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Abstract

Site-directed spin labeling and electron paramagnetic resonance were used to probe residues 281-
304 of human vimentin, a region that has been predicted to be a non-a-helical linker and the beginning
of coiled-coil domain 2B. Though no direct test of linker structure has ever been made, this region
has been hypothesized to be flexible with the polypeptide chains looping away from one another.
EPR analysis of spin-labeled mutants indicates that (a) several residues reside in close proximity,
suggesting that adjacent linker regions ina dimer run in parallel, and that (b) the polypeptide backbone
is relatively rigid and inflexible in this region. However, this region does not show the characteristics
of a coiled-coil as has been identified elsewhere in the molecule. Within this region, spectra from
positions 283 and 291 are unique from all others thus far examined. These positions, predicted to be
inanoncoiled-coil structure, display a significantly stronger interaction than the a—d contact positions
of coiled-coil regions. Analysis of the early stages of assembly by dialysis from 8 M urea and
progressive thermal denaturation shows the close apposition and structural rigidity at residues 283
and 291 occurs very early in assembly and with a relatively sudden onset, well before coiled-coil
formation in other parts of the molecule. These features are inconsistent with hypotheses that envision
the linkers as flexible regions, or as looping away from one another, and raise the possibility that the
linker may be the site at which dimer alignment and/or formation is initiated. Spin labels placed
further downstream yield spectra suggesting that the first regular heptad of rod domain 2 begins at
position 302. In conjunction with our previous characterization of region 305-336 and the solved
structure of rod 2B from 328-405, the full extent of coiled-coil domain in rod 2B is now known,
spanning from vimentin positions 302—-405.

Intermediate filaments (IFsL) are one of the three major classes of cytoskeletal structures in
metazoan cells. Though more than 60 IF genes have been defined in the human genome, most
IFs are assembled from just 1 or 2 IF proteins. Which specific IF protein(s) is/are expressed
varies by cell type and the state of development/differentiation (1-4).

TThis work was supported by grant DAMD D17-02-1-0664 to J.H., grants NIH RO1 NEI EY08747 and NIH EY015560 to P.G.F., and
March of Dimes Grant 5-FY02-202 to J.C.V. This investigation was conducted in a facility constructed with support from Research
Facilities Improvement Program Grant Number C06 RR-12088-01 from the National Center for Research Resources, National Institutes
of Health.

© 2006 American Chemical Society

"To whom correspondence should be addressd. Tel: 530-752-7130. Fax: 530-752-8520. pgfitzgerald@ucdavis.edu.

LAbbreviations: SDSL, site directed spin labeling; EPR, electron paramagnetic resonance; IF, intermediate filament.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hess et al.

Page 2

Though there is considerable diversity in the IF family in both size and primary sequence, the
vast majority of IF proteins show the conservation of several features: (1) they are localized
to and/or can assemble into 8-11 nm IFs, and (2) they exhibit a common predicted domain
structure. The predicted domain structure consists of (a) head and tail domains that vary widely
in size and primary sequence and show no obvious predicted secondary structure and (b) a
central rod domain that is approximately 310 amino acids in length. This rod domain is
predicted to consist of extended runs of an o helix containing a heptad repeat pattern, which
predicts the formation of coiled-coils (coil domains) separated by short regions called linkers
that are not predicted to be a-helical, nor do they show a heptad repeat pattern (1-3,5-16).
However, depending on how parameters are set in programs that make such predictions, the
strength of the coiled-coil prediction can vary quite dramatically (Figure 1) (17). Importantly,
no direct test of structure has ever been made in these linker regions.

No intact IF protein or IF has been crystallized, thus a high-resolution structural map of neither
the IF nor the IF protein has been determined. However, a variety of approaches, both
theoretical and experimental have contributed to a model of IF structure and assembly. Strelkov
and co-workers, for example, have been successful at the crystallization of fragments of the
homopolymeric protein vimentin (18,19). From the solution of these crystals’ structures has
come the first detailed pictures of 2 regions of IF coiled-coil structure. The higher order
structure of IF proteins within a filament and within assembly intermediates has been
approached with cross-linking methodology. From both vimentin and keratin cross-link studies
have emerged data that suggest a set of overlapping structures that are found in assembled
filaments (20-23).

We have employed site-directed spin labeling (SDSL) and electron paramagnetic resonance
(EPR) to characterize the full range of IF structure, yielding data on secondary, tertiary, and
quaternary structures, and identifying sites where proteins are in close contact with one another
in intact filaments (24-26). Collectively, these data support a model of the IF as beginning
with the formation of an in-parallel and in-register dimer, where the central rod domain forms,
at least in part, a coiled-coil dimer. Dimers then assemble into antiparallel tetramers with rod
domains 1 associated (A1l interaction), followed by a species with rod domains 2 associated
in an antiparallel interaction (A22 interaction). Cross-linking and SDSL-EPR have both
contributed to establishing relationships between adjacent dimers, providing data on the
relative orientation and registry of adjacent dimers.

Most data that have been generated address the structure of the rod domain and its assembly
into a coiled-coil dimer, and the relationship between adjacent rod domains in higher order
structures. Essentially, nothing is known about the structure of the linker domains, and very
little data has been generated that addresses the structure of either head or tail domains.

In this article, we use SDSL-EPR to describe a series of spin-labeled mutants in the linker
region of human vimentin (residues 281-304). EPR analysis of these spin-labeled mutants
indicates that this region lacks coiled-coil structure, but also shows that several sites in this
linker region are positioned extremely close to one another in intact filaments and that the
polypeptide backbone in this region is quite rigid. Of considerable interest is evidence that the
region from 283-291 assembles into its final structure much earlier than the coiled-coil
domains within rod 1B and 2B that we have examined and is highly resistant to thermal
denaturation.

MATERIALS AND METHODS

Vimentin characterization, mutation, cloning, expression, purification, and spin labeling were
described in detail in previous reports (24-26). In brief, a nitroxide spin label is ultimately
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attached to a cysteine residue that is targeted to specific sites in vimentin. Cysteine codons
were introduced into the vimentin expression construct (generously provided by Dr. Roy
Quinlan, University of Durham, Durham U.K.) using the Stratagene QuikChange kit
(Stratagene, La Jolla, CA). Sequence changes were verified by DNA sequencing. Mutant
vimentin was produced by bacterial expression using pT7 and arabinose inducible BL21(DE3)
cells (Invitrogen, Carlsbad, CA). Inclusion bodies were purified from bacterial cell pellets
using high/low salt washes and chromatography (27,28). Spin labeling was accomplished by
incubation of the purified vimentin in 100 uM TCEP (Molecular Probes, Eugene, OR) followed
by 500 pM 0O-87500 (Toronto Research Chemicals, Toronto, Canada). The unincorporated
spin label was removed by CM sepharose chromatography using an Amersham Pharmacia
FPLC (26). Labeled proteins were stored long term at —80 °C.

Filament assembly was performed either as a single step dialysis against the filament assembly
buffer or as a stepwise process following the protocol of Carter et al. (29). Briefly, labeled
proteins were solubilized in 8 M urea, which was then removed by dialysis, either in a single
step procedure or, where indicated, in a stepwise process through progressively reduced
concentrations of urea, followed by low ionic strength Tris, followed by the addition of NaCl
and MgCl,. Filament assembly was verified by electron microscopy of negatively stained
samples.

EPR was conducted on a JEOL X-band spectrometer equipped with a loop gap resonator.
Approximately 4 L of the sample, at a concentration of ~25 uM protein, was placed in a sealed
quartz capillary tube. Unless otherwise indicated, spectra were acquired at 20-22 °C with a
single 60 s scan over 100 G at a microwave power of 2 mW, and a modulation amplitude
optimized to the natural line width of the attached nitroxide. Spectra were normalized to the
same number of spins by normalizing each spectrum to the same integrated intensity. To
improve the fidelity of the calculation, double integration of each sample was performed
following its solubilization in 2% SDS.

Figure 1 shows a conventional schematic of the vimentin molecule identifying coiled-coil
domains predicted using Coils version 2.1, according to the method of Lupas et al. (17). When
a given region within the central rod domain is not predicted to form coiled-coils, it has been
designated a linker. Depending on how parameters in Coils are set, the area designated as the
linker can vary considerably in size, location, and strength of coiled-coil prediction. Three
variations of Coils predictions are shown in Figure 1. The diagram at the top depicts one model
for the location of linker 1-2 (residues 283-290) as well as the amino acid sequence for the
region studied in this article (residues 281-304).

In order to evaluate the residue dynamics within this putative linker region and the proximity
between these residues on opposite strands, we made 24 single-cysteine substitutions in the
region encompassing positions 281-304. Following assembly of the spin-labeled protein into
protofilaments, each mutant was examined by EPR spectroscopy. The EPR spectrum of each
spin-labeled mutant is shown in Figure 2. The amplitude of each spectrum is normalized to the
same number of spins (see Materials and Methods).

It has been conventionally thought that the role of linkers is to provide for rod domain flexibility
(30). However, our findings reveal a rigid structure throughout the L2 region, suggesting an
alternative role for this conserved region of IF structure. This is demonstrated by the fact that
none of the sites within this region displays a line shape reflecting a highly flexible backbone.
The most distinguishing feature within this set of spectra is the level of spectral broadening.
Broadening of the EPR spectrum can arise from an increase in the hyperfine anisotropy
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contribution, the dipolar coupling between proximal (<2 nm) spin labels, or both. Motions
restricted to correlations times approaching 1 ps result in substantial broadening. Although the
line shapes of the spectra reflect an immobilized spin-labeled side chain at each position
examined, none display the defined splittings at the hyperfine extrema indicative of an absence
of motion on the time scale of the experiment (10710-1077 s).

Thus, it is evident that dipolar interactions contribute substantially to the broadened spectra
within the L2 region. The broadening is especially severe when labels are placed at positions
283, 288, 291, 294, 298, 299, and 302. An evaluation of the broadening as a function of 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 N5), a model-independent
semiquantitative analysis of the extent of broadening due to dipolar interaction can be obtained
from the d4/d spectral ratio (31,32) (see inset, Figure 2). Strong dipolar interactions result in
line height ratios >0.5 and indicate that the spins are located within 1.5 nm of one another. As
shown in Table 1, positions 283 and 291 are distinguished on the basis of large d;/d values
(0.63 and 0.71, respectively). The degree of broadening at these sites exceeds that of any other
site examined in vimentin thus far by SDSL-EPR (24-26). In these instances, the spin-labeled
side chains are very close to their partners on adjacent strands (on the order of 1.0 nm).

Given the fact that several positions display at least moderate dipolar broadening (d;/d > 0.4),
this consistent self-interaction of sites along this region suggests a close association between
vimentin L2 strands in the assembled filament. This, combined with the low level of backbone
flexibility, would suggest a structure of rigid, parallel-running strands.

In prior studies, we have demonstrated a signature patter in EPR spectra that is characteristic
of coiled-coils (25,26). No clear pattern consistent with a—d sites of a heptad repeat are seen
in this region until position 302. At this point, the spectra of 302 and more downstream positions
are consistent with a heptad repeat pattern in which 302 resembles an a position, and 303 and
304 resemble b and c positions, respectively. As shown previously, position 305 has broadening
consistent with a d position. Thus, on the exclusive basis of spectral data, the coiled-coil of rod
2 appears to begin near position 302.

Intermediate filaments provide an advantage in the study of filament assembly because they
will form filaments by removal of urea through dialysis. Previously, we have shown that a—d
positions such as 333 display a linear increase in structure with urea removal, with dipolar
interactions between apposing side chains apparent as the urea concentration approaches 3 M.
As the urea level is brought below 3 M, the compaction of the coiled-coil increases, and dipolar
broadening continues to increase until the urea level reaches 1 M. We conducted similar studies
on the linker region. We compared the spectra from nine different spin-labeled positions in
this linker region as a function of urea concentrations ranging from 8 to 2 M. To evaluate the
formation of structure at each site, the height of the central (M, = 0) spectral line was plotted
as a function of urea (Figure 3). The amplitude of this line can be measured with high sensitivity
and, therefore, provides a reliable estimate of spectral broadening. Because spectra are
broadened by spin-label immobilization and/or spin—spin interaction, increased structure from
both dynamics and assembly contribute to this parameter, although not necessarily in a linear
manner. As shown in Figure 3, the removal of urea produces an increase in spectral broadening
at residues 282, 284, 289, 290, 294, 295, and 298, similar to the previously examined d position,
333. However, the strongly interacting positions 283 and 291 behave uniquely in this regard,
forming tight associations with their partners in 4 M urea. This demonstrates that tight and
specific associations are formed within the linker domains early in assembly, preceding even
the strong interactions found at a and d positions of the coiled-coil domains.
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In addition to probing the onset of structure at positions upon the removal of urea, heat
denaturation of vimentin was carried out to determine the thermostability of sites within the
L2 region. Thus, samples of vimentin filaments containing spin labels within the L2 region
(and position 333 for comparison) were scanned over successively higher temperatures in the
range 25-95 °C. Plotted in Figure 4 are the central line height amplitudes of spin-labeled
vimentin as a function of temperature. While the spectra from each site become similarly more
narrow with increasing temperature, reflecting the increased dynamics of the spin-labeled side
chain, positions 283 and 291 retain significant broadening through 95 °C. Because by 80 °C
the spectra of vimentin spin labeled at 283 and 291 lack features reflecting 2° or 3° structure,
the retained spectral broadening at these temperatures is attributed to a spin-coupling relaxation
(33). The association of side chains located at residues 283 and 291 at high temperatures
provides further evidence that this region serves as a core structural element that may serve to
tether vimentin chains and establish proper alignment within the protein dimer, a fundamental
step in filament assembly.

DISCUSSION

In our earlier applications of SDSL-EPR to the study of the structure and assembly of the
intermediate filament protein vimentin, we focused on regions of the molecule that were
predicted to adopt an a-helical, coiled-coil structure. Our EPR data revealed coiled-coil
structure within rod 2B in intact filaments (26) and were consistent with data derived from
crystallized dimeric fragments from rod domain 2B (19). Thus, EPR and crystallography data
verified the long standing hypothesis of coiled-coil structure within rod domain 2B. Using an
identical approach, we have used EPR spectroscopy to show that amino acids 179-193 adopt
a coiled-coil structure as well, consistent with the prediction of this region in rod1B as coiled-
coil (25). In addition, we have also demonstrated the ability of SDSL-EPR to identify
interactions between coiled-coil dimers and with this approach have identified regions within
rod 1B and rod 2B that are closely apposed in the A1l and A22 tetramers, respectively (25,
26).

In this article, we focused on a region predicted to contain at least two different structures, the
non-a-helical linker 2 and the beginning of a-helical rod domain 2B (34-37). The existence of
each region and the precise beginning of rod 2B has long been hypothesized, and models have
been made utilizing structures predicted by computer (38). However, no direct evidence exists
to identify either the beginning of rod domain 2B or the structure of the linker region. EPR
spectra suggest that the nonhelical linker domain occupies a region much larger than that
predicted and that rod domain 2B does not appear to adopt a regular coiled-coil pattern until
approximately position 302, more than one heptad later (downstream) from the predicted start
of rod 2B at position 291. The data presented here show the noncoiled-coil region to be a rigid
domain, with two positions (283 and 291) demonstrating extreme proximity. These positions
also demonstrate a very early adoption of structure and resistance to denaturation, suggesting
that the nonhelical linker domain may be a region of importance for early assembly events.
This may suggest that the linker region serves as a trigger site, which initiates and/or aligns
the earliest stages of IF assembly.

Of particular interest in this linker region are five charged residues, three of which are very
highly (but not absolutely) conserved across all Type I-111 IF proteins (Figure 1, residues 286,
288, 294). EPR data suggests that these charge residues are likely to act to stabilize interchain
interactions rather than intrachain interactions because spin labels placed at residue 283 of the
linker region continue to show spin—spin interaction at temperatures and urea concentrations
that should cause chain separation in the absence of interchain charge stabilization.
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In addition to the usual requirements for coiled coil formation (heptad repeat, non-polar a,d
positions), an additional region called the trigger sequence has been found to be critical for
assembly (39-41). Characterization of small peptides and larger recombinant regions
demonstrates that trigger sequences possess the ability to form a-helices, and these helices,
once formed, are hypothesized to lead to the zipping up of the entire coiled-coil (41). Although
the name implies that these regions trigger coiled-coil formation, the order of assembly within
IFs has not been demonstrated (39,41). An examination of IF sequences for trigger sequences
has resulted in the identification of two regions with sequence similarity and, more importantly,
functional requirements for coiled-coil formation. As characterized by Wu et al. (40), using a
k5/14 assembly pair, coiled-coil triggers are located within rod 1B and rod 2B. These locations
flank the early assembling region we have identified within linker 2. Assuming a conservation
of structural elements between type I and Il keratins and type 111 vimentin, the action of linker
2 as an early assembly facilitator could easily be incorporated into the model by Kammerer as
an interaction that brings two polypeptide chains together and, thus, facilitates the transition
from two autonomous helical folding units to a parallel in-register alignment of two monomers
(step i to ii of the model of Kammerer et al. (41).

The first solved X-ray structure of vimentin fragments revealed the coiled-coil nature of the
carboxy terminus of rod 2B, establishing a-helical coiled-coil structure from positions 328—
405 (18,19). Our initial EPR experiments showed that a region of rod domain 2B, positions
305-336, was found in a coiled-coil structure, and the spectra identified a highly ordered (rigid)
conformation throughout the entire region (26). These data were sufficient to identify coiled-
coil structure from position 305 through 323, but did not specifically identify the start of rod
domain 2B. In this study, we have used SDSL-EPR to identify the start of rod domain 2B as
position 302 of vimentin (an a position of the heptad), a position that is in phase with our
previous data and supports the existence of a continuous coiled-coil from position 302 through
337. The EPR spectra reveal a region with considerable rigidity due to extensive protein
packing. Together with the crystal structure of domain 2B, positions 328-411, the entire rod
domain 2B can be identified as a coiled-coil structure from 302-405.

The earliest descriptions of keratin amino acid sequence identified the region later termed linker
2 (37) as a break in the predicted a-helical structure (34,36). Initial predictions favored a beta
turn for the structure of the region linking rod 2A with 2B. However, as more sequences were
determined, an analysis of amino acid sequences across several types of IFs resulted in the
identification of an eight amino acid sequence as linker 2 and the prediction that linker 2 was
a-helical but not coiled-coil (7,42). Subsequent computer modeling suggested a structure for
linker 2 that resulted in the crossing of peptide chains within a dimer such that rod domain 2A
of one chain was axially in line with the rod domain 2B of the other polypeptide chain in the
dimer (38).

Both EPR and X-ray crystallography have been able to demonstrate specific structure for
specific regions of the vimentin molecule. However, the structure of nonhelical linkers has not
been described, only modeled (38). Thus, our characterization of positions 281-302 of
vimentin represents the first data to examine previous predictions with regard to helical versus
nonhelical structure and rigid versus flexible structure. We chose position 281 as the starting
point for our characterization because the region preceding it has an amino acid pattern
consistent with the possibility of adopting a coiled-coil structure and has been predicted to
form a coiled-coil rod 2A structure that we are currently exploring. Spectra from positions
281-301 do not reveal evidence of a coiled-coil structure such as we have documented for
domains 1B and 2B (25,26). Instead of a pattern of a and d positions producing spectra that
indicate rigid structure and spin—spin interaction, we see spectra indicating close interactions
at numerous positions.
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Spectra from residues 283 and 291 are unique in that they represent positions at which the spin
labels are closer than any other position thus examined. They are also notable because they
have been identified on the basis of computer predictions as the beginning of linker 2 (position
283) and rod 2B (position 291) (43). Across the different families of IF proteins, sequence
conservation within linker 2 has been interpreted as evidence for conservation of structure,
most likely an a-helical structure (42). Position 291, tyrosine, has been designated as the
beginning of rod 2B, occupying a d position and has been further described as being the site
of a conserved aromatic amino acid, Y or F, in all IF chain types. The identification of 291 as
a d position is consistent with the heptad repeat pattern we have identified beginning with 302
as an a position. However, the EPR spectra we present here do not agree with these predictions
because the intervening positions do not display the typical coiled-coil pattern such as that we
have identified with rod 1B and rod 2B. Such a signature pattern for the coiled-coil is, however,
seen beginning at position 302.

Positions 283 and 291 occupy the flanking positions of the conserved Linker 2 motif (N-R-X-
D/E-A-E-E-W-Y). On the basis of cross-linking experiments in keratin filaments that suggest
a compact arrangement of these residues, North et al. constructed a model of the L2 core as
overlapping loops of the two strands (36). Our results confirm the rigid nature of this region
as proposed in the North model; however, the multiple sites displaying dipolar interaction
suggest a simpler parallel association of two loops in the L2 core. The fact that the conserved
linker motif is distinguished by charged and aromatic residues provides clues for probing the
basis of this region’s extreme stability. First, the n—r stacking of aromatic residues (Trp290,
Tyr291, and Phe295) may play an important role in the early association of vimentin. Such
interactions have been implicated in the assembly of amyloid fibrils (42). Second, salt bridges
represent a general feature of stabilization in proteins of thermophilic organisms (44,45).
Further studies will exploit the stability markers of spin-labeled 283 and 291 to determine the
consequence of side chain substitution within the L2 region on vimentin assembly and stability.

With the delineation of rod 2B, and the identification of a rigid structure within the linker 2
domain, EPR continues to reveal details about the structure and assembly of intermediate
filaments. Some features have been predicted for many years but only experimentally tested
now, whereas other details such as the starting point of rod 2B are slightly different from long-
standing predictions. Although EPR cannot produce as detailed a structure as X-ray
crystallography can, the careful application of spin labels has again been demonstrated as
providing useful information. Continued examination of the vimentin molecule should reveal
the full extent of coiled-coil domains and interactions between domains in proximity to each
other.
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FIGURE 1.

Vimentin Schematic. A traditional schematic of the vimentin molecule is shown, with coil
domains flanking the noncoil or linker region. Three variants of Coils version 2.1
(http://www.ch.embnet.org/software/COILS) predictions used to generate such models are
shown, revealing the uncertainty of predictions in the putative linker region. Also shown is the
amino acid sequence studied in this report and its approximate location in the schematic of
vimentin.
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281

FIGURE 2.

EPR spectra of site-directed spins labels attached to positions 281-305 in human vimentin.
Spectra are normalized to the same number of spins by double integration of the SDS-
solubilized sample. The initiation of the normal heptad broadening pattern begins with residue
302 (an a position), with 305 being a d position. The spectrum of position 305 was previously
published (Hess et al., 2001). Inset: indication of the d/d line height ratio obtained from frozen
spectra.
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FIGURE 3.

Sequence of assembly events. Positions 283 and 291 in the vimentin L2 domain display
contacts earlier in the assembly from urea. As shown in the inset, dialysis to lower
concentrations of urea generates broadened spectra. The broadening reflects restricted side
chain and backbone motions that accompany folding and, in the cases of sites close to each
other, additional broadening due to magnetic dipolar interactions. The spectral broadening as
approximated by the central (ml = 0) EPR line height is plotted as a function of urea
concentration.
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FIGURE 4.

Spectral broadening at positions 283 and 291 is maintained at high temperature. Shown is the
temperature dependence of the normalized spectral amplitude for spin-labeled side chains
within the vimentin L2 domain. The melt curves were obtained by scanning vimentin
containing a spin label at the indicated position at successively higher temperatures, starting
from 25 °C. For each position, amplitudes were normalized to the spectral amplitude of the
same amount of sample in 8 M urea.
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Table 1

Line Height Ratio d4/d for Positions 281-304 in Vimentin?

position
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
304

dy/d
0.43
0.38
0.63
0.44
0.43
0.40
0.45
0.46
0.39
0.43
0.71
0.38
0.41
0.48
0.44
0.43
0.43
0.51
0.50
0.43
0.48
0.59
0.39

aThe d1/d ratio (see Figure 2, inset) was measured from spectra collected at —100 °C.
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