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Abstract: Neurofilaments are neuron-specific proteins that belong to the intermediate filament (IFs)
protein family, with the neurofilament light chain protein (NFL) being the most abundant. The
IFs structure typically includes a central coiled-coil rod domain comprised of coils 1A, 1B, and 2,
separated by linker regions. The thermal stability of the IF molecule plays a crucial role in its ability
for self-association. In the current study, we investigated the thermal stability of NFL coiled-coil
domains by analyzing a set of recombinant domains and their fusions (NFL;p, NFL1 18, NFLy,
NFL;1p42, and NFLRrop) via circular dichroism spectroscopy and differential scanning calorimetry.
The thermal stability of coiled-coil domains is evident in a wide range of temperatures, and thermal
transition values (T,) correspond well between isolated coiled-coil domains and full-length NFL.
NFL1g has a Ty, of 39.4 °C, and its’ fusions, NFLja,15 and NFL1g,», have a Ty, of 41.9 °C and
41.5 °C, respectively. However, in the case of NFL,, thermal denaturation includes at least two
thermal transitions at 37.2 °C and 62.7 °C. These data indicate that the continuous «-helical structure
of the coil 2 domain has parts with varied thermal stability. Among all the NFL fragments, only
NFL; underwent irreversible heat-induced denaturation. Together, these results unveil the origin of
full-length NFL's thermal transitions, and reveal its domains structure and properties.

Keywords: neurofilament light chain; coiled-coil structure; protein stability; circular dichroism;
differential scanning calorimetry; AF4 platform

1. Introduction

Intermediate filaments (IFs) are part of the cytoskeletal system that consists of three
major components in eukaryotic cells. IFs differ from microtubules and microfilaments
by family composition, which includes multiple proteins with highly diverse primary
structures [1-3]. Based on amino-acid sequence homology, the IF family is divided into
five major classes (I-V): classes I and II unite acidic and basic keratins, respectively; class
III consists of desmin, vimentin, GFAP, and peripherin; class IV includes neurofilament
proteins, a-internexin, nestin and synemin, and class V includes lamins [1,3].

Intermediate filaments are presented broadly in various tissues. While some members
of the family are widely expressed, others are tissue-specific [1]. However, all intermediate
filaments have many common features, including (i) the presence of a central x-helical
rod domain in the structure and (ii) an ability to self-assemble. The typical structure of
IF is composed of a central rod domain that unites three coiled-coil x-helixes (coil 1A,
coil 1B, and coil 2) and N- and C-terminal domains that flank the rod domain and are
highly diverse in length and structure [4]. The coiled-coil segments in the rod domain are
separated by «-helical linkers L1 (between coils 1A and 1B) and L12 (between coil 1B and
coil 2). The primary structure of the x-helical domains is organized as the heptad repeats of
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amino acids (abcdefg)n. The amino acids in positions a and d often have hydrophobic side
chains that allow the formation of the hydrophobic core, which enables the self-assembly
of «-helical domains into the coiled-coil structure [5]. The IF coiled-coil dimers interact
with each other laterally and longitudinally, thus providing the growth of a filament in two
directions [4]. The initial step of IF polymerization starts with a tetramer formation [6,7].
The IF tetramers consist of two antiparallel dimers, which are stable in low ionic strength
buffers in vitro and were also found in vivo [8].

The IF dimers interact laterally by several modes and form four dimer-to-dimer
contacts designated as A1y, A1z, Ay, and Acn. In general, three of these modes could be
divided into the staggered (A1 and Ajp) and unstaggered (Ajy), formed due to different
side-by-side antiparallel alignments of the two dimers. The so-called Aj; tetramer assembly
is driven by the alignment of the coil 1B domains of neighboring dimers located antiparallel,
approximately in register, by the “anchoring knob—hydrophobic pocket” mechanism [4,9].
The Aj;; mode is formed by the interaction of coil 2 domains of the two neighboring dimers,
and the Aj; mode is formed by the unstaggered antiparallel dimer association. The fourth
mode (Acy) is assembled through the overlap of the N- and C-ends of two parallel dimers
that are longitudinally aligned.

The increase in salt concentration in vitro rapidly leads to the IF polymerization. ULF
(unit length filaments) are first formed and then associate into the prolonged assembled
filament [10]. In vivo, the self-association of NFs is controlled by post-translational modifi-
cations such as phosphorylation of the N-terminal domain [11-13].

Most of the IF mature filaments are 10 nm in diameter, while the IF member lamin A /C
forms filaments that are only 3.5 nm in diameter [14,15]. For some IFs (such as keratins),
the heterodimerization of type I and type II chains is required [16]. Despite the diversity
and, to some extent, the uniqueness of IF filaments, when discussing their dimer structures,
common features make it possible to transfer the results between protein family members.
Most of the principles of IF organization were formulated based on the studies of vimentin
from class III [17,18], lamins from class V [19,20], and several keratins [9,16], while here we
focus on the class IV member—neurofilaments (NF).

In mature neurons, five members of the IF family are expressed: three NF pro-
teins (light (NFL), medium (NFM), and heavy (NFH) chain proteins), peripherin, and
a-internexin [21]. The ratio of the NF proteins in neurons is 7/3/2 per the monomers of
NFL/NFM/NFH, respectively [22]. NF proteins are able to form heterodimers, which
requires the presence of NFL in each dimer [23,24]. At present, there is a lot of evidence
that missense mutations in the NEFL gene encode NFL proteins, leading to a neurodegen-
erative disorder (Charcot-Marie-Tooth neuropathy) [25-28]. In most cases, these point
mutations result in protein aggregation and abnormalities in different stages of NFL self-
assembly [25,27].

The thermal stability of different parts of the IF molecule may play an important role
in their ability for self-association. For example, coil 1A seems to play an important role
in longitudinal polymerization due to its lower thermal stability, which occurs at around
30 °C [29,30]. Importantly, coil 1A of different IFs displays similar values: the melting
temperature of vimentin coil 1A is 32 °C, and for coil 1A of lamin A is 33 °C [29]. The
strong correlation between the thermal stability of coil 1A and IF self-assembly is proven
by the vimentin Y117L mutation, which leads to a pronounced stabilization of coil 1A
(up to 71 °C) [29] and to the premature block of filament polymerization on the level of
ULFs [31]. Moreover, another vimentin point mutation, K139C, in the linker L1 impaired
mature filament formation at 21 °C but did not interfere with the ULF formation [6].

Previously, we studied the thermal stability of the full NFL protein without identifying
the correspondence between thermal transitions and elements of the NFL structure [32].
The main aim of the current study was to characterize a relationship between biophysical
properties (such as thermal stability) of NFL coiled-coil domains and their possible role in
the NFL structure. For this purpose, we developed a panel of recombinant proteins that cor-
respond to the isolated coiled-coil domains of NFL and their combinations (Figure 1). Our
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approach is similar to “divide-and-conquer”, which is based on the separation of the full IF
into smaller parts. This approach was widely accommodated in previous crystallographic
studies of IFs and resulted in the coverage of the whole vimentin molecule structure [33,34].
Here, we use this method for studying the NFL coiled-coil domain’s properties both alone
and in a more complex structure. While coil 1A of different IFs was widely studied [29,30],
the physicochemical properties of the other IFs domains (except its role in IF polymeriza-
tion) have scarcely been investigated. For proteins containing coiled-coil structures, the
distribution of thermal stability across the protein is important. The areas of stability or
instability may differ in their roles, either in functional or structural significance. Overall,
NFs are less characterized than vimentin, desmin, or keratins; therefore, in our work, we
provide a detailed study of all the coiled-coil domains in the NFL molecule.

Rod domain

-

" Coil 1 Coil 2
o O
NFL, 133 _]243
NFLy., <0 [1A] SN 245

Figure 1. Scheme of the NFL coiled-coil domains and recombinant fragments.

2. Materials and Methods
2.1. Protein Expression and Purification

All proteins used in this work were recombinant samples. Full-length NFL (NFLg;))
(UniProt P07196, Geneva, Switzerland) protein was the product of the NEFL gene. The
human NFLp;, coding sequence was obtained in an EV vector (Cloning Facility, Rus-
sia) [32]. All coding sequences of truncated NFL proteins (Table 1, Figure 1) were cloned
into restriction sites Ndel and EcoRI of the pET23a (+) vector and had a His-tag on
the N-termini.

Table 1. Truncated NFL proteins studied in the current work.

Short Name of the Fragment Name O]f) the S.tructural Borders of the Truncated
omain Fragment
NFLp Coil 1B Ser133—Il1e243
NFL, Coil 2 Val249—Glu396
NFL1g+2 Coils 1B and 2 Ser133—Glu396
NFL1a+1B Coils 1A and 1B Ser80—TI1e243
NFLrop Coils 1A, 1B, and 2 Ser80—Glu396

The following primers were used to obtain different NFL fragments (Table 2): FW133
and REV243 for NFL;g; FW80 and REV243 for NFL s ,15; FW133 and REV396 for NFL1g,2;
FW249 and REV396 for NFL,; and FW80 and REV396 for NFLrop. Primer sequences are
listed in Table 2. To verify the insert sequence, all NFL fragments were sequenced at the
Evrogen company.
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Table 2. Sequence of primers used to obtain truncated NFL proteins.

Primer Sequence

5'-ATATATATCATATGCATCACCATCACCATCACCTGG
AAGTGCTGTTTCAGGGCCCGAGCAACGACCTCAAGTCCATCCG-3

5'-ATATATATCATATGCATCACCATCACCATCACCTGGAAGTGCTG

FW80

FW133 TTTCAGGGCCCGTCCCGCTTCCGGGCGCT-3!

a9 5/-ATATATATCATATGCATCACCATCACCATCACCTGGAAGTGCTGTT
TCAGGGCCCGGTGACCAAGCCCGACCTTTCC-3'

REV243 5/-ATATATATGAATTCTTAGATCTGCGCGTACTGGATCTGCG-3'

REV396 5/-ATATATATGAATTCTTACTCCCCCTCCAGCAGTTTACGG-3'

Recombinant proteins were expressed in E. coli strain C41. The production of proteins
was induced by the addition of 1 mM IPTG. NFL;g and NFLj 1 proteins were purified
from the fraction of soluble proteins, while other proteins (NFLf;, and other truncated NFL
proteins) were purified from the inclusion bodies. NFLpy, protein was purified as described
previously [32,35]. Inclusion bodies of the truncated NFL forms (NFLrop, NFL1g,2, NFLy)
were solubilized in 50 mM Tris/HCI buffer (pH 8.0) containing 300 mM NaCl, 7 mM (-ME,
and 8 M urea, and purified by using metal affinity chromatography on HisTrap HP 5 mL (GE
Healthcare, Uppsala, Sweden) column with 15-500 mM imidazole gradient. Purification of
NFL;p and NFLja.1p was carried out in 50 mM Tris/HCl (pH 8.0), 300 mM NaCl buffer with
15-500 mM imidazole gradient. Purified proteins were stored at —80 °C. The purity of the pro-
tein preparations was no less than 98%. Protein concentration was determined spectrophoto-
metrically using following E'% values at 280 nm: for NFLy; —5.9 cm™!; NFLja,15—2.3 cm™;
NFL;3—3.5 cm~!; NFL,—6.8 cm~!; NFLg,»—5.3 cm~!; and NFLrop—4.4 cm 1.

Renaturation of NFLp, proteins and some truncated fragments (NFL,, NFL1g,p,
NFLrop) was achieved by overnight dialysis against a 5 mM HEPES/NaOH buffer, pH 8.0,
containing 0.5 mM EGTA, and 2 mM DTT at 4 °C.

2.2. Circular Dichroism Spectroscopy (CD)

Far-UV CD spectra of the NF proteins (1 mg/mL) were recorded in the range of
190-280 nm at 5 °C on Chirascan CD spectrometer (Applied Photophysics, Surrey, UK)
using cuvettes with an optical path length of 0.02 cm. CD spectra were determined with a
5 s signal registration time for each wavelength using a 1 nm step size. All experiments
were carried out in a 5 mM HEPES buffer, pH 8.0, containing 0.5 mM EGTA and 2 mM
DTT. Thermal unfolding of NFL fragments was recorded in the range of 5-85 °C with a
constant heating rate of 1 °C/min at a wavelength of 222 nm. For CD spectra analysis,
the DichroWeb program was used (http://dichroweb.cryst.bbk.ac.uk/html/home.shtml)
(London, UK, accessed on 15 January 2022) [36].

2.3. Differential Scanning Calorimetry (DSC)

DSC experiments for the NFL proteins were carried out as described previously using
a MicroCal VP-Capillary differential scanning mircocalorimeter (Malvern Instruments,
Northampton, MA, USA). All experiments were carried out in 5 mM HEPES bulffer, pH 8.0,
containing 0.5 mM EGTA and 2 mM DTT, and a protein concentration of 2 mg/mL. Protein
samples were heated at a constant rate of 1 °C/min in the range of 5-85 °C. The excess heat
capacity (ACp) was calculated using molecular mass for monomers: 12.8 kDa for NFL;g,
16.9 kDa for NFL,, 30.4 kDa for NFL1g,>, 19.2 kDa for NFL s 415, 36.6 kDa for NFLRrop, and
61.5 kDa for NFLpy . The computer-assisted deconvolution analysis of the heat absorption
curves (i.e., their decomposition into separate thermal transitions (calorimetric domains))
was made using Origin 7.0 software [37].
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2.4. Fluorescence Experiments

All fluorescence measurements were made on a Cary Eclipse fluorescence spec-
trophotometer (Varian, Belrose, NSW, Australia). For studies on the temperature-induced
denaturation of NFL coil 2, the NFL; and NFL1p,, recombinant proteins were modified
by N-(1-pyrene)-iodoacetamide (CHEM-IMPEX, Wood Dale, IL, USA). The modification
of the proteins was carried out in 150 mM Na-phosphate buffer, pH 7.4, containing 8 M
urea. Before the modification of Cys residues, the proteins were reduced by adding
10 mM DTT, then purified from excess DTT using NAP10 columns (GE Healthcare,
Altrincham, UK). The N-(1-pyrene)-iodoacetamide dissolved in dimethylformamide was
added to reduced proteins in a 10-fold molar excess. The modification was conducted
overnight at 30 °C in the dark. The reaction was stopped by the addition of 5 mM DTT
and centrifugation at 14,500 g for 15 min. The labeled NFL (Pyr-NFL; or Pyr-NFL;p,7)
was purified on a NAP10 column. Prior to the experiment, the labeled proteins were
dialyzed overnight at 4 °C against 5 mM HEPES/NaOH buffer, pH 8.0, containing
0.5 mM EGTA. The concentration of pyrene attached to the Pyr-NFL, or Pyr-NFLp,»
was determined spectrophotometrically using ¢ at 344 nm equal to 22,000 M~ cm .
The total protein concentration in the samples was determined by SDS-PAGE. The final
ratio of modification was 0.7-0.8 mole pyrene per mole NFL. The spectra of the modified
Pyr-NFL; or Pyr-NFLp,» were recorded at a concentration of 0.8 mg/mL by using
fluorescence excitation wavelength 344 nm and fluorescence emission in the range of
350-600 nm. The modified proteins were subjected to heating with a constant rate of
1 °C/min, and fluorescence emission at 385 and 480 nm was registered. Tryptophan fluo-
rescence of NFL, and NFL;p,, was recorded at a 1 mg/mL concentration by fluorescence
excitation at 295 nm and measured in the range 300-500 nm.

2.5. Asymmetrical Flow Field-Flow Fractionation Coupled with UV/VIS Detector

The molecular size and oligomeric state of the NFL;g fragments were determined by
using the AF4 platform that included the Wyatt Eclipse 3+ Separation System with Eclipse
Long Channel (Wyatt Technology, Goleta, CA, USA), 1260 Infinity LC System (Isocratic
Pump, Autosampler, Variable Wavelength Detector) (Agilent Technologies, Santa Clara,
CA, USA) [38]. The experiments were performed in 5 mM HEPES buffer, pH 8.0, containing
0.5 mM EGTA and 2 mM DTT. The samples (1-5 mg/mL) were analyzed at a wavelength
of 280 nm. The liquid flow program is presented in Table S1. The data were collected and
analyzed with ChemStation v.B.04.03 (Agilent Technologies, Santa Clara, CA, USA) and
Astra v.6.1.7.17 (Wyatt Technology, Goleta, CA, USA) software.

2.6. Size Exclusion Chromatography (SEC) of NFL Fragments

The oligomeric state of all NFL fragments was obtained from SEC data coupled with
chemical cross-linking by glutaraldehyde (TED PELLA, Redding, CA, USA). The SEC
was performed in 5 mM HEPES buffer, pH 8.0, containing 0.5 mM EGTA and 2 mM
DTT. 250 uL of samples containing 2 mg/mL of proteins was applied on a Superose
6 Increase 10/300 GL column (GE Healthcare, Uppsala, Sweden). The protein elution was
performed at 1 mL/min. The chemical cross-linking of samples collected after SEC was
carried out in 5 mM HEPES buffer, pH 8.0, containing 0.5 mM EGTA by the addition of an
aqueous solution of glutaraldehyde (TED PELLA, Redding, CA, USA). The glutaraldehyde
concentrations were 0.008% and 0.024%. The cross-linking was performed at 30 °C for
60 min, and the samples were analyzed by SDS-PAGE in 12.5% gel.

3. Results
3.1. Expression and Purification of the Recombinant NFL Domains

The isolated coiled-coil domains of NFL and their different combinations were
obtained in a bacterial expression system. During this step, several differences in their
properties were observed. NFLig and NFLja,1p recombinant proteins were predom-
inantly expressed in the fraction of soluble bacterial proteins, while NFLjp,», NFL,,
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and NFLrop (as well as NFLp; ) were found in the fraction of insoluble bacterial pro-
teins (Figure 2A). The purity of the obtained recombinant proteins was no less than
98% (Figure 2B).

B

kDa kDa
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75— 100—
50— H—
37— 50—
G i 4 —His-NFLg., 37— R—
25— ——
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Ww —His-NFL _
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Figure 2. Expression and purification of the NFL fragments. (A) Expression of NFL;p,», NFL,, and
NFL;3 in E.coli C41 strain. T—total protein of E. coli, S—soluble proteins fraction, P—insoluble
proteins fraction obtained after centrifugation of the lysate at 18,000 x g. Lane 1—bacterial lysate
before the induction with IPTG, lanes 2-4—bacterial lysate 12 h after the induction with IPTG.
(B) SDS-PAGE of the purified NFL fragments.

3.2. Thermal Stability of the NFL Domains
3.2.1. NFL Rod Domain

The IF rod domain is composed of full-length coil 1 and coil 2, while full-length NFL
also contains non-helical N- and C-termini (Figure 1). The CD spectra of NFLrop demon-
strated 80% of o-helical content with characteristics for this type of structure negative
maxima at 208 and 222 nm (Figure 3A). The thermal denaturation of NFLrop (Figure 3B)
and the denaturation of full-length NFL [32] were reversible. Applying the first derivative
mathematical analysis of melting curves, we identified two distinguished thermal transi-
tions at 44 °C and 61 °C (Figure 3C). The overall shape of the first derivative of the melting
curve for the full-length NFL (NFLp) denaturation was similar to that of the NFLRop.
However, the low-temperature thermal transition of NFLp, shifted by almost 4 °C (from
44 °C to 38.2 °C) in comparison with that of NFLrop, while the second thermal transition
was less pronounced than that of the rod domain (Figure 3C).

While CD spectroscopy allows measurement of the melting of «-helical coiled-coil
domains, the DSC method provides accurate temperature dependences of excess heat
capacity (ACp), which in the case of the reversible denaturation of protein could be decom-
posed into several individual thermal transitions (calorimetric domains) (Figure 4). The
NFLRrop domain has three calorimetric domains at 33.7 °C (domain 1), 41.8 °C (domain 2),
and 61.1 °C (domain 3) (Figure 4B), with the highest enthalpy at the domain 2. For the
full-length NFL tetramer, four calorimetric domains with a maximum transition rate at 33.2,
41.7,53.6, and 63.2 °C were found (Figure 4A) [32]. The thermal transitions of domains
1 and domain 2 of NFLg;, and NFLRop correlate well with each other. The domain 3 of
NFLRrop and domain 4 of the full-length NFL also seem to be the same. However, domain
3 of NFLpp, did not match any of NFLrop domain.
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Figure 3. Thermal stability of the NFLrop domain. (A) CD spectra of the NFLrop protein were
recorded at 5 °C before and after heating. (B) CD melting curves of NFLrop recorded at 222 nm
and compared with that for the full-length NFL (NFLgy ). (C) The first derivative analysis of the CD
melting curves is presented in panel (B).
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Figure 4. Temperature dependences of excess heat capacity (ACp) of NFLg, (A) and NFLgrop
(B) obtained by DSC. Experimental DSC curves (after subtraction of instrumental and chemical
baselines) are shown by solid grey lines, solid black lines obtained from fitting the data to the non-
two-state model, and red lines represent the calorimetric domains (individual thermal transitions)
obtained by the deconvolution analysis. The calculated Ty, and AH, are presented in Table 3.
NFLpp —full-length NFL, NFLrop—NFL rod domain.
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3.2.2. NFL Coiled-Coil Fragments Containing Coil 1B (NFL15, NFL141p, and NFL1g,2)

The CD spectra of NFL1g, NFLja418, and NFLjg,, have two negative maxima at
208 and 222 nm (Figure 5A,B). However, the content of a-helix differs between them. While
NFL5 and NFLg,, contain about 80% of «-helix, NFL; .1 shows almost a 3-fold decrease
in o-helix content in comparison. The thermal melting curves were registered at 222 nm
within a range of temperatures from 5 to 85 °C (Figure 5C). The first derivative analysis
of a melting curve revealed a single thermal transition peak at ~42 °C for NFL;p and at
~46 °C for NFL1a41p (Figure 5D). The thermal denaturation of these NFL fragments was
fully reversible (Figure 5A,B), thus making possible the computer-assisted deconvolution
analysis of DSC melting curves of these proteins (Figure 6A,B; Table 3). The temperature
dependence of the excess heat capacity of NFL;p presented a symmetrical peak with a
single calorimetric domain with a maximum of 39.4 °C (Figure 6A). The NFL14.1p fragment
also demonstrated the single domain at 42.8 °C (Figure 6B). The thermal denaturation of
NFL1p+2 was also fully reversible (Figure 5B). This fragment demonstrated the thermal tran-
sition at ~42 °C and the high-temperature shoulder at ~60 °C upon CD studies (Figure 5D).
In good agreement with CD data, similar thermal transitions (calorimetric domains 2 and
3) at 41.5 °C and 59.6 °C were revealed upon deconvolution of the DSC curve for NFL1p,»

(Figure 6C; Table 3).
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Figure 5. Thermal stability of NFL;g, NFLja 18, and NFLjg,, proteins. (A) CD spectra of NFLp
and NFLj,1p were recorded at 5 °C before and after heating. (B) CD spectra of NFLg,, were
recorded at 5 °C before and after heating. (C) CD melting curves of NFLg, NFLja41p, and NFL;p,»
were recorded at 222 nm. (D) The first derivative analysis of the CD melting curves is presented in

panel (C).
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Figure 6. Temperature dependences of excess heat capacity (ACy) of the NFLg (A), NFL1a 418
(B), and NFLjp,; (C) proteins obtained by DSC. The experimental DSC curves (after subtraction
of instrumental and chemical baselines) are shown by solid grey lines, solid black lines obtained

from fitting the data to the non-two-state model, and red lines represent the calorimetric domains
(individual thermal transitions) obtained by the deconvolution analysis. The calculated T, and AH_,;
are presented in Table 3. NFL;g—NFL coil 1B domain, NFL;5,1g—NFL coil 1A and coil 1B domains,

NFL1g4>—NFL coil 1B and coil 2 domains.
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Table 3. Calorimetric parameters * obtained by DSC for the individual thermal transitions (calorimet-
ric domains) of the NFL fragments.

AH_y
Number of 4 0 AHy 8 o iy Total AH,;
Sample Domain Tm ™" (°C) (kJ mol-1) (% of Total (kj mol 1)
AHcal)
NFL;5 Domain 1 39.4 165 100 165
NFL1a+1B Domain 1 419 80 100 80
Domain 1 37.8 30 7
NFL1g42 Domain 2 41.5 195 47 415
Domain 3 59.6 190 46
Domain 1 33.7 35 9
NFLRop Domain 2 41.8 205 52 395
Domain 3 61.1 155 39
Domain 1 33.2 15 3
Domain 2 41.7 245 42
NFLgL Domain 3 53.6 215 36 590
Domain 4 63.2 115 19
Domain 1 37.2
NFL Domain 2 62.7 ND ND 160

* Parameters were obtained from the data presented in Figures 4, 6 and 7. # Error of the given temperature values
of the calorimetric domains (Trm) did not exceed £0.2 °C. § Relative error of the given values of the calorimetric
enthalpy (AH,) did not exceed 10%.

3.2.3. NFL Coil 2

Previously, we studied the stability of NFL coil 2 in a fusion with the 1B domain
(NFL;1p+2) (Figure 5B-D and Figure 6C). To investigate the properties of the coil 2 domain
in more detail, we produced the NFL, fragment, which consists of this domain alone
(see Figure 1). The initial CD spectrum of NFL, showed a negative maxima at 208 and
222 nm, characteristic of the coiled-coil structure (Figure 7A). Heat-induced denaturation
measured by CD showed that the NFL, melting curve has several transitions: the main
peak at ~35 °C and a shoulder at higher temperatures around 60 °C (Figure 7C). However,
the thermal denaturation of NFL, was not fully reversible (Figure 7A-C), indicating that
this fragment might have a tendency to aggregate or some other properties hindering its
reversible unfolding. Taking into account that the thermal denaturation of NFLrop and
NFL1p42 was fully reversible (Figure 3A,B and Figure 5B), one can suppose that coil 2 in the
NFL structure might be stabilized by the interaction with coil 1B or might form complexes
with the other NFL domains and, thus, these complexes demonstrated a fully reversible
thermal denaturation.

Since the denaturation of NFL, was irreversible, we were unable to apply deconvolu-
tion of DSC curves for this protein. However, in good agreement with CD data (Figure 7C),
the DSC melting curve for NFL, was presented as two peaks with maxima of thermal
transitions at 37.2 °C and 62.7 °C (Figure 7D).

Among all the NFL fragments studied in this work, only the NFL, protein underwent
irreversible heat-induced denaturation. The melting curve of NFL, had two distinguished
thermal transitions (Figure 7C,D), which allowed us to investigate which one had caused the
irreversible melting. In order to do that, we applied a two-step heating protocol: first heat-
ing from 15 to 47 °C (the temperature range corresponds to the first peak, Figure 7D), with
subsequent cooling in the DSC cell, and the second heating from 15 to 85 °C (Figure S1). The
first thermal transition was fully reversible (Figure S1), and the second heating (Figure 7D,
magenta line) of NFL; triggered two thermal transitions. Therefore, we assume that the
second thermal transition that occurs at 62.7 °C (Figure 7D) is the one responsible for the
irreversible NFL, denaturation.
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Figure 7. Thermal stability of NFL,. (A) CD spectra of NFL; protein were recorded at 5 °C before and
after heating. (B) CD melting curves were recorded at 222 nm. (C) First derivative analysis of the CD
melting curves presented in panel (B). (D) Temperature dependence of excess heat capacity (ACp) of
the NFL, protein obtained by DSC. Experimental DSC curves (after subtraction of instrumental and
chemical baselines) are shown, and the calculated Tr, and AH,; are presented in Table 3. The black
line represents the denaturation of the native NFL, protein heated from 15 to 85 °C. The magenta
line represents the denaturation of the pre-heated protein. The first heating was from 15 °C to 47 °C;
then the protein was subjected to the second heating from 15 to 85 °C.

3.2.4. Fluorescence Studies of the NFL Fragments

For the identification of thermal transitions revealed by CD and DSC studies, we
applied a fluorescence measurement approach (Figures 8 and 9). The NFL molecule has
a single Trp residue (at position 279) and a single Cys residue (at position 322). Based
on vimentin structure [18], vimentin and NFL sequences alignment [39], and coiled-coil
predictions, NFL position 322 corresponds to a position d in the heptad repeats. Trp279 is
located at the beginning of the coil 2 domain, which corresponds to the hendecad repeats
(abcdefghijk), [17,40-42], and its position could not be simply predicted by the ordinary
coiled-coil analyzers.

The fluorescence spectra of pyrene-labeled Pyr-NFL, or Pyr-NFLp,, presented
both peaks of the pyrene monomer and excimer fluorescence (Figure 8A,B), which
indicated that the Cys322 position is located in the core. However, the ratio of pyrene
excimer fluorescence to that of its monomer was higher in NFL,. Both Pyr-NFL, and
Pyr-NFLp,, were subjected to heating and subsequent cooling (Figure 8). In the case
of Pyr-NFL1g,», the fluorescence spectra measured before and after heating uncovered
some changes, namely, a slight decrease in pyrene excimer fluorescence and an increase
in pyrene monomer fluorescence (Figure 8A). In the case of the Pyr-NFL, fragment,
the fluorescence spectra obtained before and after heating were dramatically different;
in particular, the ratio of pyrene monomer/excimer fluorescence shifted (Figure 8B).



Biomolecules 2024, 14, 85

12 of 19

>

Intensity (a.u.)

vy}

Intensity (a.u.)

Before heating, the excimer fluorescence was 1.8 times higher than that of the monomer,
while after heating, pyrene monomer fluorescence became 2 times higher than that of
the excimer. Such extreme changes in the fluorescence indicated that the NFL, fragment
alone is not able to form the right conformation after the heat-induced denaturation.
The pyrene excimer fluorescence decreased upon the thermal denaturation (Figure 8C),
and a half-maximal decrease for Pyr-NFL;p,, occurred at 41.6 £ 0.1 °C, while for Pyr-
NFL; it was 46.1 &+ 0.1 °C. Such differences also indicate that coil 2 alone adopts a
conformation that differs from the one it acquires as a part of NFL;p,,. This suggestion
is also confirmed by tryptophan fluorescence experiments (Figure 9). The NFL; and
NFLig,; proteins Trp fluorescence spectra showed similar maxima at 353 and 347 nm,
respectively. These maxima of the spectra correspond to the Trp residues, which are
located on the proteins’ surface and exposed to an aqueous environment [43]. Therefore,
tryptophan fluorescence of NFL is not useful for the investigation of the NFL thermal
stability. However, we compared the Trp fluorescence spectra of NFL, and NFL;p,»
proteins before and after heating (Figure 9) and found that while NFL;p,; fluorescence
spectra before and after heating repeat each other completely, the Trp fluorescence
spectra of NFL; after heating has changed its maxima, indicating that Trp residue in
the NFL,; is in another environment after heating compared to before heating. The data
obtained from the fluorescence of the pyrene label attached to Cys amino acid residue
and the Trp fluorescence both supported the CD and DSC (Figure 7) data and exemplified
the irreversible heat-induced denaturation of NFL,.
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Figure 8. Temperature dependences of the NFLip,, and NFL; denaturation labeled by pyrene
attached to Cys322 in the coil 2. (A,B) Fluorescence spectra of Pyr-NFLjp,, (A) and Pyr-NFL,
(B) measured before the heat-induced denaturation and after the renaturation. Spectra were registered
at 15 °C. (C) Temperature dependence of excimer fluorescence of pyrene label in Pyr-NFL;g,, and
Pyr-NFL; (solid lines). The curves were fitted by a Boltzmann sigmoidal decay function (dotted lines).
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Figure 9. Spectra of tryptophan fluorescence of NFL;g,, and NFL; before and after the heat-induced
denaturation.

3.2.5. Oligomerization of NFL Fragments

To investigate the oligomeric state of the NFL fragments containing coil 1B, we used the
AF4 platform (Figure 10A) and chemical cross-linking by glutaraldehyde (Figure 10B). In the
range of protein concentrations from 1 to 5 mg/mL, NFL;g showed several distinguished
peaks with different retention times (Figure 10A). At 1 mg/mL, the NFL;p sample presented
the single peak with a retention time of 7.8 min. This NFL;p form is also present in a sample
containing 2 mg/mL of protein; meanwhile, this sample contains larger particles as well.
These particles separate at the concentration of 5 mg/mL as a peak with a retention time
of 9.3 min. The cross-linking demonstrated that at 1 and 2 mg/mL, NFL;g forms dimers
in solution, while larger oligomers are also present at 5 mg/mL (Figure 10B). However,
cross-linking did not reveal the real stoichiometry of these complexes.

The oligomeric state of the NFL fragments was also studied by SEC coupled with
chemical cross-linking by glutaraldehyde (Figure 10C,D). The proteins were uploaded at
concentrations of 2 mg/mL (Figure 10C), and after chromatography, the samples from each
peak were cross-linked (Figure 10D). The NFLrop was eluted with a single major peak
(magenta line; Figure 10C). According to SDS-PAGE, after cross-linking, the molecular
weight of this fragment corresponds to NFLrop tetramers (Figure 10D). The same results
were obtained for the NFLg,, fragment (Figure 10C; red line), which also was found to
be a tetramer in solution. The others (NFLja,1g and NFL,) exhibit dimeric structures
(Figure 10D). Unlike all other fragments, for NFL;g, after cross-linking by glutaraldehyde,
we also observed monomeric forms (Figure 10B,D); however, the SEC profile showed two
peaks that might correspond to very large particles (black line; Figure 10C; elution volume
8.8 mL) and a smaller one (black line; Figure 10C; elution volume 12.6 mL). We assumed
that the NFL;g monomers observed on SDS-PAGE (Figure 10B,D) are due to incomplete
cross-linking of highly ordered coil 1B. Therefore, we might conclude that NFL;p also
forms dimers.
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Figure 10. Oligomerization of NFL;p. (A) AF4-UV/VIS fractograms of NFLp loaded in different
concentrations (1, 2, and 5 mg/mL). (B) Chemical cross-linking of NFL;g by glutaraldehyde. Lanes
1, 4, and 7 show the control samples of NFLg without glutaraldehyde at concentrations 1, 2, and
5 mg/mL, respectively. Lanes 2, 5, and 8 show NFL;p cross-linked by 0.008% of glutaraldehyde
at protein concentrations of 1, 2, and 5 mg/mL, respectively. Lanes 3, 6, and 9 show NFL;p cross-
linked by 0.024% of glutaraldehyde at protein concentrations of 1, 2, and 5 mg/mL, respectively.
(C) SEC profiles of NFL fragments (2 mg/mL) uploaded to Superose 6 Increase 10/300 GL column.
(D) Chemical cross-linking of NFL fragments by 0.024% glutaraldehyde. The molecular masses of
NFL fragments were determined by SDS-PAGE.

4. Discussion

In the present work, we studied the physicochemical properties of the NFL rod domain
on the set of isolated recombinant coiled-coil domains (1B and 2) and fusion constructs of
different domains, such as 1A+1B, 1B+2, and full rod domain (1A+1B+2) (Figure 1). At the
stage of protein expression, we observed the first differences in their properties. NFL;g and
NFLja+1 were purified directly from the soluble fraction of bacterial proteins. At the same
time, the expression of NFL;g,,, NFL;, and NFLRop in bacteria caused the formation of
inclusion bodies, and these recombinant proteins were purified by using buffers containing
8M urea and required further renaturation procedure by dialysis (Figure 2A). All the
NFL fragments contained «-helical structure (Figures 3, 5 and 7). However, the NFL14.1p
fragment, which corresponds to the full coil 1 showed almost 3-fold less o-helical content
than NFLrop, NFL1p+2, NFLy, and NFLg. Taking into account that the coil 1 region is also
composed of coiled-coils based on the available atomic structures, that seems intriguing.
Previously, this phenomenon was also observed for vimentin coil 1 fragment, which has
~30% of a-helical content, compared to isolated coil 1B, coil 2, or full rod domain with
about 80% of «-helical content [33]. Such decreases in «-helical content in full coil 1, which
includes both 1A and 1B domains, might be due to the coil 1A part. Wild-type vimentin and
lamin isolated coil 1A domains contain 55% and 45% of «-helixes, respectively [29]. The
ability of coil 1A to form «-helix could be improved by introducing mutations F114V (in
position a of the heptad) and Y117L (in position d of the heptad). These substitutions lead
to the increase in coil 1A «-helical content to 69% and 97%, respectively [29]. The potential
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of peptide to form a-helical structure also strongly depends on the solution composition.
For example, either a change in the pH of a buffer or the addition of trifluoriethanol might
increase x-helical formation in short peptides from desmin [44]. Coil 1A of vimentin also
showed tunable monomer/dimer equilibrium, which depends on the protein concentration.
At 0.2 mg/mL, this peptide was found to be a monomer (4.4 kDa), while at 0.8 mg/mL, it
self-associated and formed dimers (9 kDa). This equilibrium could be switched to dimer
formation not only by increasing protein concentration but also by F114V and Y117L
mutations [29].

Previous studies of the thermal unfolding of NFLpy, tetramers showed that the DSC
curve can be decomposed into four thermal transitions with maxima at 33.2, 41.7, 53.6,
and 63.2 °C (Table 3) [32]. The truncated NFL rod domain, in turn, has three thermal
transitions at 33.7, 41.8, and 61.1 °C (Figure 4B; Table 3). In both cases, one of the main
calorimetric domains was domain 2, with a temperature maximum of 41.7 °C. In the current
work, four recombinant coiled-coil fragments have domains with a similar maximum of
thermal transitions: NFLp (single domain with Ty, = 39.4 °C), NFL;p4, (domain 2 with
Tm =41.5 °C), NFL1a 418 (single domain with T, = 41.9 °C), and NFLRop (domain 2 with
Tm = 41.8 °C) (Table 3), and all of which have coil 1B in common. Such good correspondence
of the thermal transition of coil 1B in the form of a recombinant protein NFLg and as a
part of the full molecule might indicate that its structure remains the same in the tetramer
NFL molecule and in an isolated form in solution. The symmetry of the NFL;p fragment
thermal denaturation peak (Figure 6A) also indicates that NFL coil 1B is homogeneous
throughout its length. It is also important to mention that NFL;g protein was not subjected
to urea-containing solutions during purification, while NFL;p,», NFLrop, and NFLgy
were. The good correspondence between the Ty, value for coil 1B denaturation in all these
preparations indicated that the successful refolding was achieved after all denaturation
agents they may have been subjected to. However, the neighboring domains, as well as
their interactions, might affect the stability of coil 1B.

In previous works, the thermal stability of the vimentin rod domain was examined by
using short coiled-coil fragments of approximately 50 amino acids in length [30]. In that
study, six fragments, which covered the rod domain of vimentin from the beginning of coil
1A to the end of coil 2, were used. The lower stability in the vimentin rod domain was
shown for coil 1A and the first third of coil 2 [29,30]. Moreover, the stabilization of coiled-
coil segment by N- or C-caps would seriously affect their thermal stability, and in some
cases, that difference reached 23 °C. In the present study, we observed the phenomenon
wherein the Ty, of the isolated coiled-coil fragment versus its fusion with other domains
was slightly different. For the coil 1B domain, for example, this difference in the T, value
was around 2.5 °C (see Table 3).

The important aspect that needed clarification was the oligomeric state of the NFL
fragments. By using the AF4 platform, SEC, and chemical cross-linking, we have shown
that at 2 mg/mL, the NFL1, NFL1a 15, and NFL; fragments are dimers (Figure 10), and
the NFL;p.» and NFLrop fragments are tetramers (Figure 10C,D). Our data are in good
correspondence with data obtained on the other IFs. In earlier works, the molecular mass
of the vimentin coil 1B in a solution was measured to equal 25 kDa, which corresponds
to the dimeric structure [45]. The molecular masses of the vimentin rod, coil 1, and
coil 2 fragments, previously determined by sedimentation equilibrium assay, correspond
predominantly to the dimeric state of these coiled-coil regions [33]. However, for the
GFAP 1B domain, both dimeric and tetrameric forms were found in a solution, with a
predominant tetramer formation [46]. The results obtained on the isolated chicken desmin
rod domain also support the ability of IF domains to self-assemble into different forms
depending on ionic strength and protein concentration. The chicken desmin rod domain
was present in a solution as a mixture of dimers and tetramers. In plain Tris buffer (pH 8.0),
it formed predominantly dimers, while at higher ionic strengths, tetramers were also
identified [47]. Taking into account our results and data from the literature, we assume that
using the concentrations of 1-2 mg/mL of the NFL fragments in CD and DSC experiments
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we studied the melting of NFL1g, NFL1418, and NFL, dimeric structures. It is important
to mention that NFLp;, NFLp,, and NFLrop in the same experimental conditions are
tetramer. Therefore, we can conclude that the thermal transitions in the NFLp;, melting
curve, which have correspond with the thermal transitions of the NFL fragments (Table 3),
reflect the denaturation of coiled-coil structures.

Among all the NFL fragments analyzed in this study, only NFL, displayed irreversible
thermal denaturation (Figure 7), while other proteins containing coil 2, namely NFL1p,»
and NFLrop, underwent fully reversible thermal unfolding (Figures 3A,B, 4B, 5B and 6C).
Importantly, the refolding of NFL, from the solution containing chaotropic agents differs
from that after thermal denaturation (Figure 7A). Previously, it was elucidated that the
end part of vimentin coil 2, which was stabilized on its C-end, might demonstrate the
irreversible unfolding, while the same region, which was stabilized on its N-end, refolded
successfully [30]. By using DSC with two-step heating, we have shown that among the two
thermal transitions (at 37.2 °C and 62.7 °C), the second one (at 62.7 °C) is responsible for
the irreversible denaturation (Figure 7D and Figure S1). Summing up all these data, we
suggest that the N-terminal part of NFL coil 2 is the unstable region, and for proper folding,
it mostly requires coil 1B.

At present, there is no doubt that the structure of the IF rod domain is «-helical
with several segmented domains that form coiled-coil structures, and several o-helical
linker regions. The first linker L1 connects the coil 1A and coil 1B domains, and the
second linker L12 connects coil 1B and coil 2. In early predictions, there also was another
linker—L2, which was suggested to connect coil 2A and 2B segments. However, the latest
evidence stated that vimentin coil 2 has a continuous x-helical structure without any linkers
inside [40]. However, the coil 2 structure still has some parts that differ in their thermal
stability [30]. In our study, we showed that NFL coil 2 thermal denaturation has at least two
thermal transitions, which occur at 37.2 and 62.7 °C (Figure 7D). Variable stability of coil
2 was also observed for the vimentin molecule by the single-molecule force spectroscopy
with optical tweezers. It was shown that the coil 2B C-terminal part is more stable than the
N-terminal and central part of it [48].

These facts provide some evidence that the heterogeneous stability of the IF’s coil
2 structure might be important for coil 2’s role in the IF’s dimer and tetramer self-assembly.
The other region in IF that has lower thermal stability is coil 1A [29]. It is important for the
longitudinal polymerization of IF while paired with the coil 2 C-terminus, as well as for
lateral interactions while it is paired with the N-terminal part of coil 2 [49].

Despite the present data showing that coil 2 does not have a linker sequence inside, it
differs from a traditional coiled-coil structure based on the heptad repeats of amino-acid
residues. The hendecad repeats (abcdefghijk), of amino-acid residues were found in the
conservative region at the beginning of coil 2 (first 36 residues) [17,40,41]. Furthermore, coil
2 of all IF members has a so-called “stutter”, which is located at the position of 8.5 heptads
downstream of the beginning of coil 2 and corresponds to a four-residue insertion [14,41,42].

In the structure of a full NFL molecule, the appearance of mutation causes changes in
its thermal stability. The Glu90Lys substitution that correlates with Charcot-Mary-Tooth
neuropathy leads to the disappearance of the low-temperature thermal transition (first
calorimetric domain on the DSC profile). More precisely, the NFL Glu90Lys has only three
calorimetric domains at 41.6, 52.2, and 62.6 °C, and lacks thermal transition at 33.2 °C [32].
Comparing the data obtained on NFL WT (wild type) and its Glu90Lys mutant, we might
suggest that calorimetric domain 1 on the DSC profile of NFL WT (NFLg in Figure 4A)
corresponds to coil 1A denaturation.

Summing up all the data for NFLp, and its fragments’ thermal stability (Figures 4, 6 and 7D),
we conclude that calorimetric domain 1 of NFLp, yields to coil 1A denaturation, domain
2 corresponds to coil 1B, while the calorimetric domain 4 originates from coil 2 denaturation.
The calorimetric domain 3 (at 53.6 °C) of the full-length NFL tetramer did not correspond
to any fragments used in this work. Since the full-length NFL differs from NFLrop by the
presence of N- and C-terminal parts (Figure 1), one can propose that this domain reflects
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the thermal unfolding of these parts in the NFL molecule. It might indicate that this thermal
transition appears due to another molecular interaction that occurs in a full tetramer.

5. Conclusions

In the present work, we provided a detailed study of the thermal stability of neuro-
filament light protein by using a set of recombinant fragments that correspond to NFL
coiled-coil domains. The thermal stability of coiled-coil domains of the IFs molecule plays
an important role in their self-association. From our data, we can conclude that thermal
transitions of isolated coiled-coil domains correlate well with thermal transitions found in
the full-length NFL molecule. In particular, we identified the denaturation profiles of NFL
coil 1B, coil 1A, and coil 2. Importantly, we demonstrated that NFL coil 2 has two thermal
transitions. Moreover, we found that among all NFL domains, only coil 2 undergoes
irreversible heat-induced denaturation as an isolated fragment. Meanwhile, being in a
fusion with coil 1B or as a part of the full rod domain, the denaturation of coil 2 is fully
reversible. We conclude that the N-terminal part of NFL coil 2 is the unstable region that
requires coil 1B for proper folding.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biom14010085/s1, Figure S1: Temperature dependence of heat balance (in
uW) of NFL, protein obtained by DSC. Table S1: The liquid flow program used for the AF4 platform.
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