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Protein intrinsic disorder (ID), refer-
ring to the lack of a fixed tertiary
structure, is significant in signaling and
transcription. We recently characterized
ID in 6 phylogenetically representative
Arabidopsis thaliana NAC transcription
factors. Their transcription regulatory
domains are mostly disordered but con-
tain short, functionally important regions
with structure propensities known as
molecular recognition features. Here, we
analyze for NAC subgroup-specific ID
patterns. Some subgroups, such as the
VND subgroup implicated in secondary
cell wall biosynthesis, and the NAP/
SHYG subgroup have highly conserved
ID profiles. For the stress-associated
ATAF1 subgroup and the CUC/OREI
subgroup involved in development, only
sub clades have similar ID patterns. For
similar ID profiles, conserved molecular
recognition features and sequence motifs
represent likely functional determinants
of e.g. transcriptional activation and
interactions. Based on our analysis, we
suggest that ID profiling of regulatory
proteins in general can be used to guide
identification of interaction partners of
network proteins.

Proteins with intrinsic disorder (ID)
lack a defined tertiary structure but none-
theless play important biological roles.
Upon interaction, ID regions may fold,'
but interactions may also take place
through for example molecular recogni-
tion features (MoRFs), which form local
structure upon  binding.>  Conserved
sequence motifs, linear motifs, often form
the core of interactions sites in ID
regions.’

Proteins with ID are over represented
in signaling and transcription which
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involve hubs with multiple protein part-
ners functioning in regulatory networks.*’
One key plant-specific signaling hub is
Radical Induced Cell Deathl (RCD1),
which interacts with several transcription
factors associated with stress responses.
The promiscuity of RCD1 was explained
by the flexibility associated with transcrip-
tion factor ID.” The plant-specific NAM,
ATAF, CUC (NAC) transcription factors
play central roles in development and
stress-responses.” They consist of a con-
served DNA-binding domain, the NAC
domain, and varying disordered C-termi-
nal transcription regulatory domains
(TRDs) (Fig. 1) with interspersed con-
served sequence motifs.” Our
work'® characterizing NAC ID suggested
that the large disordered TRD of
ANACO0046 forms an entropic chain
which is well-suited for molecular fishing
of e.g., RCD1 (Fig. 1A).

Here, we expand the study of NAC ID
to the subgroup-level. Due to the lack of

recent

sequence similarity of the TRDs previous
phylogenetic NAC analysis was based on
only the NAC domain.” In this study,
complete NAC sequences were used to
derive dendograms for all Arabidopsis
NAC proteins. ID predictions using meta-
PrDOS"" confirmed that the ID patterns
are not conserved in the NAC family
(Fig. 1B).> However, conserved ID pat-
terns were reveled for several NAC sub-
groups (Fig. 2), in accordance with the
suggestion that disorder patterns are con-
strained compared to sequences.'>"?

The large subgroup II-1, implicated in
secondary cell wall biosynthesis,'* showed
high  conservation of ID  patterns
(Fig. 2A). The ID profiles of the TRDs
have 3 significant dips at positions which
with a MoREF,

generally  coincide
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Figure 1. ID in NAC transcription factors. (A) Schematic domain structure of a typical NAC transcrip-
tion factor. The N-terminal DNA-binding NAC domain (green) forms a twisted B sheet (Protein Data
Bank accession 1UT7) followed by a disordered C-terminus (different conformers in gray) encom-
passing transcription regulatory activity and a large interaction potential.'® (B) Predicted disorder
plotted as a function of alignment position for representative NAC proteins. Alignment position
was determined from a multiple alignment of complete NAC proteins generated by ClustalX using
MEGA4 software®® followed by manual adjustments. The disorder tendency was predicted using
metaPrDOS,"" which integrates predictions from 5 different prediction methods. The threshold for
prediction of ID is 0.5. The position of the NAC domain is shown by a green bar, while the position
of the disordered transcription regulatory domain is shown by a gray bar.

suggestive of local structure. Two of these
regions coincide with previously defined
sequence motifs, the LP and WQ
motifs.”'”> The WQ motif is necessary for
transcriptional ~ activity of SND,"'"
whereas the function of the LP motif
remains elusive. However, conservation of
this motif and coincidence with a MoRF
strongly suggests functional significance.
The results obtained for subgroup II-1
demonstrate that functional determinants
can be revealed by i silico analysis of ID
regions.

For subgroup II-3, no common disor-
der profile was identified (Fig. 2B), which
may reflect functional diversity of this sub-
group. However, further division revealed
profile the clades

a common for
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containing senescence associated NAC
proteins  such as  OREI 16 and
ANAC046."° In addition to their com-
mon ID pattern, these proteins contain a
C-terminal MoRF, which is a functional
hotspot in ANACO046 mediating both
interaction with RCD1 and transcrip-
tional activity (Fig. 1B).'° Cleary, the cor-
responding MoRF region in the other
NAC proteins represents a likely interac-
tion determinant. A common ID pattern
is not prevalent for the other subgroup II-
3 clades (Fig. 2B), containing the CUC
proteins, which play significant roles in
development.'” This may reflect specific-
ity of their molecular interactions.
Subgroup III-2 also contains biologi-
cally significant NAC proteins, e.g. NAP
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which is a positive regulator of senes-
cence,'® and SHYG which promotes pro-
tection against clrowning.19 Members of
this subgroup display significant ID
immediately following the NAC domain
and a decrease in the ID propensity
toward the C-termini, which encompass
both a predicted MoRF and sequence
motif (Fig. 2C)° suggestive of a functional
hotspot. Subclade-based division of stress-
associated subgroup III-3, known as
ATAF1, is needed to reveal common ID
profiles (Fig. 2D). ANAC019/055/072,
with functional redundancy in abiotic
stress responses,” share a significant dip
in the disorder profile. The rest of the sub-
group III-3 NAC proteins also have simi-
lar ID patterns with putative common
interaction determinants. Similarities of
the predicted ID profiles were also
revealed for the subgroup VII-2 NAC pro-
teins (Fig. 2F), which remain to be char-
the 5 identified
sequence motifs, L and f,” map to regions
with low ID propensity, and one of these
coincides with a MoRF. The tree sub-
group  IV-2  members  (Fig. 2H),
ANACO013/016/017, also share ID fea-
tures. These NAC proteins function in
oxidative  stress responses.ZF23 and
ANACO0013 and ANACO017 may mediate
crosstalk between oxidative stress-respon-

sive signaling pathways and mitochondrial
21,23

acterized. Two of

retrograde regulation, whereas
ANACO016 may connect stress-signaling
and senescence.”” Whether the newly
identified conserved sequence motif (EF)/
MoREF is implicated in a common interac-
tion and biological function remains to be
studied. Like the rest of the NAC proteins
(Fig. 1B), the subgroup IV-2 NAC pro-
teins contain a long ID region at the N-
terminus of the TRD, which is likely to be
a malleable linker to the NAC domain.
Due to their transmembrane region
(TM), ANACO013/016/017 were origi-
nally classified as NTMI-Like (NTL)
NAC proteins. For the other NTL sub-
groups (I-1,4; IV-1,2 VII-1), common ID
profiles were not identified. This was also
the case for subgroup IX-1 (Fig. 2G).
Members of this subgroup contain an N-
terminal extension of the NAC domain
(Fig. 1B) and have diverse functions in
e.g., responses to DNA damage (SOG1)**

and secondary cell wall development
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Figure 2. Phylogenetic NAC subgroups and predicted ID in NAC transcription regulatory domains. (Left) Phylogentic NAC subgroups derived from a tree
generated using MEGA4 software based on a multiple alignment of complete Arabidopsis NAC proteins.’ The color underlining the protein names corre-
sponds to the color of the graphs shown at right. (Right) Predicted disorder as a function of alignment position for the transcription regulatory domains
of NAC proteins from the subgroups shown. Alignment position and disorder tendency were determined as described in Figure 1. The NAC domains
were defined based on the multiple alignments and removed from the representation. Gaps in the resulting alignments were manually adjusted. The first
amino acid residue of the transcription regulatory domain was defined as alignment position one. The approximate position of MoRFs predicted using
Biomine MoRFpred®® and sequence motifs identified using the MEME suite,*° present in half or more of the sequences, is indicated by M or a colored
bar, respectively. The letters in the bars refer to a previously identified sequence motif.? In addition, 2 novel sequence motifs, designated EF and v and
having the consensus sequences E[KE][ED][DEMI[YFI[ILIE[MII[NDIDL and [RITI[DHISLIP[LPQI[LTVI[NVIINS], respectively, were identified in this study. The
NAC proteins included in the analysis were named as previously suggested.® In addition, recently introduced acronyms refer to the following nomencla-
ture: SMB, ANAC033, At1g79580; BRN1, ANACO15, At1g33280; BRN2, ANACO070, At4g10350; SHYG, ANAC047, At3g04070.

(SND1/2).* This may explain the lack of
common ID features.

Although the NAC TRD sequences
have diverged greatly, probably reflecting
the generally fast evolution of ID
regions,”*?” similar 1D patterns can be
distinguished for several NAC subgroups
suggestive of conserved disorder-related
functions. Further analysis will reveal if
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conserved ID profiles reflect common
interaction partners or if adaptive muta-
tions, allowing different interaction part-
ners, are hidden in the common ID-
features. The results obtained here and in
a previous study of the Myc transcription
factors'? suggest that ID predictions may
eventually complement muldple align-
ments as a starting point for construction
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of dendrograms and thereby for dissection
of evolutionary relationships. Importantly,
since ID proteins constitute a significant
part of regulatory networks and have an
enormous interaction potential,5 in silico
analysis of ID regions, as presented here,
should be used to direct identification of
novel components of regulatory network,
an important task in plant biology.
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