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Abstract

Myelin gene regulatory factor (MyRF), a novel membrane transcription factor expressed on the
endoplasmic reticulum membrane, functions as a trimer. The trimerization of MyRF is associated with a
fragment between the DNA binding domain and transmembrane domain that shares homology with the
triple-B-helix and intramolecular chaperone autocleavage (ICA) domain of phage tailspike proteins. The
molecular details of these domains in eukaryotes have not been elucidated. Here, we present the crystal
structure of the MyRF ICA domain with its upstream B-helical stalk, determined at 2.4A resolution. The
structure showed that its upstream B-helical stalk is different from the triple B-helix reported before.
This is the first structure of the mammalian protein with a triple B-helix. Structure analysis demonstrated
that the triple a-helical coiled-coil formed at the MyRF ICA domain C-terminal was the main driving force
for the trimerization. Additionally, our findings showed that MyRF was cleaved via a highly conserved
serine-lysine catalytic dyad mechanism and that cleavage would be activated only if the ICA domains were
organized as trimers. In contrast to the viral ICA domain, almost no interaction was found between the
MyRF ICA domain and its upstream neighboring B-helix of the stalk; thus, activation of self-cleavage may
not be triggered by the upstream region of the ICA domain, contrary to the observations made in phages.
These findings provided an important insight into the molecular mechanisms of MyRF trimerization and
self-cleavage.

Key words: membrane transcription factor; Myelin gene regulatory factor (MyRF); intramolecular chaperone
autocleavage (ICA) domain; triple-beta-helix; crystal structure

Introduction

Most cell activities are controlled by the
expression of transcription factors. Some transcription
factors are initially synthesized as precursors of the
membrane protein and sequestered in the membranes
of cells or organelles in eukaryotic cells. Only after
cleavage and liberation from the membrane can they
enter the nucleus to accomplish gene transcription

and regulatory functions. Cleavage and release of the
sequestrated membrane transcription factors under
control is a common mechanism for the regulation of
gene expression. Three types of membrane
transcription factors have been reported according to
the enzymes involved in their cleavage. The first type
of membrane transcription factor is cleaved by the
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Golgi site-1 and site-2 proteases (S1P and S2P) in the
intramembrane (regulated intramembrane proteo-
lysis, RIP). The sterol response element-binding
protein is a typical member of this type of membrane

transcription factors [1]. The second type of
membrane transcription factor is cleaved by
presenilin-dependent  regulated intramembrane

proteolysis (PS-RIP) [2, 3]. One of the current
members of this type is the intracellular domain of the
Notch receptor, which is released from the cell
membrane to participate in the transcriptional
activation of target genes [4, 5]. The third type of
membrane transcription factor is cleaved by the
ubiquitin/ proteasome-dependent ~ pathway  [6].
Members of this type include the yeast membrane
transcription factors SPT23 and MGA2, distant
homologs of the soluble cytosolic nuclear factor
(NF)-xB/Rel of higher eukaryotes. These proteins are
cleaved outside the transmembrane domain for
release from the membrane. Their cleavage
mechanism is similar to that of the precursor of the
NF-xB transcription factor which is processed by
proteasomes.

Recently, a new type of membrane transcription
factor, i.e., myelin gene regulatory factor (MyRF), was
found to exhibit a novel cleavage mechanism [7]. This
factor is initially expressed on the endoplasmic
reticulum (ER) membrane with a large cytoplasmic
N-terminal fragment, including a DNA binding
domain (DBD) that can be released from the ER
membrane. Studies have revealed that this release is
caused by an autocatalytic self-cleavage reaction
attributed to a fragment between the DBD and
transmembrane domain, which is homologous to the
intramolecular chaperone autocleavage (ICA) domain
in bacteriophage endosialidases [8, 9]. Functional
assays have shown that this domain is essential for
MyREF transcriptional activity [7, 10].

MyREF is expressed in oligodendrocytes as a key
transcription factor in the formation and maintenance
of myelination in the central nervous system [11].
Moreover, this protein is highly expressed in several
other tissues and plays important roles in other
organs [12-14]. Whole- genome sequencing studies
have found that some MyRF mutants are associated
with birth defects and abnormal development of the
heart, genitourinary tract, diaphragm, lung, and eye
[15-18]. Some of these disease-related mutants are
located on the ICA domain.

Previously, homologs of the ICA domain have
been found only in diverse phages which can be
classified into four different protein families:
endosialidases (e.g., endoNF), K5 lyases (e.g., EImA),
the L-shaped tail fibers of coliphage T5 (e.g., LTF), and
the neck appendage protein (e.g.,, GP12 of Bacillus

phage GA-1). These proteins facilitate the assembly of
N-terminal domains into a trimer [8]. Once this trimer
is folded correctly such that the key residues for the
cleavage reaction enter into the proper positions,
autocatalytic self-cleavage is triggered and the ICA
domain is released, leaving a kinetically stable
trimeric protein with triple-beta-helix [8, 9]. Mutations
that disrupt the self-cleavage or trimerization of the
ICA / triple-beta-helix domain can prevent the
formation of the functional N-terminal oligomers.

The MyRF ICA domain with its upstream
B-helical stalk seems to have a similar function for
driving MyRF to form a homotrimer and release its
N-terminal fragments as a free transcription factor
from the ER membrane by self-proteolysis. Although
the biochemical functions of the triple-B-helix and
ICA domain have been well-characterized in viral
proteins, their homologies have not yet been
described in membrane transcription factors.
Moreover, because their homological sequences are
extremely distant from those of viral proteins, the
exact auto-cleavage mechanism of MyRF may differ;
further studies are mneeded to assess these
mechanisms.

Accordingly, in this study, we present the crystal
structure of the MyRF ICA domain with its upstream
B-helical stalk. To the best of our knowledge, this is
the first structure of a mammalian protein with a
triple-p-helix and ICA domain. Overall, our findings
provide important insights into the molecular
mechanisms underlying the homo-trimerization and
autocleavage of MyRF.

Results

Structure of the MyRF ICA domain prior to
cleavage

First, the mouse MyRF DNA fragment (residues
351-717) was cloned and expressed. The expressed
protein containing DBD and ICA domains underwent
autoproteolytic cleavage to produce two fragments.
To gain insight into the folding process of the
homotrimer and the details of the autoproteolytic
cleavage reaction of MyRF, a precleavaged protein
was generated by expressing a noncleavable mutant of
the fragment (MyRFsss7a) based on previous reports.
The noncleavable MyRFssg7a protein was expressed
and purified. Crystallization trials were performed
using the final purified protein, and several crystals
were obtained. We collected X-ray diffraction data
from SSRF. The crystals belonged to the P321 space
group. The space group parameters of some crystals
were similar to those of the previously obtained DBD
crystal, and the structure was solved by molecular
replacement using the structure of MyRF DBD as a
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search model. Unfortunately, the solved structures
contained only the DBD domain. The space group
parameters of some other crystals were different from
those of the DBD crystal, and the calculated cell
volume was too small to accommodate the DBD
molecule. Finally, the structure of this type of crystals
was solved by single isomorphous replacement,
including anomalous scattering using a seleno-
methionine (SeMet)-derivatized protein crystal.

The final structure was refined to 2.4 A (Table 1)
and consisted of two parts, the B-helical stalk and ICA
domain. The space group was P321 (a = 78.7 A, b
=78.7 A, c = 1385 A, 0=90.0°, =90.0°, and y=120.0°)
and each asymmetric unit contained three monomers,
which belonged to three different homotrimers. A
crystal symmetry operation was used to generate the
other two monomers of functional trimeric proteins.
The overall structure of the trimer showed a
drumstick-like outline with the stalk sitting on top of
the trimer connecting the DBD and ICA domain. Each
ICA monomer displayed an al-pfl-a2-p2-a3-p3-
[3a-p3b-P4-a4 fold architecture (Figure 1A, 1B, and
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Figure S1). The C terminal a helix (a4) of each subunit
of the trimer wrapped into left-handed superhelix and
created a cylinder that was approximately 27 A wide
and 51 A long. The short a1 and a3 helix surrounded
the central cylinder in an almost perpendicular
position.

The topology of the precleavage protein and the
structure of the trimer were similar to those of the
precleavage endoNFsoi1a (phage endosialidase
protein, PDB:3GW6) and the overall root mean
squared deviation of the main chain was 2.05 A
(evaluating superpositions across all 98 fully
populated columns in the final alignment; Figure 1C).
The most prominent difference was that the
antiparallel B-strands of $3-f3a-p3b-4 which formed
an extremely long tentacle and interacted with the
triple-B-helix stalk and the functional domain
upstream of the ICA domain in endoNFso11a, while
formed a “donut” with the antiparallel p-strands of
Bl-a2-B2 in MyRF (Figure 3A) and did not interact
with the upstream neighboring [-helix of the stalk at
the top. Hydrogen bonds were formed between the
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Figure 1. Structure of the homotrimer (crystallographic symmetry-related protomers) of the pre-cleavage MyRF ICA domain with its upstream [-helical stalk. All the strands
and helix are labeled according to the structure of phage endoNF (PDB code: 3GWé). A. Overall side view and top view of the cartoon diagram. The three subunits in the MyRF
trimer are colored in gold, ice-blue, and pink respectively. B. Secondary structure and sequence alignment of the MyRF ICA domain with the stalk. Mouse MyRF (539-713) is
aligned with sequences from other vertebrates (human, frog, and fish), nematode I, nematode2 (PQN47)), Dictyostelium (MrfA), and phage (endoNF). Secondary structures of the
MyRF ICA domain are indicated on the top. The residue numbering along the top refers to the mouse MyRF. The alignment was performed by CLUSTALW [37], then edited and
displayed with ESPript [38]. The scissor indicates the cleavage site. White characters in red boxes indicate identity and red characters in white boxes indicate homologous
residues. C. The superimposed structures of the trimer of the MyRF ICA domain with the stalk and the corresponding portion of endoNF (PDB code:3GW§é) colored in ice blue
and tan respectively. The software Chimera was used to superimpose the structures and generate the figure.
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helix residues E620, 5624 (between P1 and 2) and the
loop residues A658, V656 (between [3a and [(3b)
(Figure S2). The “donut” formed with four [-strands
(P1-4) showed an outer diameter of approximately 25
A and an inner diameter approximately 9 A. A
“cable” from the neighboring subunit threaded
through the middle hole of the “donut”, and the
cleavage site was located directly on this “cable”
(Figure 3A).

Table 1. Data collection and refinement statistics

MyRF ICA domain
Data collection
Wavelength 0.9792
Resolution (A) 38.22 - 2.40 (2.486 - 2.400)*
Space group P321
Cell dimensions
ab,c(A) 78.778.7138.5
a By 90.090.0 120
Total reflections 364924 (26011) *
Unique reflections 20050 (1965) *
Multiplicity 18.2(13.2) *
Completeness (%) 96.00 (69.90) *
Mean I/sigma(T) 16.78 (2.00) *
Wilson B-factor 30.67
R-merge 0.7467 (5.523) *
CC1* 0.971 (0.0291) *
Refinement
Resolution (A) 38.22-2.40
Ruwork / Riree 0.217/0.268
Reflections used in refinement 19263/1375
(working/ test)
No. non-hydrogen atoms 3468
macromolecules 3383
Water 85
B-factors 59.06
macromolecules 58.39
Water 42.72
Clashscore 2.50
R.m.s. deviations
Bond lengths (A) 0.002
Bond angles (°) 0.47
Ramachandran plot
Favored regions (%) 98.34
Allowed regions (%) 143
Outliers (%) 0.24

* Values in parentheses are statistics for the highest resolution shell.
One crystal was used for this data set.

The B-helical stalk

Structural analysis showed that the p-helical
stalk of MyRF formed a triangle prism with three
[-sheets formed on each side by 4-6 parallel p strands,
which came from three different subunits.The strands
intertwined partially since the top of the two strands
of the structure (residues 560-562 and 571-573) on the
same side were from the same subunit (Figure 2A,
2B), in contrast to the typical triple-B-helix, in which
all the  strands were fully intertwined, with no two
neighboring B-strands on the same side of the same
subunit (Figure 2C). The MyRF sequence included
five additional residues between the top two strands,
which allowed the  strands to wind back on the same

side (Figure 2A). Hydrogen bonds were formed
between the main chain of the 3-strands in the sheets
on each side (Figure 2D). The hydrophobic core of the
stalk was filled with six residues in each layer, along
with mixed stacks of Val, Leu, and His. Residues
participating in core stacks were located at each
B-strand with one residue apart (Figure 2E). In this
configuration, the p-helical stalk of the MyRF was not
as stable as the typical triple-B-helix (the calculated
free energy of dissociation using the PISA program
was 33.4 versus 69.4 kcal/mol). In addition, the MyRF
stalk could not act as a sensor for trimerization to
trigger the cleavage because there were almost no
interactions between the MyRF stalk and the ICA
domains of the neighboring molecules in the
structure.

The cleavage reaction center

Mass Spectrometry analysis of the expressed
MyRF fragment (residues 351-717) revealed that the
protein was cleaved between P586 and S587,
consistent with previous studies. The “cable” with the
cleavage site threaded through the “donut” formed by
six B-strands, similar to a cable cutter. The “cutting
hole” was surrounded by aromatic and hydrophobic
residues (Y615, Y617, F621, 1637, F657, 1663, and F666)
to create a hydrophobic environment for the
enzymatic reactions (Figure 3A). To identify the key
residues involved in the autocatalytic self-cleavage, a
series of residues close to the cleavage site were
mutated to alanine. The results showed that proteins
with S587A or K592A were not cleaved at all, whereas
proteins with most of the other mutations were
partially cleaved (Figure 3B, 3C). An analysis of the
sequences and structures revealed that the residues
5587 and K592 of MyRF were equivalent to residues
5911 and K916 of endoNF, respectively. These two
residues, which formed a serine-lysine catalytic dyad
as the reaction center, were indispensable for
auto-cleavage as reported previously [9, 19](Figure
3D). In the structure of MyREF, all residues in the stalk
were separated from the cleavage reaction center, and
no direct interaction was found. Additionally, residue
K671 from the top of the a4 helix was close to the
cleavage reaction center in the structure and appeared
to have a function similar to that of residue R897 in
the endoNF triple-B-helix, which played crucial roles
in autocleavage. Unexpectedly, K671 was not shown
to be important for autocleavage because cleavage
was not inhibited by the substitution with the alanine
(Figure 3C, D). No other basic residues were found
close to the reaction center in the structure. Instead,
the aromatic residues Y615 and Y617 were close to the
cleavage site in the structure. Mutation analysis
showed that both of these residues could partially

http://www.ijbs.com



Int. J. Biol. Sci. 2021, Vol. 17

2935

block the cleavage, although Y615 showed stronger
effects. When both of the residues were mutated to
alanine, cleavage at P586-S587 was completely
inhibited, and two other new cleavage sites were
generated (Figure 3B). Mass spectrometry analysis
showed the locations of these two new sites at
residues R611-L612 and E620-F621 (Figure S3, S4).
These two new sites appeared in mutant R590A,
1637A, Q639A, F666A, 1667A, and V669A proteins
(Figure 3C). Although all of these residues were
conserved in the MyRF, the mutants did not
completely block autocleavage. In the protein
structure, these two new cut sites were located close
to the cleavage site, but on the “cutter hole” instead of
the “cable” (Figure 3E). All of these mutated residues
were involved in holding the residues related to
cleavage in place on the “cable” to ensure the efficacy
and specificity of the reactions (Figure 3F). No studies
have shown that proper folding of the DBD and
triple-B-helix are prerequisites for the MyRF
autoproteolytic reaction; however, trimerization of
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the ICA domain itself is required.

C terminal triple a-helical coiled-coil

Trimerization of the ICA domains is mainly
attributed to the triple a-helical coiled-coil, which
consists of three parallel C-terminal a4 helices from
three subunits (Figure 4A). Each helix buried 689A2
(18% of the total accessible surface), and the total
buried surface area was 4136A2 (56% of the total
surface area) of the trimer. The free energy of
dissociation calculated using PISA was 25 kcal/mol.
The sequence of each helix contained four heptad
repeats (abcdefg), with the four “a” positions
containing Phe, Val, Thr, and Ile and the four “d”
positions containing one Asn and three Leu residues
(Figure 4B). The hydrophobic B-branched residues Val
and Ile at the “a” position favored the trimerization of
the protein in the helices of coiled-coils [20]. In
addition to the force produced by burial of the
hydrophobic face of the leucine zipper in the
coiled-coil core, the R695 at “g” position formed

Figure 2. The structure of the homotrimer of the MyRF B-helical stalk. A. Structure-based sequence alignments of B-sheet elements within the MyRF B-helical stalk. The
residues with the central side-chain stacks are colored red. B. Cartoon diagram of the homotrimer of the MyRF B-helical stalk showed a triangular B-sheet prism with a partially
intertwined structure. The residues with the central side-chain stacks are colored red. C. The cartoon diagram of the homotrimer of the typical triple-B-helix of endoNF showed
a fully intertwined structure. D. Stacks of four hexapeptide repeats from one side of a subunit are represented as sticks. The main-chain hydrogen bonds are shown in yellow
dashed lines and the two residues with the central side-chain stacks are shown in red. E. The four contiguous stacks of the MyRF f-helical stalk homotrimer in the axial view are
shown forming a triangular prism. The two residues with the central side-chain stacks are represented as red sticks.
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interhelix salt bridges with E693, E700, and D697 at  R695 to alanine blocked the cleavage of MyRF (Figure
“e” or “b” positions (Figure 4D). Mutations of the  3C). Among the residues interacting with R695, E700
residues critical for the formation of the triple is more important than E693 and D697 since the
a-helical coiled-coil can affect the trimerization of ICA  protein with the mutation of E700A was cleaved
domain and autocleavage of MyRF. Without cleavage,  partially due to the destablization of the ICA trimer
the transcription factor MyRF cannot be released from  while the protein with the mutations of E693A and
the ER and enter the nucleus to regulate the D697A had almost no effect on the cleavage (Figure
expression of its target genes. Single mutation of Leu  3C). The central “d” position asparagine (N678 of
at “d” position (L685, L692, L699) or Ile at “a” position =~ MyRF) seemed to form the buried hydrogen bonds in
(I696) was found to block the trimerization and the core of the structure, as shown in Figure 4C, but
cleavage of MyRF [7]. Mutation of R695 has been  mutation of N678 to alanine had no effect on the
shown to be related to the birth defects owing to the  cleavage of MyRF in the expression of E. coli. (Figure
loss of function of MyRF [14, 21]. Our results also  3C), which implied that it was not important to the
showed that the single amino acid mutation of L692 or ~ formation of Myrf trimer.
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Figure 3. The structure of the cleavage site of the MyRF ICA domain. Depicted as red - oxygen; blue - nitrogen; gold, ice-blue and pink - carbon atoms and yellow dotted line
- hydrogen bond, scissors - the scissile peptide bond. Ser587 has been modeled into the structure to illustrate the proximity of this residue to the other residues nearby. A. The
“cable cutter” structure of the MyRF cleavage reaction center. The surface and gold cartoon diagram of the B-strands of 33-33a-$3b-f4 and B1-02-32 showed a “donut” shape.
The “cable” with the cleavage site from the neighboring subunit was colored pink. The aromatic and hydrophobic residues Y615, Y617, F621, 1637, F657, 1663, and F666
surrounding the “cutting hole” were represented as sticks too. B. The auto-cleavage of the mutants of MyRF (Y615A, Y617A, Y615A&Y617A) was analyzed by SDS-PAGE.
6xHis-tagged MyRF and its mutants were overexpressed and pulled out using Ni-affinity beads and visualized on Coomassie blue stained SDS-PAGE. The MyRF.« and MyRFsssza
were set as the positive and negative control, respectively. C. The auto-cleavage of the mutants of MyRF (R590A, K592A, T634A, 1637A, Q639A, E647A, T634A&E647A, F666A,
L667A, V669A, K671A, N678A, L692A, E693A, R695A, D697A, E700A, E693A&D697A, E693A&D697A&E700A) was analyzed by SDS-PAGE. 6xHis-tagged MyRF and its mutants
were overexpressed and pulled out using Ni-affinity beads and visualized on Coomassie blue stained SDS-PAGE. The MyRF.« and MyRFssg7a were set as the positive and negative
control, respectively. D. Close-up of the interactions between the residues of Y615, Y617, K592, K671 and the cleavage site in the structure. E. Close-up of the two new cleavage
sites showed that they were close to the original cleavage site but located on the “donut” instead of “cable” in the structure. F. Close-up of the interactions between the residues
of R590, 1637, Q639, F666, L667, V669 and the cleavage site in the structure.
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Figure 4. The structure of the C terminal triple a-helical coiled-coil. A. The crystal structure of the C terminal triple a-helical coiled-coil (N670-K705) is shown as a gold
cartoon with a surface. The residues at the positions a and d of coiled-coil are represented as sticks. Depicted as red — oxygen; blue - nitrogen; gold, ice-blue and pink —carbon
atoms and yellow dotted line - hydrogen bond or salt bridge. B. The characteristic heptad repeats of the coiled-coil domain in A. Residue number is given on both sides of the
sequence. Letters a—g designate the position of the amino acids within the heptad. C. Three N678 from each helix may interact with each other. D. The R695 interacts with the
E693, D697, and E700 from the neighboring helix forming a network of the interhelix salt bridges.

The triple a-helical coiled-coil was
strengthened by al and a3/a3a helices

Structural  analysis  showed  that the
intermolecular interactions among the al helix,
a3/ a3a helix, their flanking sequences, as well as the
a4 helix, also contributed to the trimerization of ICA
domain. Via these interactions, the ICA trimer was
greatly strengthened, demonstrating an increase in
the free energy of dissociation (from 25 kcal/mol to 76
kcal/mol). Interactions among the three al helices of
the different subunits were represented as the
H-bonds and the salt bridges formed between Q596,
E597, and V598 at the upstream flanking sequences of
al helix and H614, R611 and L612 at the downstream
flanking sequences of the neighboring al helix
(Figure 5A). With these intermolecular interactions,
three al helices from different subunits formed a
trianglar collar structure outside of the triple
coiled-coil by connecting head to tail to each other.
Among the residues involved in these interactions,
Q596, which is located upstream of the al helix has
been reported to be related to Swyer syndrome, a
disease related to the female genitalia [14].

The three a3/a3a helices also formed a circular
collar structure outside of triple coiled-coil, with the

hydrogen bond of E647 at a3a helix and T634 in the
upstream flanking sequences of the neighboring a3
helix (Figure 5B). These collar structures strengthened
the trimerization of the ICA domain by holding the
triple coiled-coil in the center of the trimer. Every
helix in the collar structures interacted with the
central a4 helix. Residues A648 and E647 in a3a helix
formed hydrogen bonds and salt bridges with the
residues of N670 and R673 in the C-terminal a4 helix
(Figure 5A). In the structure, the interactions were
observed between al and a3 helices too (Figure 5C).
Our results showed that the protein with the double
mutation of T634A and E647A was cleaved partially
due to destabilization of the ICA trimer, although
each single mutation of them has little effect (Figure
30).

In addition to hydrogen bonds and salt bridges,
hydrophobic interactions also played critical roles in
the trimerization of the ICA domain. The hydrophobic
residues 1607, L612, V636, V641, 1644, 1645, V649,
V669, 1674, and V679 at the interface of the al, a3, and
a4 helices clustered together within the protein to
form a hydrophobic core, thereby stabilizing the
folded state (Figure 5D). No water was present in this
structural core. Notably, changes in the residues in the
hydrophobic core may affect the stabilization of the
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ICA trimer and then alter the transcriptional function
of MyRF. Moreover, mutation of V679 was recently
reported to be related to birth defects caused by loss
of function of MyRF [21].

Discussion

Recent studies have identified a novel type of the
membrane transcription factor, that is, MyRF. The
cleavage mechanism of this membrane transcription
factor was found to be similar to that of
well-characterized phage tailspike proteins, which
were processed via the intramolecular chaperone
autocleavage (ICA) domain. In phage, the ICA

domain has two functions, i.e., an intramolecular
chaperone function to facilitate correct folding of the
upstream triple-p-helix to generate a stable trimer and
an autocatalytic self-cleavage function to release itself
and leave the mature protein on the phage, trapped in
a kinetically stable state. Previous studies have shown
that these two functions of the ICA domain were also
required for MyRF activation via trimerization,
enabling the formation of a functional transcription
factor, and autocleavage, releasing the protein from
the ER membrane [7, 11, 19, 22].

Figure 5. The triple a-helical coiled-coil was strengthened by surrounding structures. A. Three a1 helices with its flanking sequences from each subunit of the trimer interact
with each other by connecting head to tail to form a triangle collar limiting the triple-helical coiled-coil in the middle. B. Three a3,a3a helices with its flanking sequences from each
subunit of the trimer interact with each other by connecting head to tail to form a circular collar limiting the triple-helical coiled-coil in the middle. C. The interactions between
al and a3 helix. The residues at the upstream flanking sequences of a3 helix and the residues at the downstream flanking sequences of al helix which are involve in the formation
of hydrogen bonds and salt bridges are represented as sticks. D. The hydrophobic core formed at the interface of al, a3,and a4 helix with the hydrophobic residues 1607, L612,
V636, V641, 1644, L645, V649, V669, 1674, and V679 were represented as sticks and colored in green.
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Figure 6. Cartoon diagram of the modeled molecular models of the homotrimer structures. A. The modeled pre-cleavage homotrimer structure of the MyRF N-fragment
(residues 351-717), the DBD using the previously solved structure (PDB code: 5SH5P). B. The modeled pre-cleavage homotrimer structure of the phage endoNF, using the
structures of (PDB code: 3GW6 and 1VOE). C. The modeled cleaved homotrimer structure of the MyRF transcription factor shows the B-helical stalk helps to stabilize the DBD

trimer. D. The modeled cleaved homotrimer structure of the MrfA transcription factor shows a long disorder linker between the DBD and B-helical stalk.

In this study, we initially wanted to obtain the
structure of the precleavaged MyRF cytoplasmic core
fragment containing both DBD and ICA domains by
expressing the noncleavable protein MyRFssg7a.
Unexpectedly, the protein was split into two
fragments at the front of the autocleavage site during
crystallization, resulting in the production of DBD
crystals and the stalk-ICA domain crystals. We have

already reported the structure of MyRF DBD;
therefore, in this study, we focused on the structure of
the MyRF ICA domain with its upstream [-helical
stalk. This structure revealed the molecular
mechanisms underlying the homotrimerization and
the autocleavage of MyRF. Moreover, the structure
also elucidated the molecular differences from its
correspondents in phages (Figure 6A, 6B). The most
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prominent difference was that the [33-f4 strands,
which formed a short “cable cutter” with [B1-p2
strands, and showed only weak interactions with the
upstream sequence in MyRF. Another major
difference was the stalk between the upstream
functional domain and the ICA domain. The stalk of
the MyRF mainly consisted of p-helix and formed a
structure similar to the triple-p-helix in phages. This is
the first structure of the mammalian protein with a
triple B-helix. It required the ICA domain to trimerize
like phage proteins, however, the stalk of MyRF only
partially intertwined and did not form a typical fully
intertwined triple-p-helix. Our analysis demonstrated
that this structure was less stable than the typical
triple-p-helix. There were also some differences in the
cleavage reaction centers, although the cleavage
mechanisms were based on the serine-lysine dyad.
Residues of the triple-B-helix of endoNF participated
in the cleavage reaction, and the neighboring Arg897
in triple-p-helix played a key role in the reaction;
therefore, the cleavage can only be triggered by
correct folding of the triple-p-helix. In contrast, few
interactions were observed between the MyRF ICA
domain and its upstream neighboring p-helix, and no
stalk residues were found to participate in the
cleavage reaction. Accordingly, cleavage of the MyRF
ICA domain appeared to be independent of the
folding of its upstream sequence. The finding that the
mutation G575R disturbed the trimerization of the
B-helical stalk, but did not affect the autocleavage [19]
was consistent with this observation. Activation of
MyRF cleavage may be related to the presence of
some auxiliary factors on the ER membrane, as
observed for other membrane proteins.

After cleavage, the ICA domain of endoNF was
released from the mature protein on the phage and
left a very stable stalk that was resistant to heat,
sodium dodecyl sulfate (SDS), and proteases, thereby
facilitating antibacterial effects (Figure 6B). In
comparison, MyRF released the transcription factor
from the ER membrane and maintained the ICA
domain on the membrane after autoproteolysis. The
mature MyRF protein (DBD with the p-helix stalk) did
not show resistance to heat, SDS, or proteases in vitro,
consistent with its role as a transcription factor.

The MyRF DBD domain itself can form an
unstable homotrimer [23-25], but it was not functional
when overexpressed in the cells [7]. Trimerization of
DBD requires stabilization by the p-helical stalk
because the overexpressed MyRF DBD harboring the
B-helical stalk and ICA domain was functional,
whereas the single residue mutation G575R at the
stalk disturbed the trimerization of the -helix stalk,
thereby blocking function [19]. DBD would form a
stable trimer through the triple-p-helical stalk. Indeed,

the noncleavable MyRFsss74 protein was split into two
fragments at the site between the DBD and [-helical
stalk during crystallization, implying that the trimeric
transcription factor released from the ER membrane
may be unstable in vitro, but should be stable in vivo as
a functional transcription factor (Figure 6C). The
triple-p-helical stalk is the key to assure the formation
of functional trimeric transcription factor. In MrfA
from molt prestalk cell (Dictyostelium), there is a
long, disorder linker between the DBD and
triple-p-helical stalk (Figure 6D). The presence of this
disorder linker suggests that the DBD may maintain
some flexibility under the restraint of the
triple-p-helical stalk.

The trimerization of the ICA domain not only
mediated correct folding of the B-helix but was also a
prerequisite for the autoproteolytical reaction of
MyREF. Structure analysis demonstrated that the three
ICA domain C-terminal a4 helices formed a triple
a-helical coiled-coil, which became the core of the ICA
trimer. Furthermore, trimerization of the ICA domain
was found to be strengthened by two collar structures
formed by the al and a3 helices with their flanking
sequences around the triple helix bundle.

Recent studies have found many mutants of
MyRF that are associated with various diseases
[15-18]. These mutations can be divided into two
groups, depending on their locations. The first group
that affects the transcription function of MyRF is
located in the DBD domain, such as the mutations
F3875 and G435R, resulting in congenital
diaphragmatic hernia [14]; the mutation Q403R,
resulting in MYRF-related mild encephalopathy with
reversible myelin vacuolization (MMERYV) [26]; and
the mutation Q443P, resulting in disorders of sex
development (DSDs) [27]. The second group involves
trimerization-related mutations that are mainly
located in the ICA domain or the triple -helical stalk.
Disruption of the trimerization of the ICA domain
blocks autocleavage and fails to mediate the proper
folding of the triple-B-helix, ultimately leading to
failure of functional DBD trimer production, such as
the mutations V679A and R695H in the C-terminal a
helix, resulting in congenital diaphragmatic hernia
[14].

In summary, our findings on the structure of
MyRF ICA domain with its upstream B-helical stalk
provided an insight into the molecular mechanisms of
the MyRF trimerization and the auto-cleavage.
Although the stucture in this paper revealed the
intrinsic properties of MyRF and provided the hints
and explanations in the molecular level to some
abnormal variations found in clinic, the actural roles
of the protein in cells need more studies. In addition,
the recent finding that the ER-associated
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transmembrane protein TMEM98 inhibits MyRF
self-cleavage [28] implicates that the self-cleavage of
MyRF can be regulated by other proteins. The
molecular mechanism of the regulation of MyRF
self-cleavage requires further studies too.

Experimental procedures

Constructs generation

The mouse MyRF DNA fragment (residues 351-
717) was amplified from a full-length gene clone
(NP_001028653.1) by standard PCR. The amplified
products were then cloned into a modified
pRSFDuet-1 expression vector (Novagen) with an
N-terminus 6xHis tag to facilitate purification. Point
mutations  (R590A, K592A, Y615A, Y617A,
Y615A&Y617A, T634A, 1637A, Q639A, E647A,
T634A&E647A, F666A, L667A, V669A, K671A,
N678A, L692A, E693A, R695A, D697A, E700A,
E693A&D697A&E700A) were performed by the
QuickChange protocol (Stratagene). All constructs
were verified by DNA sequencing.

Protein expression and purification

The protein containing both DBD and ICA
domains was obtained by expression of MyRFsssa
(residues 351-717) in BL21 (DE3) Escherichia coli
(Novagen) induced with 0.5 mM isopropyl-p-D-
thiogalactopyranoside(IPTG) for 20 h at 16 °C. The cell
lysate was clarified after lysis (50 mM Tris-HCl, 300
mM NaCl, pH 8.0, containing 1 mM PMSF, Sigma),
sonication, and centrifugation and was incubated
with Ni-affinity beads (GE Healthcare) and washed
with lysis buffer. The protein was eluted by lysis
buffer containing 300 mM imidazole and further
separated by size exclusion chromatography on a
Superdex-200 column (GE Healthcare) pre-equili-
brated in a buffer with 20 mM Tris-HCI (pH 8.0), 300
mM NaCl. Peak fractions corresponding to pure
protein were collected and concentrated to 20 mg/ml
for crystallization.

Selenomethionine (SeMet) derived MyRFsss7a
recombinant protein was overexpressed in the E. coli
strain BL21(DE3) similar to the native protein. The
bacterial cell culture medium was replaced by the M9
medium which contains 0.4% glucose, 2 mM
magnesium sulfate, 0.1 mM calcium chloride. SeMet
was supplemented along with leucine, isoleucine, and
valine of a final concentration of 50 mg/L, and lysine,
threonine, and phenylalanine of a final concentration
of 100 mg/L before adding IPTG. The protocol for the
purification of the SeMet derived recombinant protein
was similar to that for the native protein, except 5 mM
DTT was added in the bulffer.

The expression and purification of the proteins
with the other mutations were conducted according to

the same protocols as for MyRFsss7a. All samples were
collected at each step and analyzed by SDS-PAGE.

Crystallization and data collection

The crystallization trials were set with the final
purified MyRFsss7a protein by the sitting drop vapor
diffusion method mixed 1:1 with a reservoir solution.
Crystals appeared in the reservoir of the buffer 1
containing 8% PEG6000, 0.1M Cacodylate, pH5.5, and
the buffer 2 containing 10% PEG6000, 1M LiCl, 0.1M
MES, pH 6.5 in about 1 month at 16°C and were
frozen in a cryoprotectant consisting of the reservoir
solution supplemented with 30% glycerol. Data were
collected on the BL17U1 station of the Shanghai
Synchrotron Radiation Facility (SSRF) and processed
using the HKL2000 software [29].

Structure determination and refinement

The crystals belonged to the P321 space group.
The space group parameters of some of them were
similar to the DBD crystal we got previously and the
structure of them was solved by molecular
replacement program PHASER [30] wusing the
structure of MyRF DBD as a search model.

The structure of some other crystals with
different space group parameters which can’t find the
solution with molecular replacement were solved
through single isomorphous replacement including
anomalous scattering (SIRAS) using a
selenomethionine (SeMet) derivatized protein crystal
by PHENIX AutoSol program [31].

Model building and iterative refinement were
performed with the COOT and PHENIX refinement
programs [31, 32]. The orientations of the amino acid
side chains and bound water molecules were modeled
based on 2Fgps-Feae and Fops-Feae difference Fourier
maps. Detailed data collection and refinement
statistics were listed in table 1. The model figures
were generated with PyMol, CCP4mg [33], and
Chimera [34]. The interactions were analyzed with
PyMol and PISA [35, 36].

Mass spectrometry

The protein samples were expressed and
purified with the method in the procedure and the
interested peak fractions from gel filtration were
collected and concentrated. The following
chromatographic separation of these samples was
performed by a UPLC system (Shimadzu UPLC
LC-30DA, Japan) equipped with an ACE C4 column
(2.1 mm x 100 mm, 5 pm). An elution gradient was
used by mixing mobile phase A (0.1% formic acid in
water) with solvent B (0.1% formic acid in
acetonitrile), as follows: gradient elution with 2% B
from 0 to 1 min; increasing to 90% B from 1 to 7 min;
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elution with 90% B from 7 to 7.5 min; decreasing to 2
% B from 7.5 to 7.6 min; elution with 2% B from 7.6 to
8.0 min. Mass spectrometry was performed with a
hybrid triple quadrupole time-of-flight mass
spectrometer (AB SCIEX Triple TOF™ 4600 equipped
with a Duo Spray lon Source, Foster City, CA, USA).
Three microliters of the samples were injected. The
proteins eluted from the column at a flow rate of 0.3
L/min were introduced into the source of the mass
spectrometer on-line. The ion spray voltage is
operated at 5500 V. The turbo spray temperature
(TEM) was maintained at 380°C. The samples were
analyzed by the Peakview software in which each full
TOF-MS/MS scan was acquired at a TOF resolution of
1,000 and followed by 105-2500 input m/z scans. The
output resolution was set to 0.25 Daltons.

Data availability: The structure presented in this
paper has been deposited in the Protein Data Bank
(PDB) with the codes: 7DC3. All remaining data are
contained within the article.
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Acknowledgments

We are grateful to Dr. Huiliang Li for providing
the gene used in this research. We thank the Shanghai
Synchrotron Radiation Facility (SSRF) for the
allocation of beamtime and the help from the staff.
This work was primarily supported by the National
Natural Science Foundation of China (Grants
31570763), with additional funding support from the
Hundred Talents Program of the Chinese Academy of
Sciences and Fujian Province Innovation and
Entrepreneurs.

Author Contributions

PW performed the protein purification,
crystallization, and biochemical experiments; NS
supervised the project, and performed the structure
determination and refinement; XZ, BL, QY, XH
helped to generate constructs and purify proteins; NS
and PW wrote the paper; the manuscript was read
and approved by all authors.

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Wang X, Sato R, Brown MS, Hua X, Goldstein JL. SREBP-1, a
membrane-bound transcription factor released by sterol-regulated proteolysis.
Cell. 1994; 77: 53-62.

2. Fortini ME. Gamma-secretase-mediated proteolysis in cell-surface-receptor
signalling. Nature reviews Molecular cell biology. 2002; 3: 673-84.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Landman N, Kim TW. Got RIP? Presenilin-dependent intramembrane
proteolysis in growth factor receptor signaling. Cytokine & growth factor
reviews. 2004; 15: 337-51.

Kitagawa M, Oyama T, Kawashima T, Yedvobnick B, Kumar A, Matsuno K, et
al. A human protein with sequence similarity to Drosophila mastermind
coordinates the nuclear form of notch and a CSL protein to build a
transcriptional activator complex on target promoters. Molecular and cellular
biology. 2001; 21: 4337-46.

Bray SJ. Notch signalling: a simple pathway becomes complex. Nature reviews
Molecular cell biology. 2006; 7: 678-89.

Hoppe T, Matuschewski K, Rape M, Schlenker S, Ulrich HD, Jentsch S.
Activation of a membrane-bound transcription factor by regulated
ubiquitin/ proteasome-dependent processing. Cell. 2000; 102: 577-86.

Li Z, Park Y, Marcotte EM. A Bacteriophage tailspike domain promotes
self-cleavage of a human membrane-bound transcription factor, the myelin
regulatory factor MYRF. PLoS biology. 2013; 11: e1001624.

Schwarzer D, Stummeyer K, Gerardy-Schahn R, Muhlenhoff M.
Characterization of a novel intramolecular chaperone domain conserved in
endosialidases and other bacteriophage tail spike and fiber proteins. The
Journal of biological chemistry. 2007; 282: 2821-31.

Schulz EC, Dickmanns A, Urlaub H, Schmitt A, Muhlenhoff M, Stummeyer K,
et al. Crystal structure of an intramolecular chaperone mediating
triple-beta-helix folding. Nature structural & molecular biology. 2010; 17:
210-5.

Bujalka H, Koenning M, Jackson S, Perreau VM, Pope B, Hay CM, et al. MYRF
is a membrane-associated transcription factor that autoproteolytically cleaves
to directly activate myelin genes. PLoS biology. 2013; 11: €1001625.

Emery B, Agalliu D, Cahoy JD, Watkins TA, Dugas JC, Mulinyawe SB, et al.
Myelin gene regulatory factor is a critical transcriptional regulator required for
CNS myelination. Cell. 2009; 138: 172-85.

Chitayat D, Shannon P, Uster T, Nezarati MM, Schnur RE, Bhoj EJ. An
Additional Individual with a De Novo Variant in Myelin Regulatory Factor
(MYRF) with Cardiac and Urogenital Anomalies: Further Proof of Causality:
Comments on the article by Pinz et al. (). American journal of medical genetics
Part A. 2018; 176: 2041-43.

Pinz H, Pyle LC, Li D, Izumi K, Skraban C, Tarpinian J, et al. De novo variants
in Myelin regulatory factor (MYRF) as candidates of a new syndrome of
cardiac and urogenital anomalies. American journal of medical genetics Part
A. 2018; 176: 969-72.

Qi H, Yu L, Zhou X, Wynn ], Zhao H, Guo Y, et al. De novo variants in
congenital diaphragmatic hernia identify MYRF as a new syndrome and
reveal genetic overlaps with other developmental disorders. PLoS genetics.
2018; 14: €1007822.

Siggs OM, Souzeau E, Breen ], Qassim A, Zhou T, Dubowsky A, et al.
Autosomal dominant nanophthalmos and high hyperopia associated with a
C-terminal frameshift variant in MYRF. Molecular vision. 2019; 25: 527-34.
Xiao X, Sun W, Ouyang J, Li S, Jia X, Tan Z, et al. Novel truncation mutations
in MYRF cause autosomal dominant high hyperopia mapped to 11p12-q13.3.
Human genetics. 2019; 138: 1-14.

Rossetti LZ, Glinton K, Yuan B, Liu P, Pillai N, Mizerik E, et al. Review of the
phenotypic spectrum associated with haploinsufficiency of MYRF. American
journal of medical genetics Part A. 2019; 179: 1376-82.

Garnai SJ, Brinkmeier ML, Emery B, Aleman TS, Pyle LC, Veleva-Rotse B, et al.
Variants in myelin regulatory factor (MYRF) cause autosomal dominant and
syndromic nanophthalmos in humans and retinal degeneration in mice. PLoS
genetics. 2019; 15: €1008130.

Kim D, Choi JO, Fan C, Shearer RS, Sharif M, Busch P, et al
Homo-trimerization is essential for the transcription factor function of Myrf
for oligodendrocyte differentiation. Nucleic acids research. 2017: 5112-25.

Zhu BY, Zhou NE, Kay CM, Hodges RS. Packing and hydrophobicity effects
on protein folding and stability: effects of beta-branched amino acids, valine
and isoleucine, on the formation and stability of two-stranded alpha-helical
coiled coils/leucine zippers. Protein science : a publication of the Protein
Society. 1993; 2: 383-94.

An H, Fan C, Sharif M, Kim D, Poitelon Y, Park Y. Functional mechanism and
pathogenic potential of MYRF ICA domain mutations implicated in birth
defects. Scientific reports. 2020; 10: 814.

Aprato ], Sock E, Weider M, Elsesser O, Frob F, Wegner M. Myrf guides target
gene selection of transcription factor Sox10 during oligodendroglial
development. Nucleic acids research. 2020; 48: 1254-70.

Zhen X, Li B, Hu F, Yan S, Meloni G, Li H, et al. Crystal structure of the
DNA-binding domain of Myelin-gene Regulatory Factor. Scientific reports.
2017; 7: 3696.

Chen B, Zhu Y, Ye S, Zhang R. Structure of the DNA-binding domain of
human myelin-gene regulatory factor reveals its potential protein-DNA
recognition mode. Journal of structural biology. 2018; 203: 170-8.

Wu W, Zhen X, Shi N. DNA-binding domain of myelin-gene regulatory factor:
purification, crystallization and X-ray analysis. Corrigendum. Acta
crystallographica Section F, Structural biology communications. 2017; 73: 713.
Kurahashi H, Azuma Y, Masuda A, Okuno T, Nakahara E, Imamura T, et al.
MYRF is associated with encephalopathy with reversible myelin
vacuolization. Annals of neurology. 2018; 83: 98-106.

Hamanaka K, Takata A, Uchiyama Y, Miyatake S, Miyake N, Mitsuhashi S, et
al. MYRF haploinsufficiency causes 46,XY and 46,XX disorders of sex

http://www.ijbs.com



Int. J. Biol. Sci. 2021, Vol. 17

2943

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

development: bioinformatics consideration. Human molecular genetics. 2019;
28:2319-29.

Huang H, Teng P, Du ], Meng ], Hu X, Tang T, et al. Interactive Repression of
MYRF Self-Cleavage and Activity in Oligodendrocyte Differentiation by
TMEMO98 Protein. The Journal of neuroscience : the official journal of the
Society for Neuroscience. 2018; 38: 9829-39.

Otwinowski Z, Minor W. Processing of X-ray diffraction data collected in
oscillation mode. Methods in enzymology. 1997; 276: 307-26.

McCoy A]J, Grosse-Kunstleve RW, Adams PD, Winn MD, Storoni LC, Read RJ.
Phaser crystallographic software. Journal of applied crystallography. 2007; 40:
658-74.

Liebschner D, Afonine PV, Baker ML, Bunkoczi G, Chen VB, Croll TI, et al.
Macromolecular structure determination using X-rays, neutrons and electrons:
recent developments in Phenix. Acta crystallographica Section D, Structural
biology. 2019; 75: 861-77.

Emsley P, Lohkamp B, Scott WG, Cowtan K. Features and development of
Coot. Acta crystallographica Section D, Biological crystallography. 2010; 66:
486-501.

McNicholas S, Potterton E, Wilson KS, Noble ME. Presenting your structures:
the CCP4mg molecular-graphics software. Acta crystallographica Section D,
Biological crystallography. 2011; 67: 386-94.

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC,
et al. UCSF Chimera--a visualization system for exploratory research and
analysis. Journal of computational chemistry. 2004; 25: 1605-12.

Krissinel E. Crystal contacts as nature's docking solutions. Journal of
computational chemistry. 2010; 31: 133-43.

Krissinel E, Henrick K. Inference of macromolecular assemblies from
crystalline state. Journal of molecular biology. 2007; 372: 774-97.

Madeira F, Park YM, Lee J, Buso N, Gur T, Madhusoodanan N, et al. The
EMBL-EBI search and sequence analysis tools APIs in 2019. Nucleic acids
research. 2019; 47: W636-W41.

Gouet P, Courcelle E, Stuart DI, Metoz F. ESPript: analysis of multiple
sequence alignments in PostScript. Bioinformatics. 1999; 15: 305-8.

http://www.ijbs.com



