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Introduction 

Vesicant induced skin blistering can be compared to inherited skin blistering diseases by 
the skin blistering phenotype. Inherited skin blistering diseases are generally the result of 
mutations in intermediate filament (IF) genes coding for any one of several pairs expressed in the 
skin. Unfortunately, the site or site of action of vesicants is unknown. It has been hypothesized 
that intermediate filaments (IFs) in the basal and suprabasal layers of the skin are damaged by 
vesicants and that the vesicant induced damage to the cytoskeleton results in skin blistering, a 
process mechanistically different, yet phenotypically similar to inherited skin blistering diseases. 
The goal of the research supported by this award is the characterization of vesicant modification 
of keratin IFs and keratin proteins and the effects of these modifications on keratin structure, 
assembly and disassembly. 

As proposed in the approved statement of work, the analysis of keratin filament assembly 
and disassembly will be performed using techniques that we originally adapted to the study of 
vimentin assembly. Vimentin is a homopolymeric intermediate filament protein and thus is very 
similar, yet simpler than keratin intermediate filament assembly, which is heteropolymeric. Our 
initial results have been published (appendix 1), and additional results on the characterization of 
vimentin assembly are described below. 

The second part of the body of this report focuses on the treatment of 2 different keratin 
filament networks with analogs of the skin blistering chemical weapon mustard gas (sulfur 
mustard, dicholorodiethyl sulfide). As originally proposed in the statement of work, a cysteine 
specific modification reagent would be employed to model protein modification by sulfur 
mustard. However, US Army personnel conducted a site visit in July of 2002 and pointed out 
more typical analogs of sulfur mustard commonly used in vitro. Therefore, the studies described 
below use the agents 2 chloroethyl ethyl sulfide (CEES) and mechlorethamine (MEC) as analogs 
of sulfur mustard. 



Analysis of Vimentin IFs by EPR 

Analysis of the effects of vesicants on the structure of keratin intermediate filaments 
(KIFs) is hampered by both the lack of a defined structure for intact KIFs and the lack of a 
method to study keratin assembly intermediates following vesicant exposure. As documented in 
the original proposal and published (/) (appendix 1), we have pioneered the use of site directed 
spin labeling (SDSL) and electron paramagnetic resonance (EPR) to determine IF structure. This 
method of IF structure determination provides a method to analyze filament assembly 
intermediates and assembled filaments. Our model system for the validation of SDSL-EPR to 
the study of IF structure is the homopolymeric IF protein vimentin. 

In our original proposal, we presented data that demonstrated the ability of SDSL to 
identify alpha helical coiled coil structure, measure distances between labeled positions in both 
intact filaments and assembly intermediates, and finally, study interactions between assembly 
intermediates. We were able to show that the alpha helical coiled coil pattern, predicted to 
dominate the central region of all intermediate filaments, was easily recognized by EPR 
spectroscopy. From this characterization, we were able to resolve a discrepancy in the literature 
as to whether vimentin positions 305-312 were alpha helical rod domain 2B or part of a non- 
helical linker region (2, 3). Spectroscopy specifically identified vimentin positions 305-312 as 
alpha helical. In addition, this alpha helical heptad repeat pattern is in phase with the heptad 
repeat pattern from 316-337 (7). 

Using the same technique, we were able to show that labels positioned on the exterior of 
the helix cold be used to identify specific molecular arrangements. Thus, crosslinking 
experiments had produced data that were interpreted as an antiparallel alignment of vimentin 
molecules with rods 2B adjacent (termed the A22 alignment). Several crosslinks were identified, 
supporting a general structure. We proceeded to place spin labels on the exterior of the alpha 
helix and determined that position 348 was either the midpoint or very close to the midpoint of 
the overlap between rods 2B. We then predicted that several helical turns downstream and 
upstream of 348 we would find additional interactions. We were able to show that positions 334 
and 359 were located on apposing surfaces of vimentin dimers in "protofilaments" and intact 
filaments. 

With data in hand to characterize the A22 vimentin dimer alignment, we began 
constructing a series of mutants to use the same SDSL-EPR strategy to identify positions at 
apposing faces of dimers in the All. Only one crosslink in vimentin rod IB was identified by 
Steinert et al. as being consistent with the All alignment: lysine 187 crosslinked with itself (4). 
Examination of the sequence of rod IB as presented by Conway and Parry (2), revealed the 
prediction that amino acids 170-200 should be located entirely within rod IB and should be 
entirely alpha helical coiled coil. From the heptad repeat pattern, we chose several positions to 
individually introduce cysteine amino acids for spin labeling (see figure 1). 

Construction of the individual mutants was performed in a cassette wise fashion using a 
Xho I-Cla I fragment as a template. Oligonucleotides containing the desired codon change were 
used with the Stratagene Quik Change kit; mutants were sequenced and the mutant cassette 
subcloned back into an expression vector. Individual mutant proteins were produced by bacterial 
expression and purified as described (7). Figure 1 shows normalized EPR spectra from three 
mutants, revealing alpha helical structure throughout this region with positions 171 and 175 
(predicted to be an "a/d" heptad positions) consistent with this prediction. EPR spectra of mutant 
176 shows the taller, less broadened character of non-a/d positions. 



This simple result, the identification that this region of rod IB is alpha helical, is actually 
quite important, as individual regions of IF proteins are hypothesized to be alpha helical, but the 
actual demonstration that a particular region is in fact alpha helical has only been performed 
recently by x-ray crystallography of IF fragments. Thus, part of rod 2B and part of rod lA 
have been crystallized and shown to be alpha helical; rod 2B was in a coiled coil configuration 
but rod 1A was not! 

EPR spectra were recorded from multiple mutants in the 170-193 region at various 
assembly stages. From these room temperature spectra, evidence for spin-spin interaction could 
be seen as broadening and flattening of the curve. Thus, from room temperature spectra of 
samples in low ionic strength buffers or samples in filament assembly buffer, we could select a 
few for further examination at low temperature. 

To measure distances between spin labels 
positioned on the outside of the helix, we assembled 
both single labeled samples and mixtures of samples into 
filaments or protofilaments and collected spectra from 
frozen samples. From the frozen spectra, dl/d ratios 
were calculated, revealing the distance between spin 
labels within the filament. Figure 3B in our JBC paper 
(appendix 1) shows a graph of dl/d ratios plotted for 14 
positions within rod 2B of vimentin. The plot reveals 
the dichotomy between heptad positions that are located 
at the a/d positions and those at non-a/d positions. 
Results obtained from rod IB conform to the same 
pattern: the dl/d value calculated for a position 189 is 
0.47; the value for non a/d position 193 is 0.38. The 
dl/d values for positions in this region are presented in 
table 1. 

The non-a/d samples 187 and 190 showed 
dl/d values that were atypical. Using our background 
data as a reference, we conclude that spin-spin 
interaction between dimers is responsible for these high 

dl/d values. Also, based on our previous experience, we expect that samples 191 and 192 will 
not show such strong evidence of spin-spin interaction due to the alpha helical coil of each 
peptide chain moving the spin labels farther apart. Mixtures of singly labeled proteins were also 
subject to filament assembly followed by collection of low temperature spectra collection and 
calculation of dl/d ratios. Thus, the dl/d ratio increases as mutants 186,187 and 188 are mixed 
with spin labeled 193. These data both confirm the interaction between dimers at this region 
of rod IB and identify the interaction as an anti-parallel interaction. An additional double 
mutant is presently in preparation to test these conclusions: vimentin 184C and 197C should 
produce spin-spin interactions, further identifying surfaces of rod IB apposed to each other. 

These data are consistent with the Al 1 alignment identified by crosslink data published 
by Steinert et al. (5). Our spectroscopy data published in JBC (appendix 1) identified the A22 
alignment leaving one significant overlap left to document by EPR: the anti-parallel A12 
alignment. The All alignment (described here) and A22 alignment (described in appendix 1) are 
staggered, and intellectually seem to fit together in such a way as to form a "protofilament"; 
furthermore, the stagger provides a structural basis for elongation of a growing IF (6). To 

Table 1 

Position           dl/d values 

187(f) 
188(g) 
189(a) 
190(b) 
193(e) 

0.42* 
0.39 
0.47 
0.48* 
0.38 

186(e)-Fl93(e) 
187(f)+193(e) 
188(g)+193(e) 

0.41* 
0.43* 
0.50* 

*spins interact 



complement this simple view, the A12 alignment is the surface on the backside of each staggered 
Al 1 or A22 arrangements, uniting individual protofilament strands. Steinert et al have identified 
crosslinks within K5 and K14 KIFs and vimentin IFs that support such an alignment (4, 5). 
Based on crosslinks identified between vimentin molecules supporting the A12 alignment, we 
created a series of mutants between position 169 and 181 to examine by EPR. These mutants 
were selected due to the possibility that existing mutants in the 330-340 region would interact 
with 170-180. This preliminary approach was not definitive. No single mixture of samples 
provided clear evidence of interaction. Therefore, additional mutants will be created to look for 
a midpoint of overlap, analogous to experiments used to demonstrate the Al 1 and A22 
alignments. Following the completion of these experiments, predictions can be made about 
residues in proximity in the A12 alignment in the regions we have already studied. 

Analysis of Keratin Filament proteins 

The approved Statement of Work proposed the creation of expression clones for human 
keratin k5 and kl4 that contained coding sequences optimized for bacterial expression. Such 
constructs were hypothesized to increase the generally low levels of bacterial keratin 5/14 
expression. A bacterial codon optimized K14 sequence was obtained from Bionexus, Oakland, 
CA; preliminary experiments do not reveal a dramatic increase in bacterial expression, which is 
unexpected. A number of new E. coli strains have been introduced in the past few years and 
these may produce higher levels of expression; such experiments have not been performed. It is 
also possible that expression of K14 will be higher if its assembly partner K5 is expressed in the 
same bacterial cell. This has not been tested, but will be. At the same time that codon optimized 
expression constructs were being synthesized, mutants were to be created such that endogenous 
cysteine codons were replaced by serine. K14 cysteines 367 and 389 have been individually 
replaced by serine and are additionally being combined; thus, 3 separate mutants are being 
produced: kl4 ser367 cys389, kl4 cys367 ser389 and kl4 ser367 ser389. K14 cysteines 5 and 
40 will be created using a PCR based approach with mutagenic oligonucleotides (see figure 2). 
By virtue of the locations of amino and carboxy terminal cysteines, clones can be recombined by 
restriction enzyme digestion and subcloning, eliminating the need to perform multiple 
mutagensis reactions in a sequential process. 

The codon optimized sequence of K5 is currently being assembled from individual 
subunits. Each subunit was created by assembling overlapping oligonucleotide primers in a PCR 
based procedure. Each subunit ends with a recognition sequence for a restriction enzyme. Thus, 
each subunit can be isolated as a restriction fi-agment that can be ligated to the next fragment, 
ultimately creating the full length construct. At the present time, 7 fragments of 2-300 bp, 
representing the complete K5 cDNA sequence have been made and their sequences determined 
to be correct (see figure 2). The amino terminal fragments 1-5 have been ligated together into a 
single construct. The last 2 fragments of the coding sequence are cloned together and will then 
be linked to the amino terminal 5 to create the entire coding sequence. 

Creation of cysteine minus K5 clones is following right behind creation of the full length 
expression construct. Of the 7 different restriction fragments being assembled and cloned to form 
the K5 sequence, 4 contain a single cysteine codon. Thus, each individual clone containing a 
cysteine codon was used as a template in a Quik-change mutagensis reaction (Stratagene, La 
JoUa, CA). Each cysteine codon has been changed to a serine codon and the change verified by 



DNA sequencing. Each clone can be individually inserted into the expression construct by 
restriction enzyme digestion and ligation of the mutant fragment into the construct. 

As a precursor to the proposed experiments and as a direct result of information provided 
during the site visit in 2002 by US Army representatives, I have performed the following 
experiments demonstrating the damage that vesicant related chemicals can cause to IF proteins: 
treatment of keratin filaments with 2 chloroethyl ethyl sulfide (CEES) or mechlorethamine 
(MEC) followed by examination of filament integrity in the electron microscope or treatment of 
keratin proteins with CEES or MEC followed by dialysis to assemble filaments and then 
examination in the electron microscope. Results in each case have been similar: the vesicants 
CEES and MEC induce dramatic changes to established IF networks and render urea 
soluble keratin proteins filament assembly incompetent. 

Initial experiments were performed using bacterially expressed vimentin, either wild type 
or a cysteine minus mutant that has been shown to be filament assembly competent. IFs formed 
by either of these proteins were severely damaged by treatment with CEES. However, these 
experiments will not be discussed further. They are important for subsequent generalizations and 
will be included in planned publications. 

The initial experiments performed with keratins utilized purified bacterially expressed 
human k8 and kl8. K8/18 are expressed in early embryonic ectoderm and in adult 
undifferentiated epithelia. In vitro, we have assembled k8/18 keratin intermediate filaments 
(klFs) using several assembly procedures. We have adopted the following as a standard method. 
Dialysis of mixtures of keratins at 0.2mg/ml for 2 hours in 8M urea, 10 mM Tris, pH 7.5,1 mM 
DTT; 2 hours of dialysis at 4M urea, with 10 mM tris, pH 7.5,1 mM DTT; 2 hours of dialysis 
against 10 mM tris pH 7.5, ImM DTT and finally, overnight dialysis against 10 mM tris pH 7.5, 
50 mM NaCl, ImM MgC12, ImM DTT. Samples are harvested and an aliquot prepared for 
electron microscopy. The remainder is divided into several tubes for treatment as follows: 1) 
DMSO (or 100% ethanol) solvent control, 2) lOmM CEES 3) lOmM MEC. 

Figure 3 shows representative views of electron microscope fields from samples as 
labeled. Control filaments are, as expected, long smooth filaments with some bundling of 
filaments into larger diameter structures. Such structures are common and normal (7). Treatment 
of filaments with DMSO seems to have a slight effect; this has not been quantified, and is in no 
way comparable to treatment with lOmM CEES or MEC. The DMSO treated and control 
filaments each exhibit areas of high protein concentration and consequently, regions of over 
staining. The DMSO treated filaments show extended long smooth filaments as seen in the 
control. 

The lower half of figure 3 however shows complete destruction of the IF networks. Both 
the 10 mM CEES and 10 mM MEC have modified the filaments and resulted in the extreme 
aggregation of proteins into large blobs. Within the blobs, regions of large diameter rope like 
structure are evident, but it is extremely rare to find a single place where a normal IF remains. 
Comparison of CEES and MEC treated samples reveals subtle differences. The CEES samples 
seem to cause more aggregation, with less evidence of filamentous connections between 
amorphic precipitates. MEC seems to result in aggregation with higher level aggregation at 
places, resulting an intensely staining "bead". 

Figure 4 shows a typical experiment designed to identify the time course and chemical 
sensitivity of filaments to CEES. Using a final concentration of CEES of 1 mM, IFs seem 
swollen. Two different microscope fields are presented; each shows regions of apparently 
normal filaments with the presence of larger diameter filaments. The last panel shows again the 
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destruction of filaments that is produced by 10 mM CEES. Longer incubation times with 1 mM 
CEES do not produce dramatic evidence of changes to the filament network. Preliminary results 
show that 2 and 4 hours times look similar with perhaps more destruction in 6 hour (data not 
shown). The influence of extended times and DTT in the filament assembly buffer needs to be 
further investigated and will be. Similar experiments with MEC at 1 mM show similar results. 
Additional experiments are planned to fully characterize effects of MEC oh IF networks. 

Figure 5 shows the effects of CEES and MEC on bovine k5/14 filaments. The control 
sample shows normal looking filaments (as well as very small crystals of uranyl acetate, the 
white dots). Treatment of the sample with CEES and MEC results in exactly the same damage 
as seen with k8/18. At 10 mM concentrations, filaments are non-exisitent, in their place are 
aggregates of material. At 1 mM concentrations, both CEES and MEC have less obvious effects: 
slight aggregation and slight unraveling of filaments. 

These data indicate the injurious effects of CEES and MEC on IFs, and thus support the 
hypothesis that modification of IFs in vivo could be responsible for the observed skin blistering 
effects of vesicants. 



Key Research Accomplishments 

• created series of site specific cysteine mutants localized to rod IB of human vimentin. 

• using SDSL-EPR, identified the All alignment of dimers in a vimentin IF 

• demonstrated the alpha helical coiled coil structure of amino acids 171-193. 

• determined that treatment of vimentin IFs with 2-chloroethyl ethyl sulfide (CEES) or 
mechloramine (MEC) results in massive aggregation and destruction of normal IFs 

• determined that treatment of k8/18 IFs with CEES or MEC results in massive aggregation and 
destruction of normal IFs 

• determined that treatment of k8/18 protein monomers in 8M urea with CEES or MEC prevents 
filament assembly. 

• determined that treatment of k5/14 IFs with CEES or MEC results in massive aggregation and 
destruction of normal IFs. 

Reportable Outcomes 

Research presented in this annual report will be the subject of at least 2 manuscripts. 
First, SDSL-EPR has been able to identify a molecular arrangement of proteins within a 

vimentin IF that was hypothesized by crosslink data. Our data provide a direct validation of 
proposed IF structural models and provide a framework for additional experiments to map 
apposing surface between vimentin dimers in the Al 1 structure. In addition, our method allows 
for the study of vimentin structure at different stages of assembly. Thus, in contrast to all other 
techniques used to study IF assembly, we are in a position to identify the structure of tetramers 
formed in either low ionic strength or low urea concentration buffers. Such data will illuminate 
the order of assembly of vimentin subunits, which should be similar to the assembly of other 
classes of IFs. 

Secondly, our data are the first to show that treatment of keratin proteins and keratin 
filaments with analogs of skin blistering chemical weapons is able to destroy filament networks 
and render keratin proteins unable to assemble into filaments. These data are thus consistent with 
the hypothesis that skin blistering following vesicant exposure is due to damage to intermediate 
filament networks, followed by collapse of the filament network and ultimately, lysis of 
epithelial cells, leading to the blistering. Furthermore, the actions of these chemical weapons 
analogs (CEES and MEC) are the same using the homopolymeric IF protein vimentin. 

Conclusions 

The research described in this report clearly supports the ongoing investigation of the 
relationship between IF proteins and vesicants. Our in vitro data unequivically show that less 
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potent analogs of vesicant chemical weapons are able to destroy assembled IF networks at 
relatively low concentrations. Furthermore, the same analogs are able to modify IF proteins such 
that they are unable to assemble. 

Continued investigation of the IF/vesicant relationship will be facilitated by the SDSL- 
EPR approach we have pioneered. Our previous data identified a method to identify the A22 
alignment of dimers and we have recently collected data that identify the All alignment. The 
last major alignment to be investigated is A12. 
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Figure 3, K8/I8 filaments altered by CEES and MEC 
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Figure 4, CEES treated K8/I8 filaments 
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Figure 5, bovine k5/l4 treated 
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We have utilized electron paramagnetic resonance 
spectroscopy to study secondary structure, subunit in- 
teraction, and molecular orientation of vimentin mole- 
cules within intact intermediate filaments and assembly 
intermediates. Spectroscopy data prove a-helical coiled- 
coil structures at individual amino acids 316-336 lo- 
cated in rod 2B. Analysis of positions 305, 309, and 312 
identify this region as conforming to the helical pattern 
identified within 316-336 and thus demonstrates that, 
contrary to some previous predictions, this region is in 
an a-helical conformation. We show that by varying the 
position of the spin label, we can identify both intra- and 
inter-dimer interactions. With a label attached to the 
outside of the a-helix, we have been able to measure 
interactions between positions 348 of separate dimers as 
they align together in intact filaments, identifying the 
exact point of overlap. By mixing different spin-labeled 
proteins, we demonstrate that the interaction at posi- 
tion 348 is the result of an anti-parallel arrangement of 
dimers. This approach provides high resolution struc- 
tural information (<2 nm resolution), can be used to 
identify molecular arrangements between subunits in 
an intact intermediate filament, and should be applica- 
ble to other noncrystallizable filamentous systems as 
well as to the study of protein fibrils. 

Several human diseases have been traced to point mutations 
in human IF^ genes (1-5). However, the mechanism(s) by 
which mutations produce disease has not been elucidated be- 
cause the crystal structure has not been solved for any IF 
protein (6), although partial sequences have been solved (7, 8). 
Primary sequence analysis suggests that all IF proteins have a 
central rod domain composed principally of what is predicted to 
be an a-helical sequence flanked by variably sized head and tail 
domains (Fig. 1 shows a schematic of the IF protein vimentin) 
(9-11). In rare instances, the tail may be absent (12, 13). The 
central rod domain is relatively uniform in size (about 310 
amino acids) and format, consisting of four coil domains sepa- 
rated by three short linker domains (14-16). The former are 
mainly characterized by a primary sequence containing a hep- 
tad repeat pattern (designated as residues a-g), a signature for 
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an a-helical coiled-coil dimer (17, 18). In this motif, the a and 
d positions are usually occupied by hydrophobic side chains, 
which promote the coiled association between two parallel 
a-helices. Circular dichroism studies of IFs confirm the pres- 
ence of substantial levels of a-helical content, but without a 
solved crystal structure the exact identification of a-helical 
and non-helical regions within the central rod domain is 
imprecise. 

Extensive cross-linking studies have been conducted to de- 
termine the arrangement of proteins in IFs (19, 20). Although 
data have been generated that are consistent with the initial 
formation of an in-parallel and in-register dimer and the sub- 
sequent assembly of these dimers, the interpretation of such 
data is not always straightforward and must be made cau- 
tiously. For example, cross-links between Cys^^* of vimentin 
have been interpreted as occurring between chains within a 
dimer (intra-dimer), as well as between chains of separate 
dimers (inter-dimer) (21, 22). 

These same issues, protein solubility and the inability to 
achieve crystallization, have plagued efforts to illuminate the 
molecular structure and interactions of membrane proteins. 
However, discrete structural information of membrane protein 
architecture has been achieved through site-directed spin la- 
beling (SDSL) and electron paramagnetic resonance (EPR). We 
report here the use of these techniques to ask specific questions 
about the architecture of IF proteins and the arrangement of 
proteins within IFs. 

Generally, SDSL is performed by engineering a unique cys- 
teine amino acid into the peptide chain at a chosen position and 
modifying the free sulfhydryl with a thiol-specific nitroxide 
spin label. Subsequent EPR spectra of the spin-labeled side 
chain can be interpreted to provide information relevant to the 
relationship of protein structure and function (23, 24). Side 
chain dynamics measured from the EPR line shape data reflect 
backbone and contact-limited motions, information used to elu- 
cidate local secondary structure as well as protein folding and 
assembly (25). Furthermore, the interaction between site- 
directed spin labels is used to determine spatial relationships 
in proteins, information required to solve structure at the 
tertiary and quaternary levels. Because of its sensitivity and 
capability for real-time measurements under physiological 
conditions, EPR spectroscopy is particularly attractive for 
investigating conformational dynamics and mapping protein 
associations (24). 

The ocular lens is composed of a large central mass of fiber 
cells expressing the IF proteins vimentin, filensin, and pha- 
kinin (CP49) surrounded by a single layer of lens epithelial 
cells expressing the IF protein vimentin (26). Vimentin is 
homopolymeric, whereas filensin and CP49 are copolymers. A 
mouse vimentin knockout displayed no obvious phenotype, 
but mutations in the fiber cell-specific protein CP49 can 
cause cataracts in humans (27-29). As a precursor to the 
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FIG. 1. Vimentin schematic. The predicted vimentin molecule is 
shown diagrammatically, with the central rod domain emphasized, 
a-helical rod subdomains lA, IB, 2A, and 2B are shown as shaded 
boxes. Hypothesized non-helical linker regions LI, L12, and L2 are 
drawn as thin lines. The region of rod subdomain 2B subject to study is 
expanded, and the sequence of this region is shown in single-letter 
amino acid abbreviations. Positions 305, 309, and 312 are bold; position 
316 is lowercase. An asterisk marks the site of the single endogenous 
cysteine. Letters a and d below the amino acid sequence represent 
positions within individual heptad repeats in this area. The location of 
Ser''^^ is abstractly indicated near the end of the vimentin tail. 

analysis of CP49 and filensin structure and assembly, we 
performed experiments with the homopolymeric IF protein 
vimentin as a model system. This report documents the util- 
ity of an SDSL-EPR-based approach to study IF assembly, 
documenting a-helical coiled-coil structures at individual 
amino acids and identifying arrangements of molecules 
within an intact filament. 

MATERIALS AND METHODS 

Vimentin was produced by bacterial expression using pET vectors 
and isopropyl-p-D-thiogalactopyranoside induction; the vimentin ex- 
pression construct was generously provided by Roy Quinlan (University 
of Durham, Durham, UK). Mutants were created with a Stratagene 
QuikChange kit and verified by DNA sequencing. Inclusion bodies were 
purified fi-om bacteria using lysozyme/DNase (30) and were subject to 
high and low salt washes. Purified inclusion bodies were dissolved in 8 
M urea and chromatographed over a SuperDex gel filtration column 
using a fast protein liquid chromatography system (Amersham Bio- 
sciences); fi-actions were analyzed by SDS-PAGE, and peak fractions 
were pooled. Purified proteins were incubated in 100 micromolar TCEP 
(tris-(2-carboxyethyl)phosphine, hydrochloride; Molecular Probes, Eu- 
gene, OR) followed by spin labeling with 500 micromolar O-87500 
((l-oxyl-2,2,5,5-tetramethyl-A3-p3rrroline-3-methyl) methanethiosul- 
fonate-dl5[MTSL-dl5]; Toronto Research Chemicals, Toronto, Cana- 
da). The spin-labeled protein was separated from unincorporated label 
by chromatography over a CM-Sepharose column. All purified proteins 
were stored at -80 "C. Filaments were assembled either by dialysis of 
labeled proteins in a stepvdse fashion (31) and aliquots removed at 
different stages for EPR analysis or by single step dialysis overnight 
(32). EPR measurements were carried out in a JEOL X-band spectrom- 
eter fitted with a loop-gap resonator (33). An aliquot of purified, spin- 
labeled protein (5 jiY) at a final concentration of approximately 100 fiM 
protein was placed in a sealed quartz capillary contained in the reso- 
nator. Spectra of samples at room temperature (20-22 °C) were ob- 
tained by a single 60-s scan over 100 G at a microwave power of 2 
milliwatts and a modulation amplitude optimized to the natural line 
width of 1 G, as described previously (34). Electron microscopy was 
performed as described by Quinlan and co-workers (31). 

RESULTS 

Structural Differences between the Central Rod and Carboxyl 
Tail Domains Revealed by EPR Spectra—Fig. 1 shows the 
hjrpothesized domain structure of vimentin and the region 
studied. Initial experiments were performed to compare the 
spectra of samples labeled within the central rod or carboxyl 
terminal tail domains followed by assembly into filaments. 
Consistent with current models, EPR spectra recorded from 
mutant vimentin labeled either within the central rod domain 
at position 316 (Cys^^®) or the tail domain at position 459 
(Cys*®^) reveal striking differences in the local structure of 
these distinct domains (Fig. 2). When unfolded in 8 M urea, the 
spectra from mutant Cys^^® and Cys*^^ proteins are identical, 
with sharp narrow peaks (Fig. 2, green spectra). Upon reduc- 

A) cys 

B) cys 

filaments +SDS 
C)     cys 316 

filaments 1/ 

FIG. 2. EPR analysis of assembly. In vitro assembly of intermedi- 
ate filaments occurs through various intermediates, starting with sol- 
uble monomers denatured in 8 M urea. EPR spectra can be recorded at 
any stage; shown are spectra recorded from samples in 8 M urea (green, 
left), 4 M urea (.blue, middle), and assembled filaments (black, right). 
EPR spectra were recorded from vimentin samples spin-labeled within 
the central rod (Cys^i'', Ser"^") (A) or near the end of the tail (Ser''2^ 
Qyg459) (g^ Q shows the effect of SDS on the intermediate filament 
structure as reported by position 316. Each spectrum represents the 
identical number of spins from the same sample, pre- and post-SDS 
treatment. Interaction between spins in assembled filaments results in 
a spectrum that is nearly flat (black line). Addition of SDS destroys the 
IF structure and results in the spectrum with sharp peaks (red line). 

tion of urea concentration from 8 to 4 M, corresponding to the 
assembly of dimers, the spectrum of the label attached to the 
central rod domain (Cys^^®) becomes more anisotropic, re- 
flecting the adoption of a more ordered structure (Fig. 2A, 
blue trace) (24, 35). In the assembled filament, the motional 
freedom of the Cys^^^ side chain is greatly reduced, as re- 
vealed by its highly anisotropic spectrum (Fig. 2A, black 
trace). 

In contrast, the spectra from vimentin labeled at Cys*^^ in 
the tail domain reveals a location that retains a high level of 
mobility, even in the assembled IF (Fig. 2B, black trace). The 
sharp peaks of the spectra clearly demonstrate a high level of 
spin label mobility, indicating a lack of rigid structure. Thus, 
these two distinct spin-labeled vimentin samples demon- 
strate that the EPR line shapes can 1) resolve distinct dy- 
namic states associated with specific stages of the assembly 
process and 2) identify secondary structural features unique 
to specific IF domains. 

The severe broadening of the Cys^^® intact filament spectra 
shown in Fig. 2A suggests a magnetic interaction between 
probes within the assembled filament. Fig. 2C demonstrates 
how a substantial interaction between labels can be readily 
identified. The black line displays the EPR spectrum of intact 
filaments spin-labeled at position 316. The spectrum of the 
same sample was then collected following addition of SDS 
(red trace), which disrupts the assembled filament into de- 
tergent-solubilized subunits. The large differences in the 
spectra, where the protein concentration is identical, reveals 
the extent of interaction between labels. Integration of the 
SDS-treated sample provides an accurate measure of the 
total number of spin labels present in the sample. This value 
can then be used to normalize the intensities between sam- 
ples according to the total number of spins determined in the 
presence of SDS. 

Analysis of the Amino Terminus of Rod 2B—To test the 
hypothesis that the initial stage of vimentin assembly is a 
coiled-coil dimer and to establish whether this dimer was ar- 
ranged in- or anti-parallel, in-register, or out of register, we 
engineered a series of single-cysteine mutants at each position 
from 323 to 336 (as shown in Fig. 1). This sequence spans two 
contiguous heptad repeats in a region predicted to be rod do- 
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Position 
FIG 3 EPR characterization over two heptad repeats for vimentin spin-labeled at positions 323-336. A room temperature EPR 

spectra were recorded from assembled intermediate filaments from the indicated mutants. Letters in parenthesis inAicatB the position ot the 
residue within the heptad repeat. Spectra are scaled according to the same number of spins. The total spins for each sample was determined by 
adding SDS (final of 2%) to each intermediate filament sample (see position 323, red line) and calculating the double integral, which was then 
normalized among all samples. The green spectra at positions 328 and 330 represent the normalized spectra for the mutants assembled under low 
ionic strength conditions that halt assembly at the tetrameric protofilament. B, spectral broadening m the absence of motion plotted over positions 
323-336 The line-width ratio d,/d (inset) from spectra acquired at -100 °C reflects the dipolar interaction strength with a 1/r dependence (38). 
C cross-section of a coiled-coil backbone showing the projections of spin-labeled cysteine replacements. The «-helical backbone of each monomer 
associated within a dimer is show as a blue coil. Shown are spin-labeled cysteine side chains at the a position (rerf), 6 position ferecre), c position 
(yellow), and d position (purple). The model was constructed with Insight 11 molecular modeling software (MSI, Inc.) with the solved crystal 
structure of a 100-amino acid region of cortexillin as the starting template. 

main 2B (11, 14, 16). Each mutant contained a single intro- 
duced cysteine residue with the wild type cysteine replaced by 
serine. Mutant proteins were produced by bacterial expression, 
solubilized in urea, purified, and then spin-labeled. Filament 
assembly was performed either by single step dialysis over- 
night (32) or multistep dialysis over several days (31). Assem- 
bly into native-looking filaments was confirmed by electron 
microscopy (31). 

Fig. 3A shows the EPR spectra generated from these mu- 
tants. The spectrum from each of these mutants, normalized 
for the same number of spins, reveals that the spin label is in 
a non-random environment, indicative of a stable backbone and 
varying degrees of tertiary contact (36). Direct evidence of the 
coiled-coil structure of the rod domain is provided by the mag- 
netic interactions between labels in close proximity, manifested 
by increased broadening (most easily seen as a loss in ampli- 
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tude) of the spectrum when the label is placed in a or (i posi- 
tions (323, 326, 330, and 333) of the heptad repeat. Thus, these 
data identify residues that were predicted to appose one an- 
other in a coiled-coil configuration. 

Evaluation of the broadening as a function of only the distance- 
dependent dipolar interaction was performed by collecting the 
EPR spectra of frozen samples. In the absence of motion (i.e. 
frozen in liquid Ng), semi-quantitative analysis of the extent of 
broadening caused by dipolar interaction can be obtained from 
the dj/d spectral ratio (see Fig. 3B, inset) (37, 38). Fig. 3B shows 
the dipolar broadening ratio versus sequence position. The 
difference between a,d positions and non-a,d positions is dem- 
onstrated as a binary distribution of points. The d^/d ratio for 
a,d positions clusters near 0.5, and the dj/d ratio for non-a,<i 
positions all approach 0.33. These values translate into dis- 
tances of 1.0 to 1.5 nm for a,d positions and >2 nm for all other 
positions. This analysis provides a measure of the separation 
between spin labels, revealing the periodicity of the distance 
separation along the positions of the heptad. From the data, we 
conclude that these two heptads are assembled in a coiled-coil 
dimer and that the individual monomers of this dimer are 
arranged in parallel and in exact register. 

To illustrate the a-helical coiled-coil structure within this 
region of vimentin, we used the recently determined crystal 
structure of a 100-amino acid region of cortexillin (39) as a 
model. With this crystal structure as a template for vimentin 
amino acids 305-405, we used molecular modeling software to 
introduce spin-labeled cysteine amino acids to heptad positions 
a through g. Fig. 3C shows an end-on view of the coiled coil with 
the spin-labeled side chain of each amino acid position in a 
different color. The appropriate positions of one heptad are 
labeled a-d, and equivalent positions on the second protein are 
labeled a'-d'. Looking down the helix, positions a-d (and 
a'-d') are labeled red, green, yellow, and purple, respec- 
tively. The red and purple moieties are more centrally lo- 
cated, whereas the yellow and green moieties occupy more 
exterior positions. Spin labels at a and d positions are close 
enough to interact within one dimer; positions b and c are 
farther separated and at the limit of spin-spin interaction 
detection. From this modeling and our EPR data of Fig. 3, A 
and B, the periodicity of the spectra is easily seen to coincide 
exactly with the helical nature of the coiled coil. Positions e, 
/, and g of the heptad can also be modeled and reveal the 
same exterior positions as positions b and c. 

In summary, our examination of vimentin structure within 
the 323-336 span confirms a self-interaction between labels 
attached at either the a or d position. If the monomers were 
aligned in an anti-parallel manner, then at best, only one 
residue within the entire rod domain would have shown inter- 
action. Had the monomers been in-parallel, but out of register, 
then no interaction would have been seen. Thus, SDSL-EPR is 
able to provide the first real-time data that IF monomers are 
aligned as in-parallel and in-register dimers, within native 
filaments, formed in physiologic conditions in a manner con- 
sistent with predictions of coiled-coil assembly. 

Determination of the Structure of Positions 305-316—Hav- 
ing established the ability to identify coiled-coil structures at 
the level of individual amino acids, we sought to clarify the 
structure of vimentin positions 305-315, which have been as- 
signed alternately to rod domain 2B or linker 2 (11, 14, 16). 
Within this sequence, amino acids 305, 309, and 312 were 
individually changed to cysteine, and the resulting proteins 
were subject to EPR analysis. As shown in the spectra of these 
positions (Fig. 4) 305, 309, and 312 resemble the a-d positions 
in line shape and extensive broadening. From these data, we 
conclude that the vimentin region 305-316 is in an a-helical 

305 

309 

312 

FIG. 4. Room temperature EPR spectra from mutants 305,309, 
and 312. Spectra were collected from samples of intact filaments 
(black) and from SDS-treated filaments (red) at room temperature and 
normalized as described in the legend to Fig. 2A. 

coiled structure, revealing a heptad repeat pattern continu- 
ous with the region 323-336 discussed above. Thus, EPR 
analysis shows that rod domain 2B extends from at least 
position 305. 

Use of EPR to Identify Inter-dimer Interactions—In the pre- 
vious experiments, a,d residues were found to interact because 
they are positioned at apposing surfaces of two monomers. The 
lack of interaction of the non-a-d residues results from the 
greater separation between spin labels located on opposite 
sides of the exterior surface of the dimer. We hypothesized that 
spin labels such as these, on the surface of the dimer, would 
permit us to study the precise arrangement of dimers in native 
filaments. Therefore, we spin-labeled vimentin at multiple po- 
sitions along the outer surface of the a-helix of the rod domain, 
assembled filaments, and recorded spectra, looking for evi- 
dence of spin label interaction. We found that EPR spectra from 
spin labels placed at positions 345,348, and 349 showed evidence 
of interaction indicating physical proximity. Of these three posi- 
tions, 348 provided strongest interaction, establishing this resi- 
due as a point of overlap between two dimers (Fig. 5A). 

Interaction between spin labels at position 348 is interpreted 
as resulting from an interaction between spin labels attached 
to separate dimers. Support for this conclusion is provided by 
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FIG. 5. Alignment of vimentin dimers detected by spin inter- 
action. A, room temperature EPR spectra from filaments containing 
100 and 10% labeled Cys"'"' vimentin. All three spectra reflect the same 
number of spins. Scaling was accomplished by the addition of 2% SDS 
to the 10 and 100% samples and by normalizing the resulting double 
integrals. The 100% labeled sample is clearly more broadened {black 
line) than the 10% labeled sample (blue line). The sample with 10% 
labeled Cys"'"' was prepared from a mixture of unlabeled wild t)rpe 
vimentin and 100% labeled Cys""" vimentin (9:1). B, the dipolar inter- 
action between labels attached at positions 334 and 359 observed in the 
EPR spectra of frozen filaments. The 334-359 double mutant (black 
line) contains the two Cys substitutions within the same gene. The 334 
+ 359 mixture (red line) contains equal amounts spin-labeled Cys''^'* 
and Cys''"^" vimentin, which were prepared by isolating and spin label- 
ing each protein separately. For experiments in A and B, protein con- 
centrations were measured using a Pierce BCA assay kit, with bovine 
serum albumin as a standard. Appropriate amounts of protein were 
then mixed, and filament assembly was performed using a single step 
dialysis procedure. The amount of dipolar broadening relative to the 
spectral sum of single labeled 334 + single labeled 359 (green) was 
analyzed using a Pake deconvolution of normalized spectra (see "Re- 
sults"). The three scans normalized to the same number of spins were 
obtained over 200 G at -100 °C (although only a 100 G portion is 
shown). C, ribbon diagram of an a-helical coiled coil indicating the 
locations of 334 (yellow), 348 (red), and 359 (blue) on the outside of the 
helices. Shown are spin-labeled Cys substitutions along the coiled-coil 
backbone structure obtained from the x-ray crystal structure of a 100- 
amino acid cortexillin fragment (39), which exists as an a-helical coiled 
coil. The molecular model was constructed using Insight II software. 

comparing EPR spectra from samples with different propor- 
tions of spin label (25). A sample of vimentin containing 10% 
spin-labeled 348 and 90% wild type vimentin produces a spec- 
trum that shows no evidence of spin-spin interaction; the spin 
labels are diluted and very rarely interact. The traces in Fig. 5A 
each represent the same number of spins as determined from 
the integration of the sample following addition of SDS. The 
spectrum from protein completely labeled at position 348 
(100%, Fig. 5A, black line) is significantly more broadened than 
from the sample containing 10% labeled 348 (Fig. 5A, blue line). 
The spectrum of the 10% sample demonstrates that position 
348 is a non-a,d residue of the heptad (compare the spectra to 
those in Fig. 3A), but the spectrum from the 100% labeled 

sample is broadened. Note that each dimer contains two spin- 
labeled positions, but only one would be predicted to interact 
with the second dimer. The second spin-labeled position of each 
dimer is on the opposite side and would be predicted not to 
interact unless tetramers assemble further. 

Although the data in Fig. 5A show that position 348 is a site 
of interaction between dimers, these data do not identify 
whether these dimers are arranged in- or anti-parallel. Unam- 
biguous demonstration of the anti-parallel alignment of dimers 
with a midpoint overlap at position 348 is provided by EPR 
spectra of mixtures of spin-labeled proteins (Fig. 5B). We se- 
lected position 334 as the starting point on the outside of the 
helix (an e position) and predicted that a site within the region 
of 355-365 would interact with 334 if dimers were arranged in 
an anti-parallel fashion. Therefore, mutants at positions 356(b 
heptad position), 359(e), 363(b), or 366(e) on the outside of the 
helix were prepared. Spin-labeled 334 was individually mixed 
equimolar with each spin-labeled 356, 359, 363, or 366 mutant. 
Assembly of each mixture into filaments was confirmed by 
electron microscopy, and EPR spectra were collected. To eval- 
uate these combinations independently of line shape differ- 
ences arising from differences in the rate of rotational averag- 
ing of hyperfine anisotropy, EPR analysis was performed on 
the samples frozen at -100 C°. Quantitative analysis of the 
spectra was achieved using a Pake deconvolution of broadening 
functions (40, 41), which optimizes results according to both the 
strength of the interaction and the fraction of interacting spe- 
cies. Only the mixture of the 334 and 359 spin-labeled proteins 
displayed evidence of interaction as seen by significant broad- 
ening of the spectra (Fig. 5B). From this mixture, the Pake 
deconvolution optimization of frozen spectra resulted in a mean 
interspin distance of 1.6 nm, with a non-interacting fraction of 
74%. This labeling level coincides with a distribution of approx- 
imately one quarter of the spins interacting. Given an equal 
number of labeled 334 and 359 proteins introduced into the 
assembly mixture and a random pairing of these proteins during 
assembly, the expected population of spins paired at the tetramer 
level is 25%. Thus, these results provide strong evidence that 
vimentin dimers in intact filaments are associated in an anti- 
parallel manner, overlapping within 1.6 nm of position 348. 

In observing the interaction between positions 334 and 359, 
more broadening would be predicted if spin labels were placed 
at both 334 and 359 within the same polypeptide chain. Hence 
we constructed a double mutant that codes for a Cys substitu- 
tion at both position 334 and position 359. To simpKfy analysis, 
the assembly of the 334-359 double mutant was performed in 
low ionic strength Tris buffer; under these conditions, tet- 
rameric protofilaments have been demonstrated to predomi- 
nate (22, 42, 43). EPR spectra of the 334-359 double mutant 
(Fig. 5B, black line) is different from the spectral sum of the 
individual mutants (green line). A Pake deconvolution analysis 
of the double mutant collected at -100 C° was optimized with 
a mean interaction distance of 1.7 nm and a non-interacting 
population of 57%. The results correspond to a system in which 
approximately half of the spins are interacting, matching the 
alignment predicted by the experiments using a mixture of 
single-labeled proteins. Thus, EPR spectra provide evidence for 
the interaction of positions 334 and 359 within vimentin tet- 
ramers. Furthermore, quantitative analysis supports the hy- 
pothesis that vimentin in low ionic strength Tris is a relatively 
homogeneous population of tetramers arranged anti-parallel 
with rod 2B interacting. 

Visualization of the side chain interactions identified be- 
tween position 348 and itself, as well as 334 and 359, is pro- 
vided in Fig. 5C. As in Fig. 2C, we have used the crystal 
structure of cortexillin as a model for vimentin dimer structure 
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and have arranged two dimers in a structure consistent with 
our EPR data. Within the figure, the spin-labeled side chain of 
position 334 is shown in yellow, 348 is red, and 359 is blue. No 
other side chains are shown. As depicted, interactions between 
348 and 348 as well as 334 and 359 can be seen. 

DISCUSSION 

The data presented conclusively show that assembly of vi- 
mentin intermediate filaments can be studied by site-directed 
spin labeling and EPR. In summary, our examination of vimen- 
tin structure within the 323-336 span confirms a self-interac- 
tion between labels attached at either the a or d! position. If the 
monomers were aligned in an anti-parallel manner, then at 
best, only one residue within the entire rod domain would have 
shown interaction. Had the monomers been in parallel but out 
of register, then no interaction would have been seen. Spectral 
data provide precise structural information detailing the pro- 
tein-protein contacts between IF proteins in intact filaments. 
Thus, SDSL-EPR is able to provide the first real-time data that 
IF monomers are aligned as in-parallel and in-register dimers, 
within native filaments formed in physiologic conditions in a 
manner consistent with predictions of coiled-coil assembly. 

Our data reveal the a-helical coiled-coil nature of the vimen- 
tin rod domain and provide evidence that the region 305-336 is 
an a-helical coiled coil; this identification resolves a discrep- 
ancy in the literature (11, 14). 

Two factors account for the broad spectra reported by the a,d 
positions. First, the wide splittings reflect a lack of motional 
averaging by side chains located at these positions. This indi- 
cates that the rotational freedom of the label is restricted by the 
protein structure. Second, the magnitude of broadening sug- 
gests a dipolar interaction among the labels when they are 
attached at either an a or cJ position. Thus the dynamic and 
spatial observations of spin-labeled positions within this 
span provide the first direct evidence of an a-helical coiled- 
coil arrangement with an exact register of the two peptide 
chains. Non-a,c? positions, predicted to be on the exterior of 
the dimer, do not reveal such strong broadening, indicating 
that spin labels are farther apart, yet the overall structure is 
ordered and a-helical. 

Beyond determination of structure, we have used SDSL-EPR 
to study assembly of IFs. We have been able to collect spectra 
from samples in low ionic strength Tris and subsequently from 
the same samples assembled into filaments. A surprising find- 
ing was that little change in rod domain structure is observed 
between normalized spectra obtained from fully assembled fil- 
aments and protofilaments formed in low ionic strength Tris. 
Under these conditions, higher order assembly beyond tet- 
rameric protofilaments is inhibited, resulting in a predomi- 
nantly tetramer population (22, 42, 43). Two examples of tet- 
ramer spectra are shown in Fig. 3A (green line). This suggests 
that vimentin assembly beyond the tetramer level does not 
generate strong tertiary contacts involving the rod domain 
examined here. Thus, we do not see evidence for a tight packing 
of neighboring tetramers via their rod domains. This is consist- 
ent with the fact that non-a,d positions display moderate mo- 
tional freedom even in the intact filament. 

As shown in Fig. 3C, non-a,d positions are widely separated 
on the outside of the helix. In a fortunate coincidence, this 
degree of separation is just slightly greater than the distance 
EPR can be used to measure. Thus, we have used spin labels 
placed on the outside of the helix to study interactions between 
dimers in filaments and assembly intermediates. With this 
strategy, we have identified an anti-parallel arrangement of 
dimers that is one of the configurations suggested by Steinert et 
al. from protein cross-link data (20). Our conclusions extend 
the data of Steinert et al. (20) and identify amino acid position 

348 as the midpoint of overlap. Additionally, we have predicted 
an interaction between adjacent dimers and identified an in- 
teraction between positions 334 and 359 of adjacent dimers; 
this interaction thus proves the ability of EPR to identify in- 
teraction between the outer surfaces of two adjacent a-helices. 
This identification allows for the rational prediction of amino 
acids that interact between adjacent rods 2B in the anti-paral- 
lel arrangement. 

Our data validate our experimental approach and provide a 
method for understanding the individual mechanisms behind 
the growing number of IF gene mutations identified as causing 
inherited genetic diseases. Because of the numbers and loca- 
tions of identified mutations, each is likely to have subtle 
differences from the others. Abnormal assembly products can 
now be characterized by EPR at any stage during assembly, 
and the mechanisms behind such abnormal assembly can be 
elucidated. More broadly, these data establish the utility of 
SDSL-EPR to provide structural data on filament-forming pro- 
teins in general. 
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