
Treatment of keratin intermediate filaments with sulfur mustard
analogs

John F. Hess* and Paul G. FitzGerald
Dept of Cell Biology and Human Anatomy, School of Medicine, University of California, 1 Shields
Ave, Davis, CA 95616-8643

Abstract
Sulfur mustard (SM) is an alkylating agent with a history of use as a chemical weapon. The chemical
reactivity of sulfur mustard toward both proteins and nucleic acids coupled with the hours long delay
between exposure and appearance of blisters has prevented the determination of the mechanism of
blister formation. We have treated assembled keratin intermediate filaments with analogs of sulfur
mustard to simulate exposure to SM. We find that treatment of intact filaments with chloroethyl ethyl
sulfide (CEES) or mechlorethamine (MEC) produces aggregates of keratin filaments with little native
appearing structure. Treatment of a mix of epidermal keratins 1/10 (keratin pair 1 and 10) and keratins
5/14 with a sulfhydryl-specific modification reagent also results in filament abnormalities. Our results
are consistent with the hypothesis that modification of keratins by SM would result in keratin filament
destruction, leading to lysis of epidermal basal cells and skin blistering.

Introduction
Sulfur mustard (SM, di(2-chloroethyl) sulfide) is probably most well known for its use as the
chemical weapon mustard gas [1–4] although SM and related alkylating agents have been
investigated as anti-tumor therapies. As a weapon, SM exposure may be lethal, but its main
function is to cause incapacitating injury to the eyes, respiratory tract or skin [5]. Exposure to
the liquid or aerosol (fine droplets) leads to the formation of blisters one to several hours after
exposure [6]. While the vesicant activity of SM and related compounds is without dispute, the
mechanism responsible for skin blistering is currently unknown, thus a rational approach to
prevention/treatment is precluded.

Light microscope characterization of the blisters formed following exposure to SM reveals the
location of the blister is between the dermis and epidermis [6]. One hypothesis for vesicant
action is the activation of an endogenous protease by SM [7–10] and an endogenous inhibitor
of this protease has been identified [11,12]. Other investigators have analyzed the effects of
SM on basal cell adhesion complex molecules [13–17], hypothesizing alkylation of basal cell
adhesion complex molecules results in failure of the complex [16,18], leading to blister
formation, similar to inherited skin blistering diseases [19].

The effect of SM on keratin proteins within keratinocytes has also been studied using antibody-
based methods. Dillman et al. report SM induced cross-linking of basal cell keratins k5 and
k14 resulting in homodimer cross-link products k5-k5 and k14-k14 as well as the heterodimer,
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k5-k14 [17]. However, whether these cross-linked subunits were present in intact IFs or
insoluble/nonfunctional aggregates was not resolved.

SM is a potent alkylating and crosslinking agent with reactivity toward numerous cellular
constituents including both proteins and nucleic acids [20,21]. Reactivity toward proteins is
thought to occur preferentially at cysteines [20,22], although reactivity at the alpha-amino
group (ie, the amino terminus), the imino group of histidine, and carboxylic acid groups of
aspartic and glutamic acid has been demonstrated [23–27].

We have investigated the effects of sulfur mustard analogs CEES (chloroethyl ethyl sulfide
(also known as half mustard)) and MEC (mechlorethamine (also known as nitrogen mustard))
on keratin intermediate filaments (kIFs). In vitro, we find that both CEES and MEC are able
to destroy keratin filament networks, whether composed of recombinant or natively isolated
keratins. The sites of modification have not been identified, but our experiments show that
cysteine (sulfhydryl) specific modification of epidermal keratins is sufficient to interfere with
normal filament assembly and that such modified keratins act as dominant negatives,
interfering with normal keratin assembly.

Results and Discussion
A pool of bovine keratins, containing k5/14 and k1/10, was isolated from bovine snout to ~90
+% purity; recombinant human k8 and k18 were purified also to >90% purity as judged by
SDS-PAGE (supplementary materials). After dialysis to remove urea [28], both the native
bovine and recombinant human keratins formed long, smooth, native appearing 10 nm
filaments as judged by electron microscopy (supplementary materials). Exposure of the
filaments to either 1% ethanol or 1% DMSO (dimethyl sulfoxide), resulted in no significant
changes (supplementary materials).

For the first experiments, bovine keratins were assembled into intermediate filaments [28] and
treated with either 10 mM CEES or 10 mM MEC, for one hour. CEES, also known as half
mustard, is similar to SM in reactivity, yet has only one reactive site and is unable to form
crosslinks. MEC is similar to SM, but is a less reactive “nitrogen mustard”, with a nitrogen
atom replacing the central sulfur atom. MEC is capable of forming cross-links. Samples of the
treated filaments were removed after the hour incubation and applied to a formvar/carbon
coated copper grid, stained with uranyl acetate and examined in the electron microscope [28].
Figure 1A and 1B, shows the type of aggregation and filament damage produced. Within each
sample is a filamentous character, but long, smooth, IFs are absent. At 1 mM, CEES or MEC,
IFs are disturbed, with slight aggregation but the over all IF network appears intact
(supplementary materials).

Similar results were seen with keratin 8/18 filaments assembled in vitro and treated with 10
mM CEES or 10 mM MEC. Figures 2A and 2B show representative views of k8/18 filaments
treated with 10 mM CEES or 10 mM MEC. In each case, short regions of nearly normal filament
diameter can be seen, but the majority of protein is found in large aggregates.

The use of different keratin pairs for chemical modification reveals the sensitivity of several
different amino acid side chains to modification. A fundamental difference between the keratin
pair k8/18 and either of the keratin pairs k5/14 and k1/10 is the presence of several cysteine
residues in both k5/14 and 1/10, with none in either k8 or k18. Thus, the effect of CEES and
MEC on the k8/18 pair requires that amino acids in addition to cysteine be alkylated at room
temperature and near physiologic pH. Although we have not identified the modified amino
acids or their locations within k8/18, previous characterization of SM reactivity indicates
aspartic, glutamic [23,24] or histidine [26,27] side chains are modified by CEES and MEC,
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producing the effects shown in figures 2 and 3. Native keratins isolated from bovine snout are
undoubtedly modified at the same positions, as well as endogenous cysteines.

To investigate the sensitivity of cysteine side chains to modification and subsequent
interference with kIF assembly, we used the sulfhydryl reactive reagent 2-chloroethyl-MTS to
modify k5/k14 and k1/k10 cysteines. Treatment of cysteine containing proteins with this
reagent results in the modification of the cysteine with a CE (chloro-ethyl) group attached.
Figure 3 shows a series of electron micrographs depicting the changes to k5/14 and k1/10
keratin filaments produced by modification with CE-MTS. Panel A shows keratin filaments
assembled from CE-MTS modified keratin proteins assembled in the absence of DTT; protein
aggregates decorate a filamentous backbone.

The modification of proteins with the sulfhydryl specific reagent CE-MTS is easily reversible;
simple dialysis of modified proteins in the presence of DTT results in removal of the CE group.
In the presence of DTT, and therefore with all modifications removed, CE-MTS treated keratins
formed long filaments after dialysis (panel B). Thus, CE-MTS modification of keratins
introduces sufficient change to interfere with normal assembly, but removal of the modification
restores the ability of the keratins to assemble.

An additional experiment was performed to determine whether modified keratins acted as
dominant negatives when mixed with unmodified proteins. Unmodified keratins produce a
thick mass of long keratin filaments. Inclusion of an equal mass of CE-MTS modified keratins
produces very few long filaments and yields mainly incomplete filaments with few identifiable
normal looking filaments (figure 3C). Mixing unmodified keratins with CE-MTS modified
keratins at a 9:1 ratio, also produces filament abnormalities (figure 3D). Extrapolating our
results to the in vivo situation, the presence of SM modified keratins would be predicted to
interfere with normal IF biogenesis until the almost all of the modified keratin protein has been
removed.

Our results show that CEES, MEC and CE-MTS are each capable of damaging filaments.
Extrapolating from our in vitro results to proteins modified in vivo by exposure to SM, we
believe that protein modification by vesicants would produce IF aggregation, as demonstrated
by Dillman et al., resulting in filament network collapse with subsequent cell lysis and skin
blistering. Our results leave open the possibility that SM destruction of the kIF network is the
mechanism behind the vesicant action of SM. The concentration of CEES and MEC we have
used is higher than used in some tissue culture models [11,16,17] but it is similar to the
concentrations used in live animal studies [13,14,24,25,29–31].

The specific, limited and reversible modification of keratins using CE-MTS reveals that a
relatively small number of modifications interfers with proper filament assembly. Keratin 5
and k14 each contain 4 cysteine residues (<1%), 2 each in the head and tail domains. Keratin
proteins modified by this reagent are incapable of assembling into native looking filaments.
These results are consistent with experiments published by Steinert and Parry who found that
modification of keratin 1 or 10 by iodoacetate prevented filament assembly [32]. Extrapolation
of our results to in vivo conditions leads to the conclusion that a minor level of SM modified
proteins could have a very deleterious effect on the keratinocyte IF network, results that are
implied by the data of Dillman et al [17].

Dillman et al have characterized keratin proteins isolated from keratinocytes treated with SM
and report that basal cell keratins k5 and k14 are cross-linked into both homodimers and
heterodimers. However, whether the cross-linking produces any changes to the filament
network, or filaments themselves was not examined. In light of the previous work performed
by IF researchers, demonstrating the ability of cross-linked proteins to form bona-fide IFs (see
figure 9 of Coulombe and Fuchs, figure 1 of Geisler et al or figure 10 of Quinlan et al, [33–
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36], the simple observation of protein cross-linking does not justify the conclusion that the
keratinocyte network must be collapsed.

Our experiments demonstrate that IFs are resistant, but not immune, to destruction by chemical
modification. Both generalized modification by SM analogs and limited numbers of
modifications produced by cysteine specific probes can have a profound effect on IFs. By
comparison, in vivo, a single amino acid change within k5 or k14 is responsible for severe skin
blistering. Thus, our experiments leave open the possibility that modification of keratin
filaments and protein subunits are is responsible for SM induced blister formation as a result
of kIF aggregation and IF network collapse.

Materials and Methods
CEES and MEC were purchased from Aldrich and stored at room temperature. Prior to use,
each was diluted in DMSO (Aldrich) or 100% ethanol. cDNA clones for human k8 and k18
were provided by Bishr Omary (Stanford University, Palo Alto, CA). K8 and k18 cDNA
sequences were inserted into pT7-7 for bacterial expression [37]. Bacterially expressed k8 or
k18 readily formed inclusion bodies and these were purified from bacterial cell pellets [38,
39] Briefly, inclusion bodies were dissolved in buffer A (10 mM Tris, pH 8.0, 1 mM EDTA)
plus 8 M urea and purified by gel filtration using a Pharmacia FPLC system. Native bovine
keratins 5/14 and 1/10 were isolated from bovine snout using a protocol provided by Roy
Quinlan (University of Durham, UK) followed by gel filtration chromatography. Proteins were
quantified by BCA assay (Pierce, Rockford, IL) using a BSA standard and stored at −80°C.

Treatment of filaments was performed by adding 1 microliter of the stock CEES or MEC (1M
or 100mM) reagent solution to 99 microliters of protein solution. Solvent controls were
performed analogously. Treatments were performed for one hour in a laboratory fume hood.
Following treatment, samples were spotted onto EM grids and negatively stained with 10%
aqueous uranyl acetate; following drying, the grids were removed from the hood. Electron
microscopy was performed as described by Quinlan and coworkers [28].

Chloroethyl-MTS (chlororethyl-methanethiosulfonate, Toronto Research Chemicals, Toronto,
Canada) treatment of k5/14 and 1/10 was performed by treating proteins with 100 micromolar
TCEP to reduce cystines followed by incubation with CE-MTS (1mM CE-MTS final
concentration). These conditions have been found to result in ~100% spin labeling of
intermediate filament proteins in similar reactions [38,40–42]. Following an 1 hour incubation,
samples were dialyzed against filament assembly buffers either with or without DTT.

Filaments were assembled using a multistep dialysis procedure. Purified keratin subunits in 8
M urea plus buffer A (10mM tris, pH 8.0, 1mM EDTA) were mixed, placed into dialysis tubing
(SpectraPor, regenerated cellulose, 10K cutoff) and dialyzed against fresh buffer A plus 8 M
urea (1 hour), followed by buffer A plus 4M urea (2 hours), then 10 mM Tris pH 8.0 (2 hours),
10 mM tris pH 7.0, 1 mM MgCl2 (2 hours), and finally, 10 mM Tris pH 7.0, 1 mM MgCl2, 50
mM NaCl (overnight).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Treatment of intact bovine kIFs with CEES or MEC
Bovine kIFs were incubated for one hour with either 10 mM CEES (panel A), 10 mM MEC
(panel B) or untreated (panel C) and then prepared and viewed in the electron microscope.
Scale bar represents 200 nm.
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Figure 2. Modification of keratin proteins followed by IF assembly
Purified keratin 8 and 18, assembled into kIFs were incubated for one hour with 10 mM CEES
(panel A), 10 mM MEC (panel B) or untreated (Panel C). The scale bar represents 200 nm.
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Figure 3. Sulfhydryl modification of bovine keratins
A pool of k1/10 and 5/14, isolated from bovine snout, were treated with the sulfhydryl specific
reagent CE-MTS. Panel A shows a representative view of kIFs assembled from the modified
keratin proteins. Panel B shows CE-MTS treated proteins kIFs assembled in the presence of
DTT. Panel C shows kIFs assembled from a 1:1 mixture of CE-MTS treated and untreated
bovine keratins. Panel D is a 90:10 mixture of unmodified keratins to modified keratins,
respectively. The scale bar located in the bottom of each panel represents 200 nm.
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