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Abstract
Mutations in intermediate filament protein genes are responsible for a number of inherited genetic
diseases including skin blistering diseases, corneal opacities, and neurological degenerations.
Mutation of the arginine (Arg) residue of the highly conserved LNDR motif has been shown to be
causative in inherited disorders in at least four different intermediate filament (IF) proteins found in
skin, cornea, and the central nervous system. Thus this residue appears to be broadly important to IF
assembly and/or function. While the genetic basis for these diseases has been clearly defined, the
inability to determine crystal structure for IFs has precluded a determination of how these mutations
affect assembly/structure/function of IFs. To investigate the impact of mutation at this site in IFs, we
have mutated the LNDR to LNDS in vimentin, a Type III intermediate filament protein, and have
examined the impact of this change on assembly using electron paramagnetic resonance. Compared
with wild type vimentin, the mutant shows normal formation of the coiled coil dimer, with a slight
reduction in the stability of the dimer in rod domain 1. Probing the dimer-dimer interactions shows
the formation of normal dimer centered on residue 191 but a failure of dimerization at residue 348
in rod domain 2. These data point toward a specific stage of assembly at which a common disease-
causing mutation in IF proteins interrupts assembly.

The intermediate filament (IF)1 protein gene family consists of about 60 members at present.
While primary sequence among the family members shows a considerable degree of sequence
variation, the vast majority of IF proteins show conservation of a predicted domain structure.
This structure consists of a central rod domain whose predicted secondary structure is well
conserved, and head and tail domains, where both size and primary sequence, are more variable.
While the predicted secondary structure of the central rod domain is conserved, there is much
primary sequence variability except at two small motifs located at either end of the central rod
domain. At these sites, sequence conservation has been quite strong. These two motifs have
been referred to as the “rod initiation” and “rod termination” motifs. Not surprisingly, a
disproportionate fraction of human disease-causing mutations in IF proteins are found in these
highly conserved motifs (1–11).
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In the early 1990s, three lines of evidence independently identified IF protein genes as the site
of mutations leading to epidermolysis bullosa simplex (EBS) and other skin blistering diseases
in humans such as epidermolysis hyperkeratosis (3,5,12–19). First, Fuchs and co-workers
(20) working in cell culture and mouse systems showed that cytokeratin mutations gave rise
to EBS-like defects in mice. Second, genetic linkage analysis in humans indicated that keratin
genes were involved in skin blistering diseases (1). Third, keratin mutants were identified on
the basis of abnormal antibody binding, caused by changes in the primary sequence of
epidermal IF protein (13). Subsequent characterization of additional EBS cases revealed a
hotspot for mutations at the conserved motif LNDR, located at the beginning of the central rod
domain. Commonly, a point mutation in the IF gene led to an Arg → His (12) or Arg → Cys
mutation in this motif (12,21). Subsequently, mutations in the cornea-specific keratins K3 and
K12 at the same LNDR sequence were shown to segregate with a corneal dystrophy phenotype
(22–24). Most recently, the same region in GFAP has been shown to be the site of mutations
leading to the neurodegenerative Alexander disease (25). Thus, the fourth residue of this LNDR
motif appears to be of critical importance to several IF proteins, from multiple classes of IF.

The mechanism of these genetic mutations seems clear. Alteration of the arginine codon (CGN)
is consistent with the hypothesis that CpG dinucleotides are sites of methylation-induced
deamidation of cytosine, leading to a Cys → Thr transition (CGY → TGY cysteine codon)
(26). However, the structural impact of this Arg → Cys substitution on IF assembly and
structure remains poorly defined, as IF proteins and IFs have not been crystallized. Whether
the result of in vitro mutagenesis or random chance, mutations in keratin genes typically have
been studied in vitro by 1) analysis of the assembly characteristics of the mutant proteins and
2) the ability of the mutant proteins to assemble into intermediate filament networks in
transfected cells. In general, there is a good correlation between the severity of skin blistering
seen in a clinically affected individual and the magnitude of assembly abnormalities seen when
the mutant protein is analyzed in vitro (19). Thus, mutants that fail to form filaments in vitro
and fail to integrate into cellular IF networks in cell culture produce the worst cases of skin
blistering. Analysis of the effect of specific mutations on keratin assembly has been described
by Steinert and co-workers (27,28) who designed an experimental protocol based on the cross
linking between proteins at different urea concentrations. Cross-linking between proteins
reflects the proximity of the cross linking moieties and thus can be used to establish whether
normal interactions have/have not occurred during assembly. Specifically, comparison of
cross-links in mutant proteins to those formed in wild type proteins can be used to infer whether
distances between cross-linking moieties have changed as a result of the mutation. Since IF
proteins will undergo stepwise assembly when dialyzed out of high concentrations of urea or
guanidine, these cross-linking studies can be performed on intermediates of assembly,
providing data relevant to the stage of assembly affected by the mutation (29).

Mehrani et al. (27) showed specifically that K14 LNDR mutated to LNDL was unable to form
IFs, unable to assemble into existing IF networks in cells, and was significantly altered in the
tetramer configuration. Lys14 LNAR was similarly unable to form filaments in vitro and unable
to integrate into IF networks but exhibited slightly less stability than the wild type. They
summarize the characterization of these substitutions in the Asp and Arg locations of LNDR
as significantly destabilizing the two-molecule entities (tetramer).

Following the demonstration of the applicability of site-directed spin labeling electron
paramagnetic resonance (SDSL EPR) to the study IF structure (30,31), we began a series of
experiments designed to test the hypothesis that EPR can be used to identify the effects of
mutations on IF assembly. To perform these experiments, EBS-like mutations (LNDR →
LNDS and NDR → LNDC) were engineered into human vimentin (1). In vitro assembly
verifies that assembly is aborted very early in the process with both mutants failing to assemble
into 10-nm filaments. Because the spin labeling protocol that we employ targets cysteine
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residues, we have used a vimentin LNDR → LNDS mutant to study the impact of mutations
at this site on assembly. In previous work we have identified specific “reporter” residues within
vimentin that, when spin-labeled, reveal whether specific stages of assembly have occurred
and when in the course of assembly they occur. We can therefore discriminate between
mutations that affect initial coiled coil dimer formation, or subsequent dimer-dimer
interactions. Using this approach we report the impact of EBS-like mutations on the assembly
of the Type III IF protein vimentin.

MATERIALS AND METHODS
Vimentin characterization, mutation, cloning, expression, purification, and spin labeling were
described in detail in a previous reports (30,31). In brief, the spin label is ultimately attached
to cysteine residues that are 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, UK) using the Stratagene QuikChange kit (Stratagene, La
Jolla, CA). Combinations of mutations (for example, Ser113 plus Cys191) were created, where
possible, by cloning of restriction fragments, each containing one mutation, together into an
expression vector. If not possible, then mutagenesis was performed in a sequential fashion.
Sequence changes were verified by DNA sequencing. Mutant vimentin was produced by
bacterial expression and purified from inclusion bodies using high/low salt washes, and
chromatography. Spin labeling was accomplished by incubation of the purified vimentin in
100 μM tris-(2-carboxyethyl)phosphine (Molecular Probes, Eugene, OR) followed by 500
μM O-87500 (Toronto Research Chemicals, Toronto, Canada). Unincorporated spin label was
removed by CM-Sepharose chromatography using a GE Healthcare FPLC (30,31). Labeled
proteins were stored long term at −80 °C.

Filament assembly was performed either as a single step dialysis against filament assembly
buffer or as a stepwise process following the protocol of Carter et al. (32) 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 MgCl2. 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 μl of sample, at a concentration of 25–75 μM protein, were placed in a sealed
quartz capillary tube. Spectra were acquired at 20–22 °C with 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 the attached nitroxide.

RESULTS
Electron microscopy cysteine-free vimentin (Cys328 → Ser) used as a starting point for
subsequent studies shows long uniform filaments, which are morphologically indistinguishable
from wild type vimentin (Fig. 1A). In contrast, vimentin bearing the LNDR → LNDS mutation
failed to form recognizable filaments (Fig. 1B). In these preparations, assembly was aborted
at a very early stage, yielding uniformly small “rodlets.” Vimentin bearing the LNDC mutation
similarly caused a very early failure in the assembly process, yielding aggregates of small
particles (not shown).

We then used site-directed spin labeling followed by EPR spectroscopy to examine the
structural and assembly consequences of the R113S (LNDR to LNDS) mutation (Fig. 2). We
have previously shown that SDSL EPR yields structural information at several levels in intact
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IFs, as well as in assembly intermediates that form during in vitro assembly. Depending on the
specific site that is labeled, EPR can monitor the assumption of α helical structure, the formation
of coiled coil dimers, and the formation of subsequent higher order interactions between
dimers, either in intact filaments or at specific stages during in vitro assembly that occur as
filament protein is dialyzed out of 8 M urea. We approached this by creating the R113S
mutation and then placing spin labels at different locations within the mutant protein to monitor
the impact that this mutation produced at the spin labeled site (a schematic indicating the
relative locations of these mutants is presented in Fig. 3).

To examine the impact of the R113S mutation on α helical, coiled coil dimer formation, we
first evaluated the spectral changes as a function of urea concentration of protein containing
the wild type Arg113, with the spin label located at either position 178 (a d position in rod
domain 1) or 333 (a d position in rod domain 2). Spin labels at these sites provide data about
1) secondary structure (α helix formation) and 2) coiled coil formation, since these two residues
would be within 2 nm of each other in a coiled coil dimer. As demonstrated previously (30,
31), a,d positions within a coiled coil generate a characteristic immobilized and dipolar-
broadened spectrum when the urea concentration is lowered to 2 M. In the wild type vimentin,
a tightly packed environment at position 178 (rod 1) occurs earlier and is almost completely
achieved at 4 M urea, whereas a strongly broadened spectrum from position 333 (rod 2) is not
achieved until 2 M urea (Fig. 2a). The magnified spectra for spin labeled 178 and 333 at 2 M
urea are shown in Fig. 2c. This observation suggests that in wild type vimentin, coiled coil
formation occurs more readily in rod domain 1B in the region surrounding position 178 than
in rod domain 2 near position 333.

We then repeated these studies but now using vimentin bearing the R113S mutation. In the
presence of the R113S mutation, position 178 remains flexible at 4 M urea (Fig. 2b), indicating
the LNDS mutation causes a slight perturbation in coiled coil formation in rod 1B. In contrast,
the increased broadening at position 333 in rod 2 occurs just as readily in the LNDS mutant as
it does in vimentin that contains the wild type Arg113 (Fig. 2b). This suggests that the presence
of the mutation at residue 113 (rod domain 1) has little impact on the formation of the coiled
coil dimer in rod domain 2 but does affect the ability of rod domain 1 to undergo normal α
helical coiled coil assembly.

To further investigate the impact of this mutation on early assembly, we placed a spin label
closer to the LNDR motif at position 131. Position 131 is predicted to be a (d) position at the
end of rod 1A. As shown in Fig. 2A, vimentin with a label located at 131 does not display the
characteristic broad spectrum of an a/d position (see “Discussion”). A slight effect of the LNDS
mutation is observed at position 131. As shown in Fig. 2C, the spectrum of spin-labeled 131
in 2 M urea is somewhat sharper, suggesting that the R113S mutation may impart further
destabilization to this region of the protein.

We have shown in previous work that residues 191 (rod 1) and 348 (rod), both of which are
non a,d, positions and therefore on the outside of the coiled coil dimer (see Fig. 3), can be used
to monitor the formation of interactions between vimentin dimers during filament assembly
studies (30,31). These studies established that dimers interact at residue 191 (rod domain 1)
before interactions occur at residue 348 (rod domain 2) thus establishing a sequence of dimer-
dimer interactions during in vitro assembly. To evaluate the impact of the R113S mutation on
these interactions, we spin-labeled proteins individually at both 191 and 348. Examination of
mutant protein labeled at residue 348 (an e position in rod 2) shows that, in the range of 6–3
M urea, the R113S mutant behaves similarly to the wild type protein (Fig. 2, A versus B). This
is consistent with the data derived from mutants labeled at residue 333, indicating normal
secondary structure in rod domain 2. However, as described below, the R113S mutation
produces a loss of the dipolar broadening of spin label placed at residue 348 that arises at 2 M
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urea in wild type protein. This suggests that the approximation of two dimers centered around
residue 348 fails to occur in a normal manner.

While the LNDS mutation causes a small fraction of the spin labels at 191 to remain highly
mobile at low urea levels, the level of dipolar broadening compared with protein with native
Arg113 is unchanged, indicating that a magnetic interaction occurs between labels located at
191, as R113S vimentin dimers assemble into higher ordered structures. Thus the A11
alignment, as measured by dipolar interaction at 191, is not detectably perturbed by the R113S
mutation. In contrast, evidence for A22 alignment, as reported by labels placed at position 348,
is completely eliminated in vimentin containing the R113S mutation. This difference is
highlighted in Fig. 2C, where the normalized 2 M urea spectra of spin-labeled 348 with and
without the LNDS mutations are compared. From this we conclude that the R113S mutation
permits the formation of coiled coil dimers in rod 2 but that the mutation has a demonstrable
impact on the dimer-dimer interactions that should occur in rod 2.

DISCUSSION
The helix initiation and termination motifs of IF proteins have proven to be “hotspots” for
mutations that result in a disease phenotype. In the helix initiation motif (LNDR) a frequent
cause of disease is mutation of the Arg residue, commonly to a Cys or His. Mutation of this
site has proven causative for human diseases in the Type I cytokeratins (e.g. skin blistering
and corneal dystrophies) but also in the Type III IF protein GFAP as well (1,3,5,14,16,19,21,
22,25,33). Thus this specific site appears to be critical to normal assembly in multiple IF
proteins from more than one class, suggesting that the data derived from study of this mutation
may be broadly applicable. An interesting side note is that the lens-specific intermediate
filament protein, CP49, shows striking divergence at this motif (LGGC) that includes a Cys in
the fourth position (LGGC) (34,35).

While the exact nucleic acid changes resulting in these diseases have been identified, the impact
of each mutation on assembly, structure, and function of the IFs has proven far more difficult
to define. This difficulty largely derives from the inability to develop crystals of intact IF
proteins or of intact IFs. While progress has been made in determining crystal structure of
fragments of the IF protein vimentin (36,37), the capacity to study structure in intact proteins,
or in intact IFs, remains elusive. Thus, the means by which a specific disease-causing mutation
alters or aborts assembly of IFs has remained difficult to approach experimentally. Because
IFs must integrate into the biology of the cell, EBS-type mutations may result from changes
that are permissive to filament assembly and/or from mutations that block the linkage between
filaments and other cellular structures. Plectin, for example, links IFs to the plasma membrane.
Mutations in the plectin gene that alter interactions with IFs have been identified that also result
in skin blistering phenotypes (38–40). Another example is the LNDR → LNDH mutation that
has also been identified as an EBS causing mutation (12). In vitro this mutant readily assembles
into long, normal IFs, perhaps better than wild type filaments, suggesting the disease phenotype
results from another mechanism and not the failure to form filaments (41).

In the absence of the crystal structure of IFs, our understanding of the structural changes caused
by these many disease causing mutations is likely to result from the integration of data from
several different approaches such as in vitro assembly, cross-linking, analytical
ultracentrifugation, x-ray crystallography, and SDSL EPR.

Coulombe and co-workers (29) used cross-linking and chromatography under different
denaturing conditions to characterize a proline mutant of keratin 16 and concluded that the
effect of the mutant was to destabilize keratin tetramers. Steinert and co-workers (28) have
developed cross-linking protocols that measure differences in the cross-linking behavior
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between mutant and wild type cytokeratins. These allow for the inference of how assembly
and structure may be affected by these mutations (28).

Analysis of the LNDR → LNDK mutation in K14 suggested a decrease in the stability of the
keratin A11 tetramer in urea (27). When assembled in vitro, this mutant forms shorter than
normal filaments. Taken together, the authors conclude that decreased A11 tetramer stability
is responsible for filament abnormalities although they leave open the possibility that these
residues are important for A12 or Acn interactions (27).

Molecular modeling of rod 1A structures and the effect of known mutations leading to EBS
have suggested that LNDR → LNDS mutation in Lys14 produces a much greater distortion
than the typical EBS mutant Lys14 LNDR → LNDC (42). The computer program predicts a
decreased helix stability for LNDS mutation, and LNDC remains essentially unchanged. The
net effect of these structural changes on higher order structures (dimers or tetramers) or filament
assembly were not elucidated by the modeling. Our EM observations of vimentin show
similarities between the small aggregates formed by vim Cys113 and vim Ser113, though they
were not identical.

We previously showed the ability of site directed spin labeling and electron paramagnetic
resonance (SDSL EPR) to contribute to the study of IFs and IF assembly (30,31). Using this
approach we have defined specific regions of IF proteins that are involved in coiled coil dimer
formation and defined the proximity of specific residues between monomers and between
higher order multimers. The approach has also proven successful in defining the progression
of assembly steps that occur during in vitro assembly, sequencing the formation of α helix,
coiled coil dimer, and the sequence of specific dimer-dimer interactions.

In this report we sought to determine whether SDSL EPR could be used to define changes in
IF architecture and assembly that are induced by disease-causing mutations. We elected to
study the mutation of the fourth residue of the well conserved LNDR helix initiation motif,
largely because mutation at this site has proven to be disease causing in several IF proteins
from at least two IF classes. This suggests that this specific site is of relatively broad importance
to IF assembly. We introduced the mutation in vimentin as it has been the protein from which
we have gathered all initial SDSL EPR data.

In earlier work (30,31) we showed that EPR spectra of spin labels placed at residues 178, 191,
333, and 348 display line shapes indicative of their positions within the heptad repeat,
consistent with their proximity to one another in a coiled coil dimer. These residues thus serve
as good indicators for the assumption/presence of coiled coil dimer at these sites. To evaluate
the consequences of the LNDR → LNDS mutation we targeted spin labels to these
characterized sites, as well as a site closer to the mutation in rod 1A (residue 131), and compared
the spectra between wild type and R113S mutants.

The EPR spectra suggest that coiled coil dimer formation appears to proceed almost identically
in the wild type and R113S mutation as monitored by spin labels at residues 178 (rod domain
1), 191 (rod domain 1), 333 (rod domain 2), and 348 (rod domain 2). A subtle difference in the
EPR spectra of spin labels placed at residues 178 suggests that the transition to fully ordered
structure is slightly delayed in the mutant protein, occurring somewhat later in the dialysis
process than seen for the wild type. This slower attainment normal structure may be the result
of decreased stability of the coiled coil dimer in this region of the mutant protein. However,
upon completion of dialysis, the spectra for both mutant and wild type proteins were
indistinguishable from one another, despite dramatic differences in the outcome of filament
assembly between wild type and mutant proteins.
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In previous work we identified several residues that serve as reporters of interactions between
a given vimentin dimer and its nearest neighbors in intact filaments. Residues 191 and 348, for
example, are sites of anti-parallel overlap between one vimentin dimer and other adjacent
dimers in intact filaments (30,31). We therefore compared the EPR spectra of wild type and
R113S mutant vimentin spin-labeled at these sites. No differences were seen between the EPR
spectra from wild type and mutant vimentin for spin labels placed at residue 191. This suggested
that the mutation did not alter the correct positioning of adjacent dimers centered at this residue
in rod domain 1.

In contrast, comparison of wild type and mutant proteins labeled at residue 348, an indicator
of anti-parallel overlap centered around this site in rod 2, revealed marked differences between
wild type and R113S mutants. EPR spectra of the mutant showed no indication that proper
alignment of these regions had occurred. Whether this failure to align was drastic or simply
sufficient to displace the residue beyond the 2-nm limits of sensitivity for EPR is not yet known.
In previous work we showed that the association between IF dimers at residue 191 (rod domain
1) occurs prior to that which occurs at 348 (rod domain 2), at least during in vitro assembly.
Thus the data reported here would suggest that the initial lateral association between dimers
centered around rod 1 is not detectably disturbed but that the association centered around rod
2 is. It is important to note, however, that these data are snapshots of small regions and cannot
be used to make predictions on the behavior of large segments of the molecule.

Also worth noting was the analysis of wild type and mutant proteins labeled at residue 131, a
d position, in rod 1 closer to the site of the mutation. In both the wild type and R113S mutant,
the 2 M urea spectra of spin-labeled residue 131 do not display the characteristic broad line
shape of a a/d positions elsewhere in the molecule. The spectra are consistent with the
assumption of α helical secondary structure at this site but not with the formation of coiled coil
dimer. This observation is in agreement with the observations of Strelkov et al. (37), who
examined crystals of vimentin sequence 102–138 of rod domain 1. Their analysis of rod 1A
showed the presence of α helices but not coiled coils (37). These investigators postulated that
this region might well form coiled coil in the native protein and that the absence of coiled coil
in the crystals may have resulted from the fact that these fragments were removed from the
context of the whole protein/filament. The data presented here would support an absence of
coiled coil at this site, although spectra from additional sites need to be studied to establish a
higher level of confidence. It is also worth noting that algorithms designed to predict secondary
structure also show a greater degree of variability in the confidence with which coiled coil
structure is predicted for this region of residues 106–139, predictions that are also consistent
with no or minimized coiled coil structure (43,44).

EPR spectra of spin-labeled IF proteins provide data that reveal structure at very specific sites
within intact intermediate filaments. While such views lack the context and resolution that
would be provided by crystal structure of intact filaments, they do offer data that directly
addresses local structure in intact filaments under physiologic conditions. The data reported
here suggest that the human vimentin R113S mutation, within the limits of resolution offered
by SDSL EPR, does not affect either coiled coil formation, or the initial dimerization centered
around rod 1, but does demonstrably alter the dimerization centered around rod 2. These data
thus provide groundwork for continued studies on the normal and pathological structure of IFs.
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Fig. 1. Electron microscopy of wild type and mutant vimentin assembled in vitro
A, control showing a negatively stained preparation of cysteine-free vimentin, used as a starting
point for subsequent studies. Long, uniformly shaped 10-nm filaments are evident. B,
negatively stained preparation of vimentin bearing the LNDS mutation. Filament assembly is
blocked at a very early stage, resulting in a population of small, uniformly sized particles.
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Fig. 2. EPR spectra of spin-labeled vimentin at selected positions
The residue location of the spin label is indicated for each row of spectra. A, spectra from the
indicated position when vimentin contains the native residue at position 113 (Arg113). B,
spectra of the spin-labeled residues in combination with the LNDR mutation Arg113 → Ser.
In A and B, each spectrum represents the signal in the presence of 2–6 M urea (see key for
colored lines), and all spectra are normalized to an identical concentration of spin-labeled
protein. C, comparison of the EPR spectra at 2 M urea when protein contains either native
Arg113 (black trace) or the LNDR mutation Arg113 → Ser (red trace). To facilitate a
comparison, the spectra in C are magnified by a factor of 2 over the spectra in A and B.
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Fig. 3. Schematic of vimentin predicted domain structure and spin label placement
A, coils prediction (44) of human vimentin. The boundaries of the central rod domain, as well
as the linker regions, are based on predictions of coiled coil structure and yield a domain
structure depicted in A. B, schematic of a vimentin monomer, with LNDS motif, and the specific
spin label reporter residues indicated at their approximate locations. Note that residues 131,
178, and 333 are a,d positions in the heptad and are located at the interface between two
monomers. Residues 191 and 348 are non a,d positions and are located on the exterior surface
of a dimer. C, schematic indicating dimer formation. D, schematic indicating that in the LNDS
mutant, the 191: 191 dimer forms, while the 348:348 dimer does not, as assessed by EPR using
these residues as reporters for activity at these sites.
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