�t� �M�O�L�T�4� �c�e�l�l�s�.� 

�M�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �(� �x�1�0�?� �)� �p�l� 

�7�4� �=� �(�a�*�)� �5�.�2�-�5�.�6� 

�6�3� �5�.�2�-�5�.�4� 

�5�3� �5�.�2� 

�5�1� �(�d�*�)� �8�.�8�-�9�.�2� 
�4�4� �(�b�*�)� �5�.�3� 
�4�3� �6�.�0�-�6�.�5� 

�4�2� �(�c�*�)� �5�.�8� 
�4�0� �4�.�8�-�5�.�0� 

�3�6� �5�.�0�-�5�.�2� 

�3�6�-�3�8� �(�C�N�P�)� �5�.�5�-�7�.�2� 

�2�9� �6�.�8� 

�2�5�-�2�8� �(�C�N�P�)� �7�.�0�-�8�.�5� 
�1�9� �6�.�4�-�6�.�8�P� 

�1�6� �(�C�N�P�)� �5�.�6�-�6�.�8� 

� � 

�D�N�A�-�p�r�o�t�e�i�n� �c�r�o�s�s�l�i�n�k�s� �w�e�r�e� �i�s�o�l�a�t�e�d� �f�r�o�m� �M�O�L�T�4� �c�e�l�l�s� �t�r�e�a�t�e�d� �w�i�t�h� �2�0�0� �u�M� �p�o�t�a�s�s�i�u�m� 

�c�h�r�o�m�a�t�e� �f�o�r� �1�6� �h�r� �a�s� �d�e�s�c�r�i�b�e�d� �u�n�d�e�r� �t�h�e� �M�a�t�e�r�i�a�l�s� �a�n�d� �t�h�e� �M�e�t�h�o�d�s�.� �T�h�e� �D�N�A�-�p�r�o�t�e�i�n� 

�c�r�o�s�s�l�i�n�k�s� �c�o�n�t�a�i�n�i�n�g� �2�0�0� �u�g� �o�f� �D�N�A� �w�a�s� �a�n�a�l�y�z�e�d� �i�n� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �g�e�l�s� �a�n�d�,� �t�h�e� 

�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �a�n�d� �t�h�e� �i�s�o�e�l�e�c�t�r�i�c� �p�o�i�n�t� �(�p�l�)� �o�f� �m�a�j�o�r� �p�r�o�t�e�i�n�s� �r�e�s�o�l�v�e�d� �o�n� �t�h�e� �g�e�l� �w�e�r�e� 

�d�e�t�e�r�m�i�n�e�d�.� �*� �P�r�o�t�e�i�n�s� �m�a�r�k�e�d� �i�n� �F�i�g�u�r�e� �3� �C�.� �T�h�e� �l�e�t�t�e�r�s� �a�,� �b�,� �c�,� �a�n�d� �d� �c�o�r�r�e�s�p�o�n�d� �t�o� �t�h�e� 

�p�r�o�t�e�i�n�s� �t�h�a�t� �c�r�o�s�s�l�i�n�k�e�d� �t�o� �D�N�A� �u�p�o�n� �2�5� �U�M� �c�h�r�o�m�a�t�e� �t�r�e�a�t�m�e�n�t� �o�f� �M�O�L�T�4� �c�e�l�l�s� �f�o�r� �1�6� 

�h�r�.� �C�N�P�:� �C�l�u�s�t�e�r� �o�f� �n�u�c�l�e�a�r� �p�r�o�t�e�i�n�s�.� 
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�T�a�b�l�e� �2�:� �E�f�f�e�c�t� �o�f� �a�n�t�i�o�x�i�d�a�n�t�s� �o�n� �t�h�e� �c�e�l�l�u�l�a�r� �u�p�t�a�k�e� �o�f� 
�5�1�C�r�Q�,�4�2�-� 
� � 

�K�»�°�!�C�r�O�4� �(�n�M�)� 
� � 

� � 

� � 

�5� �n�M� �1�0� �n�M� �1�5� �n�M� 

�5�1�C�r�O�4�2�-� �(�p� �m�o�l�/�1�0�®� �c�e�l�l�s�)� 

�C�o�n�t�r�o�l� �1�.�9�7� �+� �0�.�9�4� �5�.�1�8� �+� �0�.�8�1� �6�.�8�3�+�0�.�7�3� 

�a�-�t�o�c�o�p�h�e�r�o�l� �s�u�c�c�i�n�a�t�e� �(�2�5� �u�M�)� �2�.�2�6� �+� �0�.�2�6� �4�.�8�6�+�0�.�8�4� �7�.�3�1�+� �0�.�8�9� 

�T�i�r�o�n� �(�1� �m�M�)� �2�.�1�5� �+� �0�.�6�5� �5�.�3�7� �+� �0�.�7�9� �7�.�1�7�+�0�.�8�2� 

�A�s�c�o�r�b�a�t�e� �(�1� �m�M�)� �1�.�8�1� �+� �0�.�5�0� �5�.�2�9� �+� �0�.�9�2� �6�.�9�7�+�0�.�6�7� 

�M�a�n�n�i�t�o�l� �(�1�0� �m�M�)� �2�.�0�7� �+� �0�.�6�3� �4�.�9�0� �+� �0�.�6�8� �7�.�0�7�+� �0�.�8�8� 

� � 

�C�e�l�l�s�,� �i�n� �l�o�g�a�r�i�t�h�m�i�c� �g�r�o�w�t�h� �p�h�a�s�e�,� �w�e�r�e� �t�r�e�a�t�e�d� �w�i�t�h� �d�i�f�f�e�r�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �K�2�>�!�C�r�O�4� 

�i�n� �S�G�M� �f�o�r� �3� �h�r� �a�t� �3�7�°�C�.� �C�e�l�l�s� �w�e�r�e� �w�a�s�h�e�d� �t�h�r�e�e� �t�i�m�e�s� �i�n� �i�c�e�-�c�o�l�d� �P�B�S� �a�n�d� �c�e�l�l�u�l�a�r� 

�5�1�C�r�O�4�2�-� �u�p�t�a�k�e� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �a�s� �d�e�t�a�i�l�e�d� �u�n�d�e�r� �M�a�t�e�r�i�a�l�s� �a�n�d� �M�e�t�h�o�d�s�.� �E�a�c�h� �v�a�l�u�e� �i�s� �a� 

�m�e�a�n� �o�f� �a�t�l�e�a�s�t� �t�h�r�e�e� �d�i�f�f�e�r�e�n�t� �e�x�p�e�r�i�m�e�n�t�s� �+� �S�D�.� �*� �S�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �f�r�o�m� �c�o�n�t�r�o�l�,� �p� 

�<� �0�.�0�5� �(�n� �=� �3�-�5�)�.� 
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�F�i�g�u�r�e� �1�.� 

� � 

� � 
� � � � 

�3�0�0� 

�*� 

�T� 

�£� �2�5�0�F� 
�c� 
�2� 

�e�o� 

�n�a�n�t� 

�°� �*� 

�3� 

�<� �2�0�0� �F� �.� 

�Z�z� �*� 
�a� 
�a� �*� 

 ��8� 

�°� 

�a� 
�1�5�0�7� 

�*� 

�+� 

�1�0�0� �1� �|� �J�j� �f�h� �L� 

�4�0�0� �8�0�0� �1�2�0�0� �1�6�0�0� �2�0�0�0� 

�P�o�t�a�s�s�i�u�m� �c�h�r�o�m�a�t�e� �(�u�M�)� 

�D�o�s�e� �d�e�p�e�n�d�e�n�t� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �f�o�l�l�o�w�i�n�g� 

�e�x�p�o�s�u�r�e� �o�f� �M�O�L�T�4� �c�e�l�l�s� �t�o� �c�h�r�o�m�a�t�e� �f�o�r� �2� �h�r� �i�n� �s�a�l�t�s�/�g�l�u�c�o�s�e� �m�e�d�i�u�m�.� 

�C�h�r�o�m�a�t�e� �t�r�e�a�t�m�e�n�t� �o�f� �c�e�l�l�s� �a�n�d� �i�s�o�l�a�t�i�o�n� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �b�y� �t�h�e� 

�S�D�S�/�u�r�e�a� �m�e�t�h�o�d� �w�a�s� �f�o�l�l�o�w�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �u�n�d�e�r� �t�h�e� �M�a�t�e�r�i�a�l�s� �a�n�d� �M�e�t�h�o�d�s�.� 

�*�S�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �f�r�o�m� �c�o�n�t�r�o�l�,� �p� �$� �0�.�0�1� �(�n� �=�5�)�.� 
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�0� �3� �6� �1�2� �1�8� �2�4� 

�H�o�u�r�s� �o�f� �e�x�p�o�s�u�r�e� 

�T�i�m�e� �d�e�p�e�n�d�e�n�t� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� 

�f�o�l�l�o�w�i�n�g� �e�x�p�o�s�u�r�e� �o�f� �M�O�L�T�4� �c�e�l�l�s� �t�o� �2�0�0� �u�M� �c�h�r�o�m�a�t�e� �i�n� �s�a�l�t�s�/�g�l�u�c�o�s�e� 

�m�e�d�i�u�m�.� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �w�e�r�e� �d�e�t�e�c�t�e�d� �b�y� �t�h�e� �S�D�S�/�u�r�e�a� �m�e�t�h�o�d� 

�a�s� �d�e�s�c�r�i�b�e�d� �u�n�d�e�r� �t�h�e� �M�a�t�e�r�i�a�l�s� �a�n�d� �M�e�t�h�o�d�s�.� �*�S�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �f�r�o�m� 

�c�o�n�t�r�o�l�,� �p� �<� �0�.�0�1� �(�n�=� �5�)�.� 
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�N�o�n�e�q�u�i�l�i�b�r�i�u�m� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �g�e�l� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �o�f� �D�N�A�-�p�r�o�t�e�i�n� 

�c�o�m�p�l�e�x�e�s� �i�s�o�l�a�t�e�d� �f�r�o�m� �w�h�o�l�e� �c�e�l�l�s� �o�r� �n�u�c�l�e�i� �o�f� �c�o�n�t�r�o�l� �(�p�o�t�a�s�s�i�u�m� �c�h�l�o�r�i�d�e�)� 

�o�r� �c�h�r�o�m�a�t�e�-�t�r�e�a�t�e�d� �M�O�L�T�4� �c�e�l�l�s�.� �C�h�r�o�m�a�t�e� �t�r�e�a�t�m�e�n�t� �o�f� �c�e�l�l�s� �a�n�d� �i�s�o�l�a�t�i�o�n� 

�o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �b�y� �t�h�e� �S�D�S�/�u�r�e�a� �m�e�t�h�o�d� �w�a�s� �f�o�l�l�o�w�e�d� �a�s� 

�d�e�s�c�r�i�b�e�d� �u�n�d�e�r� �t�h�e� �M�a�t�e�r�i�a�l�s� �a�n�d� �M�e�t�h�o�d�s�.� �E�a�c�h� �g�e�!� �w�a�s� �l�o�a�d�e�d� �w�i�t�h� �D�N�A�-� 

�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �c�o�n�t�a�i�n�i�n�g� �1�5�0� �u�g� �D�N�A�.� �(�A�)� �T�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �g�e�l� �o�f� 

�D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �i�s�o�l�a�t�e�d� �f�r�o�m� �t�h�e� �n�u�c�l�e�i� �o�f� �c�o�n�t�r�o�l� �c�e�l�l�s�.� �N�o� 

�p�r�o�t�e�i�n�s� �d�e�t�e�c�t�e�d� �o�n� �t�h�e� �g�e�l�.� �(�B�)� �a�n�d� �(�C�)� �T�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �g�e�l� �o�f� �p�r�o�t�e�i�n�s� 

�d�i�s�s�o�c�i�a�t�e�d� �f�r�o�m� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �(�o�b�t�a�i�n�e�d� �f�r�o�m� �n�u�c�l�e�i�)� �g�e�n�e�r�a�t�e�d� �b�y� 

�t�r�e�a�t�m�e�n�t� �o�f� �c�e�l�l�s� �w�i�t�h� �2�5� �4�M� �a�n�d� �2�0�0� �u�M� �c�h�r�o�m�a�t�e� �f�o�r� �1�6� �h�r�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�(�D�)� �T�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �g�e�l� �o�f� �p�r�o�t�e�i�n�s� �d�i�s�s�o�c�i�a�t�e�d� �f�r�o�m� �D�N�A�-�p�r�o�t�e�i�n� 

�c�o�m�p�l�e�x�e�s� �i�s�o�l�a�t�e�d� �f�r�o�m� �t�h�e� �n�u�c�l�e�i� �o�f� �c�e�l�l�s� �t�r�e�a�t�e�d� �w�i�t�h� �2�0�0� �U�M� �c�h�r�o�m�a�t�e� �f�o�r� 

�4� �h�r�.� �(�E�)� �T�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �g�e�l� �o�f� �p�r�o�t�e�i�n�s� �d�i�s�s�o�c�i�a�t�e�d� �f�r�o�m� �D�N�A�-�p�r�o�t�e�i�n� 

�c�o�m�p�l�e�x�e�s� �i�s�o�l�a�t�e�d� �f�r�o�m� �i�n�t�a�c�t� �c�e�l�l�s� �t�r�e�a�t�e�d� �w�i�t�h� �2�0�0� �u�M� �c�h�r�o�m�a�t�e� �f�o�r� �1�6� �h�r�.� 

�T�h�e� �e�l�e�c�t�r�o�p�h�o�c�u�s�i�n�g� �g�e�l� �i�n� �(�C�)� �c�o�n�t�a�i�n�e�d� �b�i�o�l�y�t�e�s� �o�f� �p�H� �r�a�n�g�e� �3�-�1�0� �a�n�d� �8�-�1�0� 

�i�n� �a�r�a�t�i�o� �o�f� �4�:�1�.� �I�n� �a�l�l� �o�t�h�e�r� �g�e�l�s� �b�i�o�l�y�t�e�s� �o�f� �p�H� �r�a�n�g�e� �3�-�1�0� �w�a�s� �u�s�e�d�.� 
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�F�i�g�u�r�e� �3� �A�.� 

� � 
�N�o�n�e�q�u�i�l�i�b�r�i�u�m� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �g�e�l� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �o�f� �D�N�A�-�p�r�o�t�e�i�n� 

�c�o�m�p�l�e�x�e�s� �i�s�o�l�a�t�e�d� �f�r�o�m� �n�u�c�l�e�i� �o�f� �c�o�n�t�r�o�l� �(�p�o�t�a�s�s�i�u�m� �c�h�l�o�r�i�d�e�)� �M�O�L�T�4� 

�c�e�l�l�s�.� �C�h�r�o�m�a�t�e� �t�r�e�a�t�m�e�n�t� �o�f� �c�e�l�l�s� �a�n�d� �i�s�o�l�a�t�i�o�n� �o�f� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� 

�b�y� �t�h�e� �S�D�S�/�u�r�e�a� �m�e�t�h�o�d� �w�a�s� �f�o�l�l�o�w�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �u�n�d�e�r� �t�h�e� �M�a�t�e�r�i�a�l�s� �a�n�d� 

�M�e�t�h�o�d�s�.� �E�a�c�h� �g�e�l� �w�a�s� �l�o�a�d�e�d� �w�i�t�h� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s� �c�o�n�t�a�i�n�i�n�g� 

�1�5�0� �u�g� �D�N�A�.� �N�o� �p�r�o�t�e�i�n�s� �w�e�r�e� �d�e�t�e�c�t�e�d� �o�n� �t�h�e� �g�e�l� �o�f� �c�o�n�t�r�o�l� �D�N�A�-�p�r�o�t�e�i�n� 

�c�r�o�s�s�l�i�n�k�s� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �t�h�e� �S�D�S�/�u�r�e�a� �e�x�t�r�a�c�t�i�o�n� �m�e�t�h�o�d� �d�i�s�s�o�c�i�a�t�e�d� �m�o�s�t� 

�o�f� �t�h�e� �b�a�c�k� �g�r�o�u�n�d� �D�N�A�-�p�r�o�t�e�i�n� �c�o�m�p�l�e�x�e�s�.


