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Abstract

GPCR-G protein signaling system recognizes a multitude of extracellular ligands and triggers a variety of intracellular signal-
ing cascades in response. In humans, this system includes more than 800 various GPCRs and a large set of heterotrimeric G
proteins. Complexity of this system goes far beyond a multitude of pair-wise ligand—GPCR and GPCR-G protein interactions.
In fact, one GPCR can recognize more than one extracellular signal and interact with more than one G protein. Furthermore,
one ligand can activate more than one GPCR, and multiple GPCRs can couple to the same G protein. This defines an intricate
multifunctionality of this important signaling system. Here, we show that the multifunctionality of GPCR-G protein system
represents an illustrative example of the protein structure—function continuum, where structures of the involved proteins
represent a complex mosaic of differently folded regions (foldons, non-foldons, unfoldons, semi-foldons, and inducible
foldons). The functionality of resulting highly dynamic conformational ensembles is fine-tuned by various post-translational
modifications and alternative splicing, and such ensembles can undergo dramatic changes at interaction with their specific
partners. In other words, GPCRs and G proteins exist as sets of conformational/basic, inducible/modified, and functioning
proteoforms characterized by a broad spectrum of structural features and possessing various functional potentials.

Keywords G proteins - G protein-coupled receptors - Intrinsically disordered protein - Proteoform - Protein—protein
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Introduction

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00018-019-03276-1) contains
supplementary material, which is available to authorized users.

G protein-coupled receptors (GPCRs) represent one of the
largest families of protein receptors, which, in humans,
includes over 800 members [1-4]. GPCRs can interact with
Alexander V. Fonin and April L. Darling contributed equally to (and be activated by) more than a 1000 natural and artifi-
this work. cial extracellular ligands, ranging from photons to amines,
lipids, nucleotides, organic odorants, peptides, and proteins
[4, 5]. All these signals are used to initiate a variety of intra-
cellular signaling cascades via interaction of an activated
GPCR with one of four major Go families (guanine nucleo-
tide-binding proteins) encoded by 16 human genes [3, 5, 6]
leading to the modulation of various downstream effector
proteins (such as adenylate cyclase and phospholipase C)
and key secondary messengers (e.g., CAMP, Ca", and IP3)
[5, 7, 8]. Interaction of activated GPCRs with Ga proteins
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is characterized by complex coupling selectivity, where sev-
eral different GPCRs can couple to the same Ga protein and
one GPCR can couple to more than one Ga protein. As a
result, GPCRs mediate most cellular responses to hormones,
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neurotransmitters, ions, photons, and other environmental
stimuli, and are responsible for vision, olfaction, and taste.
Therefore, these receptors are considered as a cellular “con-
trol panel” that is “able to detect the presence of a strikingly
diverse array of molecules outside the cell and to initiate a
variety of intracellular signaling cascades in response” [9].
Not surprisingly, GPCRs represent the largest class of drug
targets, with more than half of all modern drugs being tar-
geted at these proteins [10]. In addition to the complexity of
coupling between the activated GPCRs and G proteins, it is
likely that the presence of intrinsic disorder and associated
with it high conformational flexibility plays an important
role in regulation and controlling this GPCR-G protein sign-
aling system and also contributes to the multifunctionality
and binding promiscuity of proteins involved in the GPCR
and G protein signaling.

As a matter of fact, it is well accepted now that the rep-
resentation of interactions between a protein and its binding
partners (substrates, ligands, nucleic acids, peptides or other
proteins) in a form of the classical lock-and-key model [11]
that dominated in molecular biology for more than a cen-
tury and formed the foundation of modern protein science
[12, 13] is an obvious oversimplification. Many biologically
active proteins and protein regions, instead of following the
protein structure—function paradigm, where protein function-
ality is directly related to its unique 3D-structure and which
represented the major rule of the protein science and struc-
tural biology, have been shown to lack unique 3D structure
in their native states under physiological conditions. Instead,
the functional states of such intrinsically disordered proteins
(IDPs) and intrinsically disordered protein regions (IDPRs)
[14-20] represent highly dynamic conformational ensembles
containing large number of very different and rapidly inter-
converting conformations [14, 16, 17, 21-25].

Several computational studies revealed that intrinsic
disorder is not a fluke, with IDPs/IDPRs being commonly
found in all proteomes [18, 26-30], especially in eukaryotes
[14]. While lacking stable 3D structures, IDPs/IDPRs play a
number of crucial functional roles in living organisms [12,
13, 17, 31-34]. These proteins possess multiple unique fea-
tures that allow them to be engaged in specific types of regu-
lation and define the ability of IDPs/IDPRs to play crucial
roles in vital biological processes, such as control, signal-
ing, recognition, and regulation [14, 17, 22, 31, 32, 35, 36].
Functions of IDPs/IDPRs are believed to complement bio-
logical activities of ordered proteins and domains [37]. Since
IDPs/IDPRs are capable of acting as promiscuous binders
[31, 32, 38-40], high levels of intrinsic disorder represent
an important feature of hub proteins found within the pro-
tein—protein interaction networks [41]. This high binding
promiscuity combined with the ability of IDPs/IDPRs to
be engaged in highly specific interactions with low affinity
also explains why intrinsic disorder is frequently found in
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signaling proteins [42]. Many IDPs and IDPRs were shown
to be related to the pathogenesis of various human diseases,
such as amyloidoses, cancer, cardiovascular diseases, diabe-
tes, and various neurodegenerative diseases [43, 44].

Phenomenon of intrinsic disorder defines exceptional spa-
tiotemporal heterogeneity of proteins and regions. In fact,
intrinsic disorder can be present in a whole protein or in
protein regions, being able to penetrate into the different
levels of protein organization (proteins or protein regions
can be disordered at the tertiary structure or the secondary
structure level). As a result, IDPs/IDPRs can exist in the
extended or collapsed disordered forms, where extended
IDPs/IDPRs behave as coil-like or pre-molten globule-like
conformations characterized by the high level of solvent
exposure, and where collapsed IDPs/IDPRs possess prop-
erties of native molten globule being characterized by a
restricted range of motions [12, 13, 16, 24, 33, 45]. Since
different protein regions can be disordered to a different
degree, proteins are characterized by the mosaic structure
containing a multitude of potentially foldable, partially
foldable, differently foldable or not foldable at all segments
playing different roles in protein functionality [24, 46],
and even containing ordered regions that need to undergo
order-to-disorder transition to make protein active [24, 47].
Furthermore, some IDPRs were shown to bind to multiple
partners gaining very different structures in their bound
states [40]. Therefore, IDPs/IDPRs can be described as a
modular assembly of foldons (i.e., independently foldable
regions), inducible foldons (IDPRs that undergo (partial)
folding at interaction with specific partners), semi-foldons
(IDPRs that are always semi-folded), non-foldons (IDPRs
that never fold), and unfoldons (a part of the ordered pro-
tein that has to undergo order-to-disorder transition to make
protein active), and this mosaic organization of these pro-
teins defines extreme spatiotemporal structural heterogeneity
related to their multifunctionality [24]. In fact, inclusion of
intrinsic disorder into consideration of protein functionality
resulted in the conversion of the “one sequence-one struc-
ture-one function” model (which represents a corollary of
the famous lock-and-key model [11]) into the more realistic
protein structure—function continuum representation of the
correlation between protein structure and function, where a
given protein exists as a dynamic conformational ensemble
characterized by the diverse structural features and miscel-
laneous functions [48].

Finally, intrinsic disorder-based structure—function con-
tinuum, together with several other mechanisms (see below),
provides important means for the dramatic expansion of the
functional proteome relative to the encoding it genome, an
important phenomenon behind the observation that the com-
plexity of biological systems is mostly determined by their
proteome sizes and not by the sizes of their genomes [49].
This can be illustrated by gene—protein relationship in Homo
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sapiens [50-54], where the number of protein-coding genes
is approaching 20,700 [55], but the number of functionally
different proteins is in a range between a few million [56]
and several billion [57]. The functional diversification of
proteinaceous products of a gene is achieved by allelic vari-
ations (i.e., single or multiple point mutations (amino acid
polymorphisms), indels, single nucleotide polymorphisms
(SNPs)), alternative splicing (AS), mRNA editing and other
pre-translational mechanisms affecting mRNA, as well as
by a wide spectrum of various post-translational modifica-
tions (PTMs) of a polypeptide chain. As a result, a single
gene encodes a set of distinct protein molecules, known as
proteoforms [57]. Obviously, all these means lead to some
changes in the physico-chemical structure of a polypep-
tide chain, and, therefore, the resulting proteoforms have
induced or modified nature. Furthermore, intrinsic disor-
der and functionality can further increase protein structural
diversity, giving rise to conformational or basic proteoforms
and functioning proteoforms, respectively [48]. In fact, since
many PTM sites are known to be preferentially found within
the IDPRs [58, 59], since mRNA regions affected by AS
predominantly encodes IDPRs [46], since IDPs/IDPRs are
known to be highly promiscuous binders [14, 16, 17, 22-25,
31,32, 35, 36, 38, 39, 45, 60-66], and since IDPs/IDPRs are
characterized by the exceptional spatiotemporal heterogene-
ity (see above), proteins and protein regions without unique
structures represent a very rich source of proteoforms [48].

Therefore, instead of the influential, but oversimplified
“one gene—one enzyme” model, according to which each
gene is responsible for producing a single enzyme that in
turn affects a single step in a metabolic pathway [67], the
actual gene—protein relationship is better described by the
“one-gene—many-proteins” or “one-gene—many-func-
tions” models. In other words, “one gene—many proteins—
many functions” paradigm and “protein structure—function
continuum” model provide a global description of a link
between protein structure and function, where a given pro-
tein exists as a dynamic conformational ensemble contain-
ing multiple proteoforms (conformational/basic, inducible/
modified, and functioning) characterized by a broad spec-
trum of structural features and possessing various functional
potentials. Figure 1 illustrates this idea by showing that the
differently folded pieces that can be found in a protein mol-
ecule (i.e., all these foldons, inducible foldons, semi-foldons,
non-foldons, and unfoldons) might have well-defined and
specific functions, indicating that protein multifunctionality
is naturally encoded in this heterogeneous structural mosaic
[68, 69].

Here, we utilize examples of human GPCRs and G
proteins to illustrate the versatility of intrinsic disorder
and proteoform concepts for the description of protein

Semi-
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Non-
foldons
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foldons

Fig.1 Schematic representation of the mosaic nature of the protein
structure—function space, where differently folded segments of a
protein (foldons, semi-foldons, non-foldons, inducible foldons, and
unfoldons) might possess different biological functions. One should
keep in mind that ‘Dormant disorder’ is different from the other func-
tional groups located in the ‘outer-ring’, as the corresponding seg-
ment does not describe a particular functional group but rather rep-
resents the means by which the functionality is achieved. Reproduced
with permission from [68]

multifunctionality. In line with an outstanding previous
study of Venkatakrishnan et al. [70], we are showing here
that extracellular and cytoplasmic regions of GPCRs invar-
iantly contain numerous IDPRs, multiple disorder-based
binding sites, abundant post-translational modification
sites, and typically have multiple isoforms generated by
alternative splicing, providing strong support to the idea
that intrinsic disorder plays a crucial role in functionality
of GPCRs. Similarly, we provide compelling evidence that
all human G proteins contain noticeable levels of func-
tional intrinsic disorder, with IDPRs possessing numerous
sites of various post-translational modifications and often
including disorder-based interactions sites. Many G pro-
teins also contain multiple alternative splicing-generated
isoforms. Furthermore, both GPCRs and G proteins often
undergo functional conformational changes that range
from domain motion to binding-induced disorder-to-order
transitions. In other words, multifunctionality of these
major players of the GPCR-G protein system is deter-
mined by the fact that all these proteins exist as numerous
highly dynamic conformational/basic, inducible/modified,
and functioning proteoforms.
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«Fig.2 a Phylogenetic relationship between the GPCRs (TMI-
TMVII) in the human genome. The tree was calculated using the
maximum parsimony method on 1000 replicas of the data set ter-
minally truncated GPCR. The position of the rhodopsin family was
established by including twenty random receptors from the rhodop-
sin family. These branches were removed from the final figure and
replaced by an arrow toward the rhodopsin family. b The phyloge-
netic relationship between GPCRs (TMI-TMVII) in the human rho-
dopsin family. The tree was calculated using the maximum parsimony
method on 300 replicas. The position of the olfactory cluster was
established by including 17 diverse random receptors from the olfac-
tory cluster. These branches were removed from the final figure and
replaced by an arrow toward the olfactory receptor cluster. Repro-
duced with permission from [4]

Intrinsic disorder and multifunctionality
of human GPCRs

Classification of human GPCRs

Globally, all GPCRs are characterized by similar structural
organization always containing seven transmembrane heli-
ces, extracellularly located N-terminal domain and three
extracellular loops (ECLs), and intracellularly located three
intracellular loops (ICLs) and a C-terminal domain. The
7TM domain, which is a characteristic feature of the GPCR
family, is structurally conserved between different GPCRs,
whereas N-terminal and C-terminal domains are rather
diversified and characterized by various lengths in different
GPCRs. In different GPCRs, there are also significant dif-
ferences in the lengths and amino acid sequences of ECLs
and ICLs.

Based on their sequence homology and functional simi-
larity, GPCRs from the Chordata, Echinodermata, Arthrop-
oda, Nematoda, Cnidaria, Placozoa, and Amoebozoa phyla
(i-e., from both vertebrates and invertebrates) were originally
classified into six clans (A, B, C, D, E, and F) [71], with sub-
clans named using roman numbers [72]. It was also pointed
out that there is a large difference between the sequences of
mammalian and invertebrate GPCRs, and that several of the
A-F classes (e.g., clans D, E, and F, as well as family IV
in clan A) are not found among human GPCRs [4]. Based
on the systematic sequence analysis of human proteome,
802 human proteins were identified as GPCRs, and based
on the outputs of the multiple phylogenetic analyses, this
superfamily of seven transmembrane (TM) receptors was
clustered into five main families, such as Glutamate (G, with
15 members), Rhodopsin (R, 701 members), Adhesion (A,
24 members), Frizzled/taste2 or Frizzled (F, 24 members),
and Secretin (S, 15 members) [4]. These five families form
the basis for the GRAFS (Glutamate (Class C), Rhodop-
sin (Class A), Adhesion (Class B), Frizzled (Class F), and
Secretin (Class B)) classification of human GPCRs, with the
corresponding phylogenetic relationship between different
GRAFS proteins shown in Fig. 2 [4]. In addition to these 779

GRAFS proteins, a repertoire of human GPCRs includes a
set of 23 other 7TM receptors that could not be assigned to
any of these five families [4]. To illustrate highly diversified
distribution of intrinsic disorder predisposition within the
amino acid sequences of human GPCRs, Fig. 3 represents
illustrative examples of disorder profiles of some of the most
disordered members of the major groups of these proteins.

Sections below consider major characteristics of some of
the members of the human GPCR families included into the
GRAFS classification.

Functional intrinsic disorder of the members
of glutamate receptor family

According to the GRAFS classification, the glutamate recep-
tor family in human contains 15 members, including eight
metabotropic glutamate receptors (GRM1, GRM2, GRM3,
GRM4, GRM5, GRM6, GRM7, and GRMS), two GABA
receptors (GABBR1 and GABBR?2), a single calcium-sens-
ing receptor (CASR), a single G protein-coupled receptor
family C group 6 member A (GPRC6A), and three taste
receptors (TASIR1, TASIR2, and TAS1R3) [4].

GRM1 (UniProt ID: Q13255) is a 1194-residue-long
glutamate receptor containing an N-terminally located long
extracellular ligand-recognition domain (residues 19-580),
7TM GPCR domain (residues 581-860), and a long intra-
cellular C-terminal domain (residues 861-1194) engaged
in interaction with G proteins. X-ray structures were solved
for a significant part of the N-terminal extracellular domain
(residues 28-523, PDB ID: 3KS9) and for the 7TM GPCR
domain (residues 581-860, PDB ID: 40R2, [73]). Although
almost the entire N-terminal extracellular domain (residues
28-523) was used in the crystallization experiment, no struc-
tural information was obtained for several regions (residues
28-34, 128-153, 383-387, 489-490, and 513-523), indi-
cating that these regions of missing electron density are
characterized by high conformational flexibility. Further-
more, no structural information is currently available for the
524-580 region connecting N-terminal and 7TM domains
and for the 334-residue-long C-terminal domain. More than
30% of GRM1 residues are predicted to be disordered, with
the most of disorder being concentrated at the C-terminal
cytoplasmic domain of GRMI1 (residues 930-1,194, see
Supplementary Materials, Figure S1). Furthermore, this
protein contains multiple phosphorylation, methylation,
ubiquitination, and glycosylation sites, and also includes
several disorder-based interaction sites, molecular recog-
nition features (MoRFs); i.e., disordered regions that are
expected to fold at interaction with specific binding partners.
Finally, GRM1 has three forms produced by AS, a canoni-
cal, full-length form, and two isoforms, a 906-residue-long
isoform beta with region 887-906 changed from NSNGKS-
VSWSEPGGGQVPKG to KKRQPEFSPTSQCPSAHVQL

@ Springer
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Peculiarities of disorder distribution and some structural
information available for the glutamate receptors GRM2,
GRM3, GRM4, GRMS5, GRM6, GRM7, and GRMS are pre-
sented in Supplementary Materials, and their corresponding
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«Fig. 3 Intrinsic disorder predisposition of human GPCRs. Here,
PONDR® VSL2-generated disorder profiles of the most disor-
dered members of different groups of GPCRs in five families
are shown. The glutamate receptor family: a GRMS (UniProt
ID: P41594; N=1212; PDR=38.8%); b GABBR2 (UniProt ID:
075899; N=941; PDR=32.6%); ¢ CASR (UniProt ID: P41180;
N=1078; PDR=28.6%); d TASIR3 (UniProt ID: Q7RTXO;
N=852; PDR=13.3%). The rhodopsin family, oa-group: e
PTGER4 (UniProt ID: P35408; N=488; PDR =42.6%); f CHRM1
(UniProt ID: P11229; N=460; PDR=38.5%); g OPN4 (Uni-
Prot ID: Q9UHM6, N=478; PDR=28.9%); h GPR50 (Uni-
Prot ID: Q13585; N=617; PDR=49.3%); i EDG8 (UniProt ID:
QY9H228; N=398; PDR=28.6%); j ADORA2A (UniProt ID:
P29274; N=412; PDR=32.0%). The rhodopsin family, p-group:
k MLNR (UniProt ID: 043193; N=412; PDR=31.6%); 1 NPFF1
(UniProt ID: Q9GZQ6; N=430; PDR=28.1%); m TAC3RL
(NP_006670.1; N=440; PDR=29.6%); n ETBRLP1 (Uni-
Prot ID: O15354; N=613; PDR=45.2%); o NPY5R (UniProt
ID: QI15761; N=445; PDR=31.9%); p CCKBR (UniProt ID:
P32239; N=447; PDR=37.1%); q GNRHRII (NP_476504.1;
N=292; PDR=24.7%). The rhodopsin family, y-group: r SSTR3
(UniProt ID: P32745; N=418; PDR=32.8%); s OPRMI (Uni-
Prot ID: P35372; N=400; PDR=30%); t GALR3 (UniProt ID:
060755; N=368; PDR=30.4%); u MCHR1 (UniProt ID: Q99705;
N=422; PDR=32.9%); v BLTR2 (UniProt ID: Q9NPC1; N=389;
PDR =28.8%). The rhodopsin family, 6 -group: w MRGD (Uni-
Prot ID: Q8TDS7; N=321; PDR=24.3%); x LGR6 (UniProt ID:
Q9HBX8; N=967; PDR=23.3%); y F2RL3 (UniProt ID: Q96RIO0;
N=385; PDR=21.0%). The adhesion receptor family: z ADGRB2
(UniProt ID: 060241; N=1,585; PDR=54.4%); a CELSR3 (Uni-
Prot ID: QINYQ7, N=2923; PDR=40.8%); b EMRI (Uni-
Prot ID: Q14246; N=866; PDR=36.0%); ¢ LEC2 (UniProt ID:
094910; N=1,478; PDR=37.5%); d GPR112 (UniProt ID: Q8IZF6;
N=3,080; PDR=64.4%). The frizzled/taste2 receptor family: e
FZD8 (UniProt ID: Q9H461; N=694; PDR =39.2%); f SMOH (Uni-
Prot ID: Q99835; N=787, PDR=38.6%); g TAS2R14 (UniProt ID:
QINYVS; N=317; PDR=15.5%). The secretin receptor family: h
GIPR (UniProt ID: P48546; N=466; PDR=17.8%); i SCTR (Uni-
Prot ID: P47872; N=440; PDR=22.5%); j PTHR1 (UniProt ID:
Q03431; N=593; PDR =33.6%)

D?P? disorder profiles are shown in Supplementary
Figures S2-S8.

GABBRI1 (UniProt ID: Q9UBSS5) serves as an ago-
nist-binding component of the heterodimeric GPCR for
y-aminobutyric acid (GABA) [74] and has a domain organ-
ization typical of the members of GPCR family; i.e., an
N-terminal domain (residues 15-591) containing Sushi-1
and Sushi-2 domains (residues 30-96 and 98—159, respec-
tively) and ligand-binding domain (residues 160-591)
with known 3D structure (residues 165-576, e.g., PDB ID:
4MS4, [75]), 7TM domain (residues 592—-854), a cytoplas-
mic domain (residues 855-961) with known structure for the
coiled-coil region responsible for hererodimerization (resi-
dues 879-919, PDB ID: 4PAS, [76]). GABBRI1 is predicted
to have 24% disordered residues, most of which are organ-
ized into two long IDPRs (residues 414—465 and 864-961).
There are multiple glycosylation and phosphorylation sites
in this protein, which is also predicted to possess 4 MoRFs,
one located within the Sushi-2 domain (residues 171-176)

and others (residues 898-904, 912-920, and 948-961) in the
cytoplasmic C-terminal domain (see Figure S9). In addition
to the canonical form of 961 residues, GABBR1 has multiple
AS-generated isoforms ranging in length from 578 to 931
residues and characterized by changes in the N-terminal-
most or C-terminal-most (residues 1-164 and 570-961)
elements.

GABBR2 (UniProt ID: 075899) is a second subunit of
the heterodimeric GABA receptor that serves as a mediator
of coupling to G proteins [74] and that facilitates cell sur-
face expression of GABBR1 by masking an its endoplasmic
reticulum retention signal [77, 78]. Although GABBR2 does
not bind any ligands, its N-terminally located ectodomain
directly interacts with the GABBR1 ligand-binding ectodo-
main to enhance agonist affinity [79, 80] and is needed for
the receptor activation [§1]. GABBR2 has an N-terminal
ectodomain (residues 42—483) stabilized by 3 disulfide
bonds, 7TM transmembrane domain (residues 484-741),
and 200-residue-long C-terminal cytoplasmic domain
(residues 742-941). Crystal structure of a significant part
(residues 42-466) of the N-terminal ectodomain was solved
(PDB ID: 4MS4, [75]). This ectodomain was co-crystallized
with the GABBR1 ectodomain in the absence of ligand and
in the presence of various agonists and antagonists [75].
Furthermore, the coiled-coil region (residues 779-819) of
the C-terminal domain GABBR2 was co-crystallized with
the coiled-coil region of the GABBR1 subunit (PDB ID:
4PAS, [76]). GABBR2 is shown to contain multiple phos-
phorylation and glycosylation sites. Intrinsically disordered
residues in this protein are amounting to 32.6%, being very
abundantly present in its N- and C-termini (residues 1-71
and 751-941). The protein also has several acetylation sites
and possesses 3 C-terminally located MoRFs (Figure S10).

CASR (UniProt ID: P41180) is a 1078-residue-long
GPCR sensing changes in the extracellular concentration
of calcium ions and playing a crucial role in the calcium
homeostasis maintenance [82]. Besides being a major regu-
lator of the extracellular Ca®* homeostasis, CASR also plays
important roles in embryonic development [83], regula-
tion of neuronal excitability [84, 85], and nutrient sensing
[86]. Functional form of CASR is a disulfide-crosslinked
homodimer, each monomer containing four main domains,
the N-terminal ligand-binding domain (residues 20-612)
that includes a Venus Flytrap module containing two ligand-
binding (residues 22-188 and 189-324) and two anion-bind-
ing regions (residues 66—70 and 415-417) and a cysteine-
rich domain (residues 542-612), a 7TM domain (residues
613-862), and a cytoplasmic domain (residues 863—1078).
In addition to two interchain disulfide bonds, each monomer
of CASR is stabilized by eight intrachain disulfide bonds.
Crystal structure of the entire extracellular domain of CASR
was solved (residues 20-607, PDB ID: 5K5S). This protein
is predicted to contain 28.6% disordered residues assembled
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into several short and two long IDPRs (residues 548—-592
and 878-1078), with C-terminal IDPR containing three
MoRFs (see Figure S11).

Peculiarities of disorder distribution and some structural
information available for the glutamate receptors GPRC6A,
TAS1R1, TAS1R2, and TASIR3 are presented in Supple-
mentary Materials, and their corresponding D*P? disorder
profiles are shown in Supplementary Figures S12-S15.

Functionality and intrinsic disorder of the members
of rhodopsin family

Among the 779 human GRAFS proteins, rhodopsin-like
receptors represent the largest subfamily, which was subdi-
vided into four main groups (o, f, y, and 8) and 13 branches
(five, one, three, and four main branches in a-, p-, y-, and
d-groups, respectively). The a-group contains 89 receptors,
which are subdivided into the prostaglandin receptor cluster
of 15 members, amine receptor cluster of 40 members, opsin
receptors cluster of 9 members, melatonin receptor cluster
of 3 members, and MECA receptor cluster of 22 members.
The B-group includes 35 receptors, whose ligands are vari-
ous peptides. There are 59 receptors in the y-group, that are
further subdivided into the SOG receptor cluster with 15
members, MCH receptor cluster with 2 members, and the
chemokine receptors cluster containing 42 receptors. Finally,
58 non-olfactory and 460 olfactory receptors constitute the
d-group containing four main branches, MAS-related recep-
tor cluster with 8 members, glycoprotein receptor cluster of
8 members, purin receptor cluster with 42 members, and
the olfactory receptor cluster estimated at 460 members [4].

Since the human rhodopsin subfamily includes 701 mem-
bers, of which 241 are nonolfactory, we describe below only
some of the representative members of the 13 main branches
of the four groups of thodopsin-like GPCRs. The vast major-
ity of the members of rhodopsin subfamily have a simplified
domain organization, containing only 7TM domain, and as
a result, their ligands bind within a cavity between the TM
regions. The only exception from this rule is some glycopro-
tein-binding receptors that contain a dedicated N-terminally
located ligand-binding domain.

The a-group of rhodopsin receptors

Prostaglandin receptor cluster has eight prostaglandin recep-
tors and seven orphan receptors [4]. The proteins included
into this cluster are G protein coupled receptors 26, 61, 62,
and 78 (GPR26, GPR61, GPR62, and GPR78 containing
337, 451, 368, and 363 residues, respectively), prostaglan-
din D2 receptor (PTGDR with 359 residues), prostaglandin
E2 receptors subtypes EP1, EP2, EP3, and EP4 (PTGERI,
PTGER2, PTGER3, and PTGER4 containing 402, 358, 390,
and 488 residues, respectively), prostaglandin F2« receptor
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(PTGFR, 352 residues), prostacyclin receptor (PTGIR, 386
residues), super conserved receptors expressed in brain 1,
2,and 3 (SREB1, SREB2, and SREB3 containing 375, 370,
and 373 residues), and thromboxane A2 receptor (TBXA2R
with 343 residues). Thus, members of the prostaglandin
receptor cluster range in length from 337 to 488 residues.
Therefore, for more detailed characterization of these recep-
tors, we selected three proteins with the shortest, medium,
and the longest sequences.

GPR26 (UniProt ID: Q8NDV?2) is a constitutively active
orphan GPCR consisting of 337 residues and containing
a 10-residue-long N-terminus followed by a 287-residue-
long 7TM domain (residues 11-297) and a 40-residue-long
cytoplasm domain (residues 298-337). GPR26 is predicted
to contain 12.8% disordered residues, that include part of
a short N-terminus (residues 1-5) and two relatively long
IDPRs (residues 227-241 and 317-337), with the first of
these longer IDPRs being in the 56-residue-long intracellular
loop-3 (ICL3, residues 190-245) (Figure S16).

PTGDR (UniProt ID: Q13258) is a 359-residue-long
receptor with a very short extracellular N-terminus of 21
residues, 7TM domain (residues 20-331), and a short cyto-
plasmic C-tail (residues 332-359). PTGDR is predicted to
contain 19.5% disordered residues (see Figure S17), largest
portion of which is assembled into 31-residue-long IDPR
(residues 230-260), which is a part of the 51-residue-long
ICL3 (residues 217-262). In addition to the canonical form,
AS generates a shortened isoform that does not have C-ter-
minal residues 297-359 and has region 283-296 changed
from YRAYYGAFKDVKEK to AFVPGVPAKTPGSR.
There are several phosphorylation and glycosylation sites
in this receptor.

PTGER4 (UniProt ID: P35408) is the longest member of
the cluster of prostaglandin receptors. This 488-residue-long
GPCR serves as a receptor for prostaglandin E2 and pos-
sesses a relaxing effect on smooth muscles. The increased
length of this receptor is defined by the presence of the
156-residue-long C-terminal cytoplasmic domain, whereas
the remaining part of the protein is similar to other prosta-
glandin receptors, consisting of an extracellular N-terminus
of 19 residues and a 7TM domain (residues 20-332) that
contains a 56-residue-long ICL3 (residues 212-267). Almost
half of PTGER4 (42.6%) is predicted to be disordered, with
the longest IDPR (136 residues) being located within the
cytoplasmic C-terminal domain, and with another long
IDPR (residues 220-258) being a part of the ICL3. There
are multiple PTM sites in this protein, which also contains
five C-terminally located MoRFs (see Figure S18).

Amine receptor cluster includes adrenergic receptors
(ADRA1A, ADRA1B, ADRAI1D, ADRA2A, ADRA2B,
ADRA2C, ADRB1, ADRB2, and ADRB3), dopamine
receptors (DRD1, DRD2, DRD3, DRD4, and DRDS), his-
tamine receptors (HRH2 and HRH4), muscarinic receptors
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(CHRM1, CHRM2, CHRM3, CHRM4, and CHRM)), sero-
tonin receptors (HTR1A, HTR1B, HTR1D, HTRI1E, HTR1F
HTR2A, HTR2B, HTR2C, HTR4, HTR5(HTR5A), HTR6,
and HTR7), trace amine receptors (TAR1, TAR3, TAR4,
TARS5), and several orphan receptors (GPR58 and GPR57)
[4] activated by structurally related small amine molecules
with a single aromatic ring. Peculiarities of disorder dis-
tribution and some structural information available for the
ADRA1A, CHRM1, DRD1, HRH2, HTR1A, and TAR1
are presented in Supplementary Materials, and their corre-
sponding D*P? disorder profiles are shown in Supplementary
Figures S19-S24.

Opsin receptors cluster includes the only known human
receptors that respond to light. The members of this cluster
are the cone visual pigments, such as OPN1SW, OPNILW,
and OPN1 MW, which are the light-absorbing molecules
that mediate vision, the encephalopsin (OPN3), the mel-
anopsin (OPN4), the peropsin (RRH), the retinal G protein-
coupled receptor (RGR), the rod visual pigment (RHO), and
two orphan receptors GPR21 and GPR52. Supplementary
materials represent some structural and disorder-related
information for OPN1SW, OPN1LW, OPN1 MW, RRH,
RHO, GPR21, GPR52, OPN3, and OPN4, and show their
D?P? disorder profiles (see Figures S25-S32).

Melatonin receptor cluster includes the melatonin recep-
tor types 1A and 1B (MTNRI1A, UniProt ID: P48039, 350
residues, 13.1% PDRs and MTNR 1B, UniProt ID: P49286,
362 residues, 19.1% PDRs) with core GPCR structure, as
well as an orphan melatonin-related receptor GPR50 (Uni-
Prot ID: Q13585, 617 residues, 49.3% PDRs) that in addition
to the 7TM domain includes a long cytoplasmic domain (res-
idues 295-617) predicted to be excessively disordered and
to contain six MoRFs (see Figures S33—-S35). Some struc-
ture- and disorder-related information for the members of the
MECA receptor cluster is listed in Supplementary Materials.

The B-group of rhodopsin-like receptors

All rhodopsin-like receptors from the p-group are acti-
vated by peptides. This GPCR group includes the hypo-
cretin receptors HCRTR1 and HCRTR2; the neuropeptide
FF receptors NPFF1 and NPFF2; the tachykinin receptors
TACRI1, TACR2, TACR3, and TAC3RL,; the cholecystokinin
receptors CCKAR and CCKBR; the neuropeptide Y recep-
tors NPY1R, NPY2R, NPY5R, and PPYRI1; the endothe-
lin-related receptors EDNRA, EDNRB, ETBRLPI, and
ETBRLP2; the gastrin-releasing peptide receptor GRPR; the
neuromedin B receptor NMBR; the uterin bombesin recep-
tor BRS3; the neurotensin receptors NTSR1 and NTSR2;
the growth hormone secretagogues receptor GHSR; the
neuromedin receptors NMU1R and NMU2R; the thyrotro-
pin releasing hormone receptor TRHR; the arginine vaso-
pressin receptors AVPR1A, AVPR1B, and AVPR2; the

gonadotropin-releasing hormone receptors GNRHR and
GNRHRII; the prolactin-releasing peptide receptor PrRP;
the oxytocin receptor OXTR; the motilin receptor MLNR;
and an orphan receptor GPR72 [4]. Brief description of dis-
order status of these receptors and several illustrative dis-
order profiles (see Figures S36-S46) are provided in Sup-
plementary Materials.

The y-group of rhodopsin receptors

SOG receptor cluster includes receptors for somatostatin
(SSTR1, SSTR2, SSTR3, SSTR4, and SSTRS), opioids
(OPRD1, OPRK1, OPRL1, and OPRM1), neuropeptide gala-
nin (GALR1, GALR2, and GALR3), neuropeptide W (GPR7
and GPRS), and RF-amide (GPR54) [4]. Brief description of
the disorder status of the members of this cluster is provided
in Supplementary Materials, where some illustrative D?P?
profiles are also shown (see Figures S47-S49).

MCH receptor cluster includes just two receptors for the
melanin-concentrating hormone (MCH), MCHR1 (UniProt
ID: Q99705), 422 residues, 32.9% PDRs, four IDPRs (resi-
dues 1-103 (N-tail), 220-225 (part of ICL2), 307-318 (part
of ICL3), and 405-422 (part of C-tail) and MCHR?2 [UniProt
ID: Q969V 1, 340 residues, 6.8% PDRs, two IDPRs (residues
1-5 and 324-340)]. Figure S50 shows that long N-terminally
located IDPR of MCHRI1 contains 3 MoRFs.

Chemokine receptors cluster includes more than 40
members, that range in length from 333 to 469 residues and
contain from 9.0 to 28.8% disordered residues, which are
invariantly located within the N- and C-terminal tails, as
well as within some of the intracellular or extracellular loops
(see Supplementary Materials for more detailed description
of the peculiarities of disorder distribution in these proteins).
To illustrate the variability of intrinsic disorder distribu-
tion within these proteins, Figures S51 and S52 represent
the D?P>-generated disorder profiles for the most and least
disordered members of the cluster of chemokine recep-
tors, BLTR2 (N=389, PDR =28.8%) and CCR3 (N=355,
PDR =9.0%), respectively.

The 6-group of rhodopsin receptors

MAS-related receptor cluster is rather small, containing 8
members. All these receptors are rather short and are charac-
terized by the shortened cytoplasmic loops ICL1, ICL2 and
ICL3. They also show similar disorder distribution, which is
illustrated by Figure S53 showing disorder profile generated
by D?P? for the MAS-related G protein-coupled receptor
member D, MRGD, which is the most disordered member of
this cluster (see Supplementary Materials for more details on
the peculiarities of disorder predisposition of these proteins).

As it was already indicated, glycoprotein receptors are
exceptional members of the rhodopsin family, since they
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have long N-terminal extracellular domain (that ranges
from 337 (LHCGR) to 349 (FSHR), or 393 (TSHR), or 409
(LGR7), or 416 (LGRS), or 520 (LGR4), or 540 (LGRS),
or even 543 (LGR6) residues), which is dedicated to the
ligand binding, whereas other members of the rhodopsin
family bind their ligands in a cavity between their TM
regions. Furthermore, glycoprotein receptors have long
C-terminal cytoplasmic domains, which can be as long as
64 (LGRS), or 65 (FSHR), or 72 (LHCGR), or 82 (TSHR),
or 84 (LGRS), or 85 (LGR7), or 137 (LGR6), or 157 (LGR4)
residues. As a result, glycoprotein receptors are noticeably
longer than other representatives of the rhodopsin family.
Figures S54-S59 represent available D?P? profiles for the
members of this cluster, whereas some details of their dis-
order predisposition are listed in Supplementary Materials.

Purin receptor cluster has more than 40 mem-
bers and includes a set of the formyl peptide recep-
tors (FPRs), a set of the nucleotide receptors [such as
P2Y1(P2RY1), P2Y2(P2RY2), P2Y4(P2RY4), P2Y5,
P2Y6(P2RY6), P2Y9(GPR23), P2Y10, P2Y11(P2RY11),
P2Y12, FKSG77(GPR86, GPR94), FKSG79, and
FKSGS80(GPR81)], proteinase-activated receptors (such as
F2R, F2RL1, F2RL2, and F2RL3), receptors activated by
cysteinyl leukotrienes (CYSLT1 and CYSLT?2) or hydroxy-
carboxylic acid receptors C3AR(C3AR1) and HM74, as well
as a large number of orphan GPCRs, such as GPR4, GPR17,
GPR18, GPR35, GPR55, GPR65, GPR80(GPRY9), GPRS2,
GPR87, GPR91, GPR92, GPR101, GPR103, GPR105,
H963, OGR1(GPR68), TRHR, RE2, RGR, PTAFR, G2A,
and EBI2. Since topologically members of this cluster are
not too different from other representatives of the rhodopsin
family (with the obvious exception to the glycoprotein recep-
tors), we will describe below only a couple of illustrative
examples.

P2Y1(P2RY1) (UniProt ID: P47900) is a 373-residue-
long receptor for extracellular adenine nucleotides, such
as ADP, that was shown to possess two disparate binding
sites for its ligands, with the nucleotide binding site being
located in a pocket created by the residues from N-terminus,
ECL2 and TM helices VI and VII, whereas the second, allos-
teric, non-nucleotide binding site being located in a shal-
low pocket formed by aromatic and hydrophobic residues
of TM helices I, IT and IIT and ECLI1 positioned completely
outside of the helical bundle [87]. P2RY1 has a typical 7TM
core structure decorated with extended N- and C- termi-
nal regions of almost equivalent length (residues 1-51 and
326-373). This receptor is predicted to contain 16.1% dis-
ordered residues assembled in several IDPRs (residues 1-3,
23-36, 251-263, and 334-373). It contains two disulfide
bonds (between residues 42 and 296, and 124 and 202) and
multiple PTMs sites (see Figure S60). Figure S61 shows
that a 385-residue-long receptor for activated thrombin or
trypsin (F2RL3), which is involved in platelet activation,
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is characterized by the presence of long, mostly disordered
N- and C-terminal regions and many PTM sites.

Olfactory receptor cluster, with its at least 460 members
grouped into 17 main branches, clearly represents the largest
group of the rhodopsin-like receptors [4]. Detailed analysis
of this cluster constitutes a subject of separate study. Length
of the human olfactory receptors ranges from 369 in the
olfactory receptor 2T1 (OR2T1) to 298 residues in olfactory
receptor 5271 (OR52Z1). OR2T1 (UniProt ID: 043869) is
characterized by a long N-terminal domain (residues 1-76),
and is predicted to have rather low intrinsic disorder level
(PDR =8.1%), containing only short IDPRs (residues 51-59,
283-287, 316-320 and 360-369) (see Figure S62). The pre-
dicted intrinsic disorder level of the shortest olfactory recep-
tor OR52Z1 (UniProt ID: POC646) is very low (2%).

Functional intrinsic disorder of the members
of adhesion receptor family

This family of GPCRs includes 24 members, which are
characterized by very peculiar topology, where in addi-
tion to the canonical 7TM domains, these proteins contain
large N-terminal regions that range in length from 200 to
2800 residues, possessing various functional domains with
adhesion-like motifs and often forming mucin-like stalks
enriched in the glycosylation sites and proline residues [4].
Also, many members of the adhesion receptor family pos-
sess long C-terminal cytoplasmic domains.

Brain-specific angiogenesis inhibitor 1, BAI1, also known
as adhesion G protein-coupled receptor B1 (ADGRB1),
(UniProt ID: O14514) is a 1584 residue-long phosphatidyl-
serine receptor with the N-terminal region of 918 residues
(31-948) and a C-terminal cytoplasmic domain of 397 resi-
dues (1188-1584). For a long time, BAI1, which was discov-
ered as a protein, whose extracellular region is able to inhibit
angiogenesis in tumor models, remained an orphan receptor
with elusive physiological functions. However, this protein is
considered now as a phagocytic receptor recognizing apop-
totic cells with exposed phosphatidylserine [88]. BAI1 can
also promote cytoskeletal reorganization, which is needed to
facilitate the phagocytic clearance of apoptotic cells, acting
upstream of the of the ELMO/Dock180/Rac signaling mod-
ule [88]. This receptor promotes myoblast fusion, enhances
the engulfment of apoptotic cells [89], inhibits angiogenesis
in the brain, and mediates the p53 signaling related to the
glioblastoma suppression [90]. Recent work established that
BAII and other members of this subfamily (BAI2 and BAI3)
are important regulators of synaptogenesis and dendritic
spine formation [91]. Proteolytic processing of BAI gen-
erates two secreted fragments, Vasculostatin-120 (residues
31-926) [92] and Vasculostatin-40 (residues 31-327) [93],
that participate in the regulation of vascular homeostasis.
BAI is predicted to contain 732 disordered residues (i.e.,
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it has the PDR of 46.2%), with the C-terminal cytoplasmic
domain being almost completely disordered and with several
long IDPs being located within the long N-terminal region
(e.g., residues 133171, 200-236, 276-398, 414-503, and
539-580). Figure S63 shows that besides multiple IDPRs
and PTM sites, BAII/ADGRBI is predicted to have multi-
ple disorder-based interaction sites, MoRFs, many of which
are located within the C-terminal cytoplasmic domain.
Curiously, BAII/ADGRBI1 contains five thrombospondin
(TSP) type-1 repeats in the extracellular domain (residues
261-315, 354-407, 409-462, 467-520, and 522-575) that
mediate binding of this protein to phosphatidylserine and
are needed for recognition and binding of bacterial outer
membrane lipopolysaccharides. These TSP type-1 repeats
are predicted to contain high levels of disorder, overlap-
ping with the long N-terminal IDPRs. BAI1 also contains
an integrin-binding RGD motif (residues 231-233) [94]
located within an IDPR. Cytoplasmic C-terminal domain
of BATl includes a proline-rich region (residues 1384-1451)
containing two poly-proline motifs (residues 1411-1422 and
1425-1430) that can interact with Src homology 3 (SH3)
and WW domain-containing proteins and thereby participate
in the regulation of signal transduction [95]. The C-terminal
most part of BAI1 is the QTEV motif that represents a bind-
ing site for PDZ domain-containing proteins, which are asso-
ciated with multiple cellular functions ranging from modula-
tion of cytoskeletal architecture to regulation of localization
and trafficking of proteins [94]. Both the proline-rich region
and QTEV-containing C-tail are highly disordered, suggest-
ing importance of intrinsic disorder for the multifunction-
ality of the C-terminal cytoplasmic domain. Furthermore,
the C-terminal BAI region (residues 1365—-1584) is involved
in interaction with MAGI1 (which is membrane-associated
guanylate kinase, WW and PDZ domain-containing protein
1 that plays a crucial role as scaffolding protein at cell—cell
junctions) is not only predicted to be heavily disordered, but
also is expected to have four MoRFs [96].

Structural, functional, and disorder-related informa-
tion for BAI2, BAI3, CELSR1, CELSR2, EMR1, EMR2,
EMR3, and LEC1 with corresponding D?P? profiles (see
Figures S64-72) is presented in Supplementary Materials.

Lectomedin-2 (LEC2, UniProt ID: 094910;
PDR =37.5%) is a 1478-long calcium-independent recep-
tor for a-latrotoxin, which is potentially related to the reg-
ulation of exocytosis and can play a role in mediation of
the heterophilic synaptic cell-cell contact and postsynaptic
specialization, whereas lectomedin-3 (LEC3, UniProt ID:
QI9HAR?2; PDR =31.7%) is a 1447-residue long adhesion
GPCR interacting with the fibronectin-like domain-con-
taining leucine-rich transmembrane proteins FLRT2 and
FLRT3 at the surface of adjacent cells and thereby regulat-
ing cell—cell adhesion and neuron guidance [97]. N-termi-
nal regions of these GPCRs contain 834 and 847 residues,

whereas their C-terminal cytoplasmic domains are 378-
and 343-residue long. Figure S73 illustrates the presence
of numerous IDPRs, PTMs and MoRFs in LEC2. Unfortu-
nately, no D?P?-generated profile is currently available for
LEC3, although this protein is also predicted to have mul-
tiple long IDPRs (e.g., residues 393-499, 1120-1201, and
1247-1390). All members of this subfamily have multiple
AS-generated isoforms.

Leukocyte antigen CD97 (UniProt ID: P48960) is an
835-residue-long calcium-dependent receptor containing
several EGF-like domains and regulating adhesion and sign-
aling processes after leukocyte activation. N- and C-terminal
regions of CD97 are of 532 and 46 residues, respectively.
Most of the 308 disordered residues of this protein are con-
centrated within the N-terminally located long IDPR (resi-
dues 40-250) that includes most of its EGF-like domains.
Curiously, although the N-terminal region containing EGF-
like domains is predicted to be disordered, a crystal structure
was solved for the construct containing EGF-like domains
1 and 2 (residues 25-118) directly linked to the EGF-like
domain 5 (residues 212-260) of human CD97 in the pres-
ence of calcium an barium (PDB ID: 2BOU) [98], suggest-
ing the involvement of the binding-induced folding mecha-
nism in the formation of protein—cation structure. In addition
to multiple PTMs, CD97 contains one MoRF (Figure S74)
and is known to have multiple AS-generated isoforms.

GPR56 is a 693-residue-long adhesion GPCR G1, also
known as protein TM7XN1 (UniProt ID: Q9Y653), with
N- and C-terminal regions of 377 and 36 residues, respec-
tively. GPR56 plays a crucial role in cortical development,
with mutations in this protein causing malformations of the
cerebral cortex [99]. This adhesion GPCR is characterized
by rather unusual activation, where the large N-terminal
(NT) region (residues 26-382) is cleaved from the rest of
the GPR56 receptor during processing but remains non-
covalently bound to the 7TM domain. This NT region inhib-
its the receptor activity, but this inhibition can be released
via the NT binding to extracellular ligand and/or due to the
GPR56 NT homophilic trans—trans interactions [99]. Here,
ligand binding to the NT region leads to its release from
the receptor, resulting in the exposure of a new N-terminal
stalk required for the stimulation of the G protein-dependent
signaling activity [100]. Figure S75 shows that GPR56 con-
tains significant level of intrinsic disorder (PDR=31.2%),
possessing multiple IDPRs (including one long IDPR, resi-
dues 126-218), numerous PTMs, and one MoRF (residues
182-189).

The remaining members of the adhesion receptor family
are orphan receptors with practically unknown physiologi-
cal functions. Since the functional roles of their disordered
regions were not established yet, Supplementary Materi-
als provide a very superficial description of these adhesion
GPCRs, which are split into two groups, long and short,
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based on the length of their amino acid sequences. The
only member of this group that will be mentioned below is
GPR112 (UniProt ID: Q8IZF6; N=3080), which, with its
64.4% disordered residues, is one of the longest and most
disordered GPCRs (see Figure S76). N-terminal region of
this protein contains 2714 residues, whereas its C-tail is
94-residue long. The longest IDPR (449 residues) of GPR12
is longer than many full-length GPCRs from other families.
Numerous MoRFs and PTM sites are spread over the disor-
dered regions of this protein.

Intrinsic disorder in functionality of the frizzled/
taste2 receptor family members

GPCRs included into the frizzled/taste2 GPCR family form
two distinct groups, frizzled (that in addition to 10 frizzled
receptors (FZDs) contains the smoothened receptor (SMO))
and taste receptors that includes 13 GPCRs [4].

Frizzled-1 (FZD1, UniProt ID: Q9UP38; PDR =31.4)
is a 647-residue-long receptor for several WNT proteins
that can be activated by WNT1, WNT3, WNT3A, and to
a lesser extent WNT?2, and that is involved in the canoni-
cal WNT/B-catenin signaling pathway [101], which plays
a number of crucial roles in the organism development,
regulates maintenance, self-renewal, and differentiation
of adult mammalian tissue stem cells [102], and the mal-
functions of which are associated with various diseases
including cancer, cardiovascular diseases, and Parkinson’s
disease [103—107]. Overall, Wnt signaling is involved in
multiple physiological and pathological processes, plays
an important role in angiogenesis [108, 109], and is well
studied in embryogenesis and carcinogenesis [110].
Human FZD1 contains a 250-residue-long N-terminal
extracellular domain (residues 73-322) containing FZ
domain (residues 111-230) responsible for the WNT
binding and short C-terminal cytoplasmic tail (residues
623-647). Significant part of the N-terminal region is
intrinsically disordered. In fact, Figure S77 shows that two
long IDPRs (residues 1-115 and 230-275) that surround
the FZ domain of human FZD1 are located here. Further-
more, part of the C-tail (residues 639-647) is disordered,
too. Although the WNT-binding FZ domain is predicted
to be mostly structured, which is not a big surprise, since
this domain includes five disulfide bridges, the presence
of PTM sites in IDPRs adjacent to this domain suggests
that function of FZ domain can be modulated by PTMs.
Since N-tail of FZD1 is predicted to have MoRF region,
and since there are multiple PTM sites in this protein, it
is clear that at least some functionality of FZD]1 is intrin-
sic disorder dependent. Data collected in Supplementary
Materials show that human FZD2 (Figure S78), FZD4, and
FZD7 have structural organization and disorder profiles
similar to those of FZD1, whereas FZD3, FZD5, FZD6,
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FZD9, and FZD10 are characterized by the presence of
long C-terminal domains, which are comparable in length
with their N-terminal extracellular regions (see Figure
S79), and FZDS is characterized by a unique disorder pro-
file containing three long IDPRs (Figure S80).

The last member of the frizzled group is the Smooth-
ened homolog (SMOH, UniProt ID: Q99835), which is a
787-residue-long GPCR that serves as a key receptor in
regulation of the Hedgehog (HH) signaling pathway [111].
Curiously, activation of SMOH is associated with the inter-
action of the secreted HH protein with the 12TM Patched-1
(PTCH) protein, which is the membrane-embedded receptor
that, in its HH-unbound form, interacts with SMOH thereby
inhibiting its activity [112]. Since HH pathway serves as one
of the major regulators of development, cell proliferation,
and maintenance of the stem cells [113—115], its action is
strictly controlled and tightly regulated, e.g., via regulation
and control of the SMOH receptor. In fact, insufficient activ-
ity of HH signaling is associated with various developmen-
tal defects (e.g., cyclopia and holoprosencephaly), whereas
excessive activity of this pathway is related to the cancer
pathogenesis [111, 116—118]. This is the reason why SMOH
is commonly considered as an oncoprotein [119]. Although
no structural information is currently available for the full-
length SMOH protein, crystal structures were solved for
some of its parts, such as 7TM domain [e.g., PDB ID: 4QIN
[120]) and a multidomain construct containing FZ domain
(also known as cysteine-rich domain (CRD)] and 7TM
domain (e.g., PDB ID: SL7D [121]). Topologically, SMOH
is characterized by the presence of long N- and C-terminal
regions, which are of 206 and 242 residues long, respec-
tively. Figure S81 shows that although the 7TM domain
of SMOH (residues 234-545) is clearly defined as mostly
ordered (it possesses only a few short IDPRs), the FZ/CRD
of this protein is predicted to be rather disordered, which
makes it quite different from FZDs, where this domain is
predicted to be mostly different. Overall, high level of pre-
dicted disorder in SMOH (PDR =38.6%) and the presence
of long N- and C-terminally located IDPs (residues 1-75 and
644-787) combined with the existence of numerous MoRFs
(located in both tails) and multiple PTMs clearly indicates
that intrinsic disorder is needed for SMOH function, and that
this protein contains all types of the proteoforms, conforma-
tional/basic, inducible/modified, and functioning.

Finally, a group of taste receptors includes a set of short
GPCRs with almost absent N-terminal elements and very
short C-terminal cytoplasmic regions. As a matter of fact,
the length of the extracellular N-terminal regions in these
proteins ranges from 1 to 14, whereas their cytoplas-
mic C-tails are 13- to 35-residue long. As a result, these
GPCRs do not contain long IDPRs and their overall level
of disorder ranges from 3.4% to 15.5%.
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Functional intrinsic disorder of the members
of secretin receptor family

The last family of human GPCRs is represented by 15 recep-
tors that bind rather large peptides. Among the members of
this family are the calcitonin receptors CALCR and CAL-
CRL, the corticotropin-releasing hormone receptors CRHR 1
and CRHR?2, the gastric inhibitory polypeptide receptor
GIPR, the glucagon receptor GCGR, the growth hormone-
releasing hormone receptor GHRHR, the glucagon-like pep-
tide receptors GLP1R and GLP2R, the pituitary adenylyl
cyclase-activating protein PACAP, the parathyroid hormone
receptors PTHR1 and PTHR?2, the secretin receptor SCTR,
and the vasoactive intestinal peptide receptors VIPR1 and
VIPR2 [4].

CALCR (UniProt ID: P30988; N=508) and CALCRL
(UniProt ID: Q16602; N=461) are the receptors for calci-
tonin and calcitonin-gene-related peptide (CGRP), respec-
tively. The 7TM domains of CALCR and CALCRL (residues
172-429 and 147-388, respectively) are inserted between
the relatively long N- and C-terminal regions consisting of
129 and 79 residues in CALCR and 124 and 73 residues in
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CALCRL. Using the Volta phase plate single-particle cryo-
electron microscopy, the low-resolution structure of the
full-length CALCR complexed with the peptide ligand and
heterotrimeric Gafy protein has been determined (PDB ID:
5UZ7 [122]). Although the full-length mature CALCR was
used in this study, no structure was determined for residues
43-153, 224-230, 350-354, 379-383, and 437-508 that,
therefore, constitute regions of missing electron density; i.e.,
regions with high structural dynamics. In other words, based
on this structural analysis, about 200 residues of human
CALCR (i.e., 39.4%) are expected to be rather mobile. As
follows from evaluation of the disorder predisposition of
this protein, the indicated segments either corresponded to
the flexible regions or IDPRs (see Fig. 4a). In fact, CALCR
is predicted to have 89 disordered residues (PDR =17.5%),
more than half of which being located within the long
C-terminally located IDPR (residues 453-508). Similarly,
crystal structure was solved for the N-terminal ligand rec-
ognizing domain of CALCRL (e.g., PDB ID: 3AQF, [123]),
whereas utilization of the cryo-electron microscopy gener-
ated low-resolution structure of the mature CALCRL (resi-
dues 22-461) complexed with the calcitonin-gene-related
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Fig.4 Analysis of intrinsic disorder predisposition and structure of
human CALCR (UniProt ID: P30988; N=508) and CALCRL (Uni-
Prot ID: Q16602; N=461). a, b show intrinsic disorder predisposi-
tions of these proteins in a form of predicted disorder profiles gen-
erated by a set of commonly used disorder predictors, such as. ¢
Represents structural alignment of bound form of CALCR complexed
with the peptide ligand and heterotrimeric Gafy protein has been
determined (PDB ID: 5UZ7 [122], blue structure) and bound form
of the mature CALCRL (residues 22-461) complexed with the calci-
tonin-gene-related peptide (CGRP), receptor activity-modifying pro-

tein 1 (RAMPI), and the Gog-protein heterotrimer (PDB ID: 6E3Y
[124], red structure). In both cases, structures were determined using
the Volta phase plate single-particle cryo-electron microscopy. Note
that although the reported SUZ7 and 6E3Y structures included com-
plexes of the human CALCR or CALCRL with the corresponding
Go,-protein heterotrimers and other binding partners, only structures
of human CALCR or CALCRL are shown here for simplicity. a, b
Positions of regions with missing electron density are shown as gray
vertical bars
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peptide (CGRP), receptor activity-modifying protein 1
(RAMPI), and the Gag-protein heterotrimer (PDB ID:
6E3Y [124]). Analysis of this structure revealed that resi-
dues 22-32, 55-63, 107-109, 324-328, 356-362, and
403-461 of CALCRL constitute regions of missing elec-
tron density, indicating high conformational flexibility of
these 94 residues (20.4%). This is in good agreement with
the results of the analysis of disorder predisposition of this
protein, where the regions with missing electron density
were either predicted to be disordered or flexible (i.e., were
characterized by the disorder scores exceeding 0.5 and 0.25,
respectively, see Fig. 4b). Figure 4b shows that the overall
level of predicted intrinsic disorder in CALCRL is not very
high (PDR=11.1%), and this protein does not possess long
IDPRs. Therefore, CALCR and CALCRL are among a very
few human GPCRs containing long N-terminal extracellular
and C-terminal cytoplasmic regions, for which structure is
known for almost entire protein. Figure 4c represents aligned
structures of these proteins and shows close structural simi-
larity of resolved regions (particularly 7TM domains and
other regions in their close proximity). In fact, aligned struc-
tures covered 240 residues in each protein (of 266 and 346
residues of CALCR and CALCRL used in this analysis) and
RMSD of heavy atoms in this alignment was impressively
low (1.23 A), which is an impressive accuracy taking into
account that the corresponding structures were resolved to
33A.

The corticotropin-releasing hormone receptors CRHR1
(UniProt ID: P34998; N=444; Ny;r=88; Ncp=47;
PDR =12.2%) and CRHR2 (UniProt ID: Q13324; N=411;
Nyr=108; Nor=47; PDR =10.7%) are activated by highly
specific interaction with corticotropin-releasing factor (CRF)
and urocortin (UCN) accompanied by the conformation
changes in these GPCRs that trigger down-stream signal-
ing [125]. Figure 5 represents an NMR solution structure
of a complex between the N-terminal extracellular domain
(ECD) of human CRHR1 (residues 25—-108) and a high affin-
ity peptide agonist, a-helical cyclic CRF (PDB ID: 2L.27;
[126]). Importantly for subsequent functionality of CRHR1,
formation of this ECD—CRF complex promotes induction
of the a-helical conformation in the N-terminus of ECD
leading to the activation of CRHR1 [127]. It was pointed
out that the overall fold of the ECD represents “the short
consensus repeat (SCR) motif with the three disulfide bonds
between cysteine residues, Cys;;—Cyss,, Cysy—Cysg;, and
Cysgg—Cys;(,- The SCR includes a short N-terminal a-helix
(Asp,;—Glus,) and two anti-parallel B-sheet regions around
residues Ser,;—Val,g (B; strand), Cyss,—Trpss (B, strand),
Leugz—Arge, (B5 strand), and Glyg,—Glug, (B, strand)” [126].
Because of the presence of three disulfide bridges, the ECD
of human CRHRI1 is predicted to be mostly ordered. How-
ever, since interaction with CRF induced structural changes
in ECD leading to the activation of CRHRI1, this system
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Fig.5 NMR solution structure of a complex between the N-terminal
extracellular domain (ECD) of human CRHRI1 (residues 25-108,
blue) and a high affinity peptide agonist, a-helical cyclic CRF (red)
(PDB ID: 2L.27; [126])

represents a clear example of functioning proteoform. Fur-
thermore, both CRHR1 and CRHR2 have multiple AS-gen-
erated isoforms and also have multiple PTM sites, indicating
that these proteins also have inducible proteoforms.

Disorder-related information and some D?P? generated
illustrative examples of functional disorder profiles for the
remaining members of the secretin family (Figures S82—-S84)
are presented in Supplementary Materials.

Intrinsic disorder and multifunctionality
of human G proteins

Activation of 800+ human GPCRs by numerous ligands
(> 1000) of different nature (ranging from photons to many
hormones and neurotransmitters) represents the very first
step in numerous G protein signaling pathways leading to
the triggering of the multiple physiological responses to
the various external stimuli. At the next step, a cytoplas-
mic domain of an activated GPCR interacts with one of the
intracellularly located guanine nucleotide-binding proteins
(G proteins), which are heterotrimers composed of o, p, and
vy subunits. This GPCR-G protein interaction increases the
GDP to GTP exchange in the Ga subunit, causing Ga activa-
tion and dissociation from the Gfy dimer, therefore gener-
ating two functional subunits (Ga-GTP and Gfy) that can
control different cellular pathways [128—132]. So, G proteins
play crucial role in transmission of signals from a variety
of stimuli outside a cell to its interior, thereby serving as
important intracellular molecular switches.

There are four major families of the Ga subunits (Ga,
Ga;, Gocq, and Ga,,) encoded by 16 human genes [3, 5, 6].
Figure 6a represents phylogenetic relationship of human Go
subunits and their expression. Goig subfamily includes two
members, Ga, and Go, each serving as a subunit of the
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Fig.6 Phylogenetic relationship of human Ga (a), Gf (b), and Gy
subunits and their expression. Reproduced with permission from
[131]

heterotrimeric G protein responsible for the activation of
adenylyl cyclases controlling the cAMP-dependent pathway,
where the stimulatory Go subunit is ubiquitously expressed
in most cell types, whereas G is specifically expressed
in the olfactory sensory neurons [131]. In the Go; family,
there are seven members. These include: three inhibitory Go
proteins (Go;, Gay,, and Goy; that are expressed in most cell
types, where they lead to reduced production of intracellular
cAMP); the major Ga subunit of the mammalian brain, Go,

which has two alternatively spliced variants, Go,, and Got;
the Go, subunit of the transducin that has two isoforms, Ga;
and Gay,, which are expressed in the rod and cone photo-
receptor cells of the eye, respectively; the Ga, subunit of
gustducin expressed in the taste receptor cells; and the Ga,
subunit of the inhibitory G protein found in neuronal tis-
sues and in platelets. There are four members of the human
Goy, family: ubiquitously expressed Ga, and Ga,; preferen-
tially found in kidney, liver, and lung Ga,,; and specifically
expressed in hematopoietic cells Ga, (which is equivalent
to G, 5 in mouse). Finally, the Ga,, family includes ubiqui-
tously expressed subunits Ga,, and Go,5 [131].

Although Ga subunits are GTPases that are important
for recognition of the activated GPCRs, the ability of G
proteins to directly relay the signals from GPCRs to vari-
ous downstream pathways and function as molecular binary
switches with biological activities determined by the bound
nucleotide depends on the GPCR-induced dissociation of
the heterotrimeric Gafy protein into two functional subu-
nits Ga and Gy, both transmitting signals to various cel-
lular pathways [128—132]. So, the tightly associated Gfy
heterodimer represents an important regulatory entity. Simi-
lar to the Ga subunits encoded by multiple genes, human
genome contains 5 Gf and 12 Gy genes. Figures 6b, ¢ show
phylogenetic relationship of human Gf and Gy subunits,
respectively, and peculiarities of their expression in different
tissues and organs.

Intrinsic disorder in human Ga subunits
Human Ga, family

Human Gay subunits act downstream of several GPCRs and
activate adenylyl cyclases, resulting in increased levels of the
second messenger cAMP [133, 134]. They are encoded by
the bicistronic gene GNAS that in addition to several alterna-
tively spliced isoforms of the Ga, subunit also encodes, from
an overlapping reading frame, the ALEX protein (alternative
gene product encoded by XL-exon, N=626), which inhibits
the adenylyl cyclase-stimulating activity of Go, subunit pro-
duced from the same locus in a different open reading frame.
Human Gao is characterized by the presence of several iso-
forms generated by alternative splining. Although GNAS-2
(UniProt ID: P63092-2, N=380, also known as short Gao,
subunit) and isoforms 3 (GNAS-3, UniProt ID: P63092-3;
N=379) and 4 (GNAS-4, UniProt ID: P63092-4; N=395)
are not too different from the canonical isoform GNAS-1
(UniProt ID: P63092-1; N=394, also known as long Go,
subunit), possessing some variability in the 71-86 region,
sequences of the extra-large isoforms XLas-1 (UniProt ID:
Q5JWF2-1; N=1037), XLas-2 (UniProt ID: Q5JWF2-2;
N=1023), and XLas-3 (UniProt ID: Q5JWF2-3; N=752)
are significantly divergent from other isoforms, and, as a
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«Fig.7 Analysis of structure and intrinsic disorder predisposition of
human Ga, subunit. a Multiple structure alignment of free Ga, subu-
nit (red; PDB ID: 6AU6 [136]) and G, subunit complexed with the
calcitonin receptor, nanobody-35, and the Gfy dimer (blue; PDB ID:
SUZ7 [122], note that only structure of the Go, subunit is presented
here). Multiple structural alignment was conducted using MultiProt
algorithm [225]. b Intrinsic disorder propensity and some important
disorder-related functional information generated for human Gay
subunit by the D?P? database (http://d2p2.pro/), that uses outputs of
several disorder predictors (see differently colored bars at the top of
the plot), such as ESpritz_DisProt, ESpritz_X-ray, and ESpritz_ NMR
(shown as ESpritz-D, ESpritz-X, and ESpritz-N, respectively),
IUPred_long and IUPred_short (shown as IUPred-1 and IUPred-s,
respectively), PV2, PrDOS, PONDR® VSL2B, and PONDR® VLXT.
This is complemented by the information on the location of domains
predicted by Superfamily and Pfam platforms (http://supfam.org/
SUPERFAMILY/ and https://pfam.xfam.org/, respectively). The
level of agreement between all of the disorder predictors is shown in
the middle of the plot as color intensity in an aligned gradient. The
green segments represent disorder that is not found within a predicted
domain, whereas the blue segments are where the disorder predic-
tions intersect the domain prediction. Positions of disorder-based
interactions sites (MoRFs) and sites of curated posttranslational mod-
ifications (phosphorylation and ubiquitination) are shown by yellow
blocks with zigzag infill and by red and purple circles, respectively

result, they are annotated in different UniProt entry. Further-
more, the isoform NESP55 (UniProt ID: 095467; N=245),
which is known as the neuroendocrine secretory protein 55,
shares no sequence similarity with other isoforms, being ini-
tiated from a promoter ~ 45 kb upstream of GNAS, and con-
taining two NESP-specific exons that are spliced onto exons
2-12 of GNAS, thereby forming an alternatively spliced tran-
script of GNAS, although the NESP55 open reading frame
is confined to one upstream exon [135]. The GNAS locus is
characterized by a very complex imprinting, where different
proteins are expressed biallelically, maternally, or paternally.
In particular, the GNAS isoforms are expressed biallelically,
the NESP55 isoform is maternally derived, and the extra-
large XLas isoforms are paternally derived.

Structures of short isoform of human Gog subunit
(GNAS-2, UniProt ID: P63092-2, N=380) and several its
fragments alone or in complex with GPCR were determined
by X-ray crystallography and Volta phase plate electron
cryo-microscopy (cryo-EM). Comparison of the structures
of free (PDB ID: 6AU6 [136]) and complexed (PDB ID:
5UZ7 [122]) forms of Go, subunit revealed that interaction
of this protein with the calcitonin receptor, nanobody-35,
and the GPy dimer causes noticeable structural changes in
the Ga subunit, with the most noticeable being the binding-
induced formation of the long a-helix in the N-terminus,
which was disordered in the unbound state (see Fig. 7a).
In fact, although residues 4-35 in the unbound Ga, subu-
nit constitute a region of missing electron density, a large
part of this N-terminus possesses an a-helical structure in
bound state of this protein. Furthermore, the authors of the
cryo-EM study indicated that the a-helical domain (AHD)

of the complexed Ga, (residues 62-206) possessed large
variability that prevented reconstruction of the density of
this region [122]. This form also contained several short
regions of missing electron density (residues 251-263,
293-308, 323-330, and 366-369) suggesting the presence
of noticeable conformational flexibility in the Gog subunit,
which is preserved even in its bound form. Figure 7b repre-
sents a D?P? generated disorder profile of the long isoform of
human Ga, subunit and shows that this protein is predicted
to have several IDPRs together with three disorder-based
binding sites, MoRFs, and is heavily decorated by multiple
PTMs. To conclude discussion of the prevalence of intrin-
sic disorder in proteins encoded by the human GNAS gene,
Fig. 8 represents disorder profiles of all its proteinaceous
products, GNAS-1 (PDR =25.4%), GNAS-2 (PDR =20.0%),
GNAS-3 (PDR=19.0%), GNAS-4 (PDR=125.6%),
XLas-1 (PDR=71.6%), XLas-2 (PDR=70.2%), XLas-3
(PDR =94.9% %), NESP55 (PDR=286.5%), and ALEX
(PDR =99.0%) and clearly shows that all GNAS proteins are
expected to contain significant levels of intrinsic disorder;
whereas XLas proteins, NESP55, and ALEX are predicted to
be mostly disordered. Furthermore, Fig. 8a provides a strong
support to the idea that intrinsic disorder and conformational
flexibility could be of great importance for the functionality
of GNAS-1. In fact, it is clearly seen that the sites known
to be involved in the nucleotide binding (residues 47-55,
197-204, 223-227, and 292-295) either coincide or are
located in close proximity to the IDPRs or regions with
increased flexibility (i.e., regions for which disorder scores
exceed 0.25).

The Ga; subunit (GNAL, UniProt ID: P38405; N=381)
is characterized by a moderate level of predicted disorder
(PDR =19.4%) and contains a highly disordered N-terminus
(residues 1-50) that includes two MoRFs (see Figure S85).
This subunit has several PTM sites and multiple AS-gener-
ated isoforms that preferentially affect the highly disordered
N-terminal region.

Human Ga; family

Similar to the other members of the class of Ga proteins,
Gay; subunit has two structural domains, a nucleotide-bind-
ing domain (the Ras-like domain) with GTPase activity and
an o-helical domain (the a-H domain). Since in the nucle-
otide-bound form, the a-H domain partially occludes the
bound nucleotide, at least partial opening of the two domains
is required for the release of nucleotides [137]. Another
important feature of the Gay;; subunit is the presence of the
N-terminally located myristoylation site that is required
for the association of Ras-like domain with the membrane
surface. Activation of Ga proteins is accompanied by the
dramatic structural rearrangements of three segments,
known as switches I-III (residues 177-187, 199-216, and
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Fig.8 Analysis of the intrinsic disorder status of various proteins
encoded by the human GNAS gene. Disorder profiles were generated
by PONDR® VSL2 for: a GNAS-1 (UniProt ID: P63092-1; N=394);
b GNAS-2 (UniProt ID: P63092-2, N=380); ¢ GNAS-3 (UniProt ID:
P63092-3; N=379); d GNAS-4 (UniProt ID: P63092-4; N=395); e
XLas-1 (UniProt ID: Q5JWFE2-1; N=1037); f XLas-2 (UniProt ID:

231-242, respectively), which are loops between a-helices
whose conformations are sensitive to guanine nucleotides
[137, 138]. It was pointed out that switch I undergoes the
GTPyS-dependent conformational change. On the other
hand, switches II and III are disordered in the GDP-bound
form of the protein [139], but undergo disorder—order transi-
tion upon GTPyS binding [140]. NMR analysis of the solu-
tion structure of this protein in its apo- and nucleotide-bound
forms revealed that the apo- and GDP-bound forms of the
Gay, subunit are characterized by rather open and dynamic
structure, whereas the Gao;; subunit with bound GTP analogs
possesses a rigid and closed arrangement of the Go subdo-
main [137]. Human inhibitory Go;; subunit (GNAII, Uni-
Prot ID: P63096; N=354; PDR =24.6%) has a long N-ter-
minally located IDPR and contains numerous PTM sites
(see Figure S86). Furthermore, the switches I-III with the
nucleotide-dependent structures were predicted to be either
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Q5JWEF2-2; N=1023); g XLas-3 (UniProt ID: QSJWF2-3; N=752);
h NESP55 (UniProt ID: 095467; N=245); and i ALEX (UniProt ID:
P84996; N=626). In these analyses, disorder scores above the 0.5
threshold correspond to predicted intrinsically disordered residues
and regions. In plot a, locations of known nucleotide binding sites are
shown by gray vertical bars

flexible (switch I) or intrinsically disordered (switches II and
III). Finally, human Go;; subunit has an alternatively spliced
isoform-2 with missing residues 1-52 that correspond to the
long N-terminal IDPR of the canonical form of this protein.

Disorder profiles of human Goy, (GNAI2, UniProt ID:
P04899; N=355; PDR =24.5%) and Goy; proteins (GNAI3,
UniProt ID: P08754; N =354; PDR =24.9%) are remark-
ably similar to that of the Ga; subunit, with each of these
two proteins possessing a long N-terminal IDPRs, mul-
tiple PTMs sites (see Figures S87 and S88), and a multi-
tude of AS isoforms with missing or changed N-terminal
regions or with modified C-tails. Same is also applicable to
the Go, protein (GNAO, UniProt ID: P09471-1; N=354;
PDR =24.9%), which is the major Ga subunit found in the
human brain, and its alternatively spliced isoform GNAO
Alpha-2 (UniProt ID: P09471-2; N=354; PDR =24.9%)
(see Figures S89 and S90) that is different from the canonical
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form of this protein by changed C-terminal region (residues
249-354). Similarly, Go;; (GNAT-1, UniProt ID: P11488;
N=350; PDR =23.7%) and Goa,, (GNAT-2, UniProt ID:
P19087; N=354; PDR =22.9%) subunits of transducins
expressed in the rod and cone cells of the eye, respectively,
as well as the Gocg subunit of gustducin (GNAT3, UniProt
ID: ASMTJ3; N=354; PDR=21.2%) and the Ga, subunit
(GNAZ; UniProt ID: P19086; N=355; PDR =23.7%) also
have disorder profiles relatively close to those of other mem-
bers of this family (see Figures S91-S94). This similarity of
disorder profiles between the members of human Go; family
is not surprising, since these proteins show relatively high
sequence identities that range from 54.29 to 94.35% [131].

Human Ga,, family

In terms of the distribution of intrinsic disorder propensity
within the amino acid sequences of the members of human
Gocq family, G(xq (GNAQ, UniProt ID: P50148; N=359;
PDR =25.6%), Ga;; (GNA11, UniProt ID: P29992; N=359;
PDR =24.2%), Ga,, (GNA14, UniProt ID: 095837;
N=355; PDR=23.1%), and Ga,;; (GNA16, UniProt ID:
P30679; N=374; PDR =23.3%), are similar to each other
(see Figures S95-98) and are not very different from the
disorder profiles of the members of Go,, and Goy; families. In
fact, all these Ga proteins have a long N-terminally located
IDPR, several short IDPRs, and numerous sites of various
PTMs spread over their sequences.

Human Ga,, family

The members of Ga,, family Ga;, (GNA12, UniProt ID:
Q03113; N=381; PDR =22.8%) and Ga;; (GNA13, UniProt
ID: Q14344; N=377, PDR = 15.9%) are different from most
other human Ga proteins (with the exception for Ga, and
several AS isoforms of Goyg,;) by possessing longer amino
acid sequences. As a result, in addition to the long N-termi-
nally located IDPRs, these Ga subunits are characterized by
the presence of rather disordered C-tails (see Figures S99
and S100).

Functionality and intrinsic disorder of human Gf
subunits

The GPy functional subunit represents a tightly associated
heterodimer, where the structure of the G represents a
B-propeller with 7 blades, each consisting of four-stranded
p-sheets, and where the N-terminally located a-helical seg-
ment is engaged in the formation of the coiled-coil with the
Gy subunit (see Fig. 9a). The ability of the G subunits to
form a seven-bladed p-propeller structure is determined by
the presence in these proteins of 7 WD motifs (also known
as p-transducin repeats), which are short (~40-residue-long)

structural motifs often containing a tryptophan—aspartic acid
(W-D) dipeptide at their C-termini, and which, being present
as tandem copies (typically between 5 and 7) can fold into a
circular or closed solenoid structure [141].

Figure 6b shows that sequences of Gf; (GNB1, UniProt
ID: P62873; N=340; PDR=10.3%), GB, (GNB2, UniProt
ID: P62879; N=340; PDR=11.8%), GB; (GNB3, UniProt
ID: P16520; N=340; PDR=10.3%), and Gf, (GNB4,
UniProt ID: Q9HAVO0; N=340; PDR=11.8%) subunits
are characterized by high sequence identity, which ranges
from 80 to 90%, whereas G5 (GNBS5, UniProt ID: O14775;
N=395; PDR =16.7%) is different from other G} subunits,
sharing with them ~ 50% identical residues. In agreement
with this high sequence similarity, all Gf subunits are char-
acterized by rather similar disorder profiles (see Fig. 9b).
Importantly, the N-terminal regions of all Gf subunits
involved in the formation of a-helical coiled-coil structures
(which are structural elements built by two or more a-helices
that wind around each other to form a supercoil) with the Gy
subunits are predicted to be mostly disordered, indicating
that these regions undergo disorder-to-order transitions at
the formation of the tightly bound Gfy subunits. This obser-
vation is in line with the important notion that many proteins
involved in the formation of actin filament, cell junction,
ciliary rootlet, lamellipodium, nucleoli, and various macro-
molecular complexes frequently contain disordered regions
that can form coiled-coils [19, 63, 142, 143].

Intrinsic disorder and functionality of human Gy
subunits

As it follows from Fig. 9a, in its Gf-bound form, human
Gy subunit possesses a highly extended a-helical structure,
where the entire sequence is engaged in the coiled-coil
formation at interaction with the N-terminal tail of the Gf§
subunit. If one looks at the structure of the bound form of Gy
subunit computationally taken out of the complex context,
it become evident that such a structure cannot exist in the
unbound form, since there are no interhelical contents in this
structure (see Fig. 9c), clearly indicating that such extended
a-helical structure is supported by the set of specific inter-
action with the corresponding helical segments of the G
subunit. This is in line with the results of a comprehensive
analyses of ordered and disordered protein complexes, which
are either formed via interaction of ordered proteins (ordered
oligomers) or represent a result of the concomitant folding
and binding events (disordered oligomers), which revealed
that the per-residue surface and interface areas are signifi-
cantly greater in disordered oligomers than in ordered oli-
gomers [144, 145].

Figure 6c illustrates that there is noticeable sequence
variability among human Gy subunits that share 20% to
80% identical residues. In line with these considerations
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Fig.9 a Crystal structure of the tightly associated GPy heterodi-
mer (PDB ID: SHEQ; [226]). Here, structures of the G and Gy
subunits are shown by blue and red color. Note that although the
reported SHEOQ structure included a complex between human Gp,y,
heterodimer and bovine p-adrenergic receptor kinase 1, only struc-
ture of the Gf,y, heterodimer is shown here for simplicity. b Com-
parison of the intrinsic disorder propensities of human Gf subu-
nits: GB; (GNBI1, UniProt ID: P62873; N=340; PDR=10.3%),
Gp, (GNB2, UniProt ID: P62879; N=340; PDR=11.8%), Gp;
(GNB3, UniProt ID: P16520; N=340; PDR=10.3%), Gp, (GNB4,
UniProt ID: Q9HAVO; N=340; PDR=11.8%), and GB5 (GNBS,
UniProt ID: 014775; N=395; PDR=16.7%). ¢ Crystal structure
of the GP-bound form of the Gy subunit computationally taken
out of the complex context (PDB ID: SHEQ; [226]). d Comparison

related to the correlation between the intrinsic disorder
status of a protein or protein region and its ability to form
coiled-coil, all human Gy subunits, such as Gy, (GNG1/
GNGT1, UniProt ID: P63211; N=74; PDR=100.0%),
Gy, (GNG2, UniProt ID: P59768; N=71; PDR =38.3%),
Gy; (GNG3, UniProt ID: P63215; N=75; PDR =29.3%),
Gy, (GNG4, UniProt ID: P50150; N=75; PDR =34.7%),
Gy;5 (GNGS, UniProt ID: P63218; N=68; PDR =60.3%),
Gy, (GNG7, UniProt ID: 060262; N=68; PDR =27.9%),
Gyg (GNGS, UniProt ID: Q9UKO08; N=70; PDR =22.9%),
Gy, (GNG9/GNGT?2, UniProt ID: 014610; N=069;
PDR =100.0%), Gy,;, (GNG10, UniProt ID: P50151;
N=68; PDR=50.0%), Gy,;; (GNG11, UniProt ID:
P61952; N=73; PDR=100.0%), Gy,, (GNG12, UniProt
ID: Q9UBI6; N=72; PDR=61.1%), and Gy,; (GNG13,
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of the intrinsic disorder propensities of human Gy subunits: Gy,
(GNGI1/GNGT1, UniProt ID: P63211; N=74; PDR=100.0%),
Gy, (GNG2, UniProt ID: P59768; N=71; PDR=38.3%), Gy,
(GNG3, UniProt ID: P63215; N=75; PDR=29.3%), Gy, (GNG4,
UniProt ID: P50150; N=75; PDR=34.7%), Gys (GNGS5, Uni-
Prot ID: P63218; N=68; PDR=60.3%), Gy; (GNG7, UniProt ID:
060262; N=68; PDR=27.9%), Gyg (GNGS, UniProt ID: Q9UKO08;
N=70; PDR=22.9%), Gy, (GNGY/GNGT2, UniProt ID: 014610;
N=69; PDR=100.0%), Gy,, (GNGI10, UniProt ID: P50151;
N=68; PDR=50.0%), Gy,; (GNGL11, UniProt ID: P61952; N=73;
PDR=100.0%), Gy;, (GNGI12, UniProt ID: Q9UBI6; N=72;
PDR=61.1%), and Gy,; (GNG13, UniProt ID: Q9UBI6; N=67,
PDR =29.9%)

UniProt ID: Q9UBI6; N=67; PDR =29.9%), are expected
to be highly disordered (see Fig. 9d).

Experimental evidence of the structural
and functional flexibility of GPCRs and G
proteins

Multifunctionality and structural polymorphism
of GPCRs

Results of our computational analyses of the intrinsic dis-
order predisposition of GPCRs and G proteins are sup-
ported by several experimental studies, where the presence
of noticeable structural flexibility was reported for several
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components of this important machinery. For example, it
was postulated that the ability of GPCRs to interact with
several intracellular proteins, such as arrestins, G proteins,
and kinases, and to be activated by signals of very differ-
ent nature requires high structural plasticity, suggesting that
structure of these proteins represents dynamic conforma-
tional ensembles, with multiple functional conformations
providing means for the conformation-dependent interac-
tions of GPCRs with different partners [146—149].

In particular, based on the structural analysis of the light-
activated rhodopsin in a lipid environment (using phospho-
lipid nanodiscs, in which the receptor has properties similar
to those in native membranes), it was concluded that this
receptor existed in the manifold of conformations, and distri-
bution of different forms within this conformational ensem-
ble showed strong pH dependence, suggesting that these
conformations were in equilibrium [147]. In this study, the
site-directed spin labeling (SDSL) and double electron—elec-
tron resonance (DEER) approach were utilized to investigate
the positions of TMS5, TM6, and TM7 helices of the rhodop-
sin by distance mapping of pairs of spin labels located on the
outer surface of the target helices. This analysis revealed that
in a native-like phospholipid environment, activated rho-
dopsin existed as manifold of conformations, where there is
an equilibrium between comparable populations of multiple
conformations defined by the positions of TM6 and TM7 at
the cytoplasmic surface [147]. Furthermore, this conforma-
tional ensemble of the nanodisk-embedded activated rhodop-
sin was able to spontaneously relax to the conformation typi-
cal for the inactivated receptor [147]. Importantly, although
G protein apparently was able to predominantly select one of
the activated rhodopsin conformations, the helices remained
in exchange between more than one states, indicating the
presence of significant conformational dynamics in the rho-
dopsin, even in its G protein-bound state [147]. Similarly,
utilization of the NMR spectroscopy of 13CH3-s—methi0nines
combined with DEER spectroscopy revealed the presence of
significant conformational heterogeneity in the transmem-
brane core of the f,-adrenergic receptor (ADRB2, residues
1-365), and these conformational flexibility was at least par-
tially preserved when this receptor was bound to agonist or
inverse agonist [148—150].

It is important to emphasize here that the aforemen-
tioned manifolds of rhodopsin and ADRB2 conformations
reflect the structural flexibility of the transmembrane 7TM
domain of GPCR. Currently available information on the
flexibility and conformational dynamics of the transmem-
brane domains of GPCRs is described in great detail in a
recent review [9]. Particularly, it was pointed out that due
to their noticeable structural dynamics, structure of GPCRs
can be described as a conformational ensemble contain-
ing almost infinite number of conformations that tend to
group into clusters known as conformational states, with

rapid structural exchange among conformations within a
conformational state and slower exchange between the con-
formational states [9]. It was also indicated that although the
intracellular side of the GPCR undergoes the largest con-
formational changes, the extracellular part of the receptor
also possesses noticeable conformational dynamics and this
conformational flexibility contributes to the efficiency and
specificity of ligand binding [9]. The presence of multiple
conformational states in GPCRs is related to their biased
signaling, also known as functional selectivity, where the
selection of which of many possible signaling pathways will
be stimulated by a given GPCR is determined by a ligand it
binds [9, 151, 152]. This concept of biased signaling sug-
gests that GPCRs do not act as simple on—off switches con-
trolled by a ligand (i.e., do not have just two “inactive” and
“active” forms with transition between these two forms con-
trolled by the extracellular ligand binding). Instead, ligands
can select among numerous GPCR conformational states
possessing abilities to interact with different intracellular
binding partners thereby stimulating different signaling
pathways [153-165]. Furthermore, in addition to the 7TM
domain invariantly present in all GPCRs, many classes of
these receptors contain various functional domains that can
be rather long and that are often expected to contain high
levels of intrinsic disorder.

It is also important to remember that GPCRs initiate
and coordinate multiple highly conserved signaling and
regulatory pathways by interactions with heterotrimeric G
proteins that stimulate generation of second messengers,
G protein-coupled receptor kinases (GRKs) phosphorylat-
ing the activated receptors, and arrestins that bind to the
phosphorylated receptors and mitigate signaling [166].
However, in addition to this G protein/GRK/arrestin triad
GPCRs can interact with multiple other proteins. Some of
these interactions lead to the formation of stable multipro-
tein complexes with the receptor [167, 168]. In fact, in sev-
eral cases, it was shown that the GPCR activity requires
interaction with specific non-triad proteins. For example,
functioning of the calcitonin receptor-like receptor (CRLR)
and calcitonin receptor relies on the GPCR interaction with
the receptor activity-modifying proteins (RAMPs) and the
receptor component protein (RCP) [169, 170]. In fact, the
CRLR-RAMPI complex acts as a receptor for a pleiotropic
family of the calcitonin-related peptides; i.e., neuropeptides
with homology to calcitonin, amylin, and adrenomedullin.
On the other hand, the CRLR-RAMP2-RCP complex func-
tions as an adrenomedullin receptor, and calcitonin receptor
acts as an amylin receptor when naturally occurring splice
variant of the calcitonin receptor forms complexes with
RAMP1 or RAMP3 [168-170].

Intracellular domains of several GPCRs were shown to
interact with some non-G protein effectors, thereby open-
ing a possibility for the non-G protein-mediated GPCR
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signaling [171-174]. Among such non-G protein effectors
that might function as alternative GPCR signal transduc-
ers are guanine nucleotide exchange factors (GEFs), non-
receptor tyrosine kinases, and several proteins acting as
adaptors or scaffolds [168, 175]. For example, interaction
of the PDZ domain (postsynaptic density protein of 95 kDa/
disc-large/zona occludens-1) of the cAMP-regulated Ras
GEF with a specific motif located within the C-terminus of
the f;-adrenergic receptor defines the ability of this GPCR
to stimulate guanine nucleotide exchange and activation of
the protein Ras [176]. C-termini of the p,-adrenergic and
parathyroid hormone/parathyroid hormone-related protein
receptors contain specific motifs which are recognized by
the PDZ domain-containing protein, the Na™/H* exchanger
regulatory factor/ezrin binding protein 50 (NHERF-1),
thereby regulating activity of the Na*/H* exchanger 3 [177,
178]. Other PDZ domain-containing proteins can play a role
in enhancing various signaling pathways via interaction with
specific GPCRs. The examples of such PDZ scaffold regula-
tors include the multi-PDZ protein Mupp1 that noticeably
boosts the Goy-mediated signaling by interaction with the
stimulated GABAj receptors [179] and MT, melatonin
receptors [180], the PDZ scaffold MAGI-3 that augments
the receptor-mediated activation of ERK/mitogen-activated
protein (MAP) kinase pathways by interaction with Friz-
zled-4 [181] and LPA, receptor [182], and the PDZ scaffolds
PDZ-RhoGEF and LARG that played a role in stimulation of
Rho signaling resulted in the modification of the cytoskel-
eton dynamics via interaction with the LPA, receptor [183].
In addition to PDZ domain-containing proteins, GPCRs can
interact with several proteins containing Src homology 2 and
3 (SH2—and SH3-) domains [184, 185].

Also, a number of GPCRs (such as AT1 angioten-
sin receptor [186, 187] and the platelet activating factor
receptor [188, 189]) can initiate cellular signaling through
agonist-promoted interactions with non-receptor protein
tyrosine kinases [e.g., members of the Janus kinase (Jak)
family and tyrosine kinase 2 (Tyk2)] [175]. The efficiency
of G protein-mediated signaling can be also modulated by
other GPCR-associated proteins, such as members of the
A-kinase anchoring protein (AKAP) family and Homer pro-
teins, interacting, respectively, with the f-adrenergic recep-
tors [190-194] and the metabotropic glutamate receptors
mGluR1 and mGluRS5 [195-198]. Because of their capa-
bility to interact with the proline-rich motifs of mGluRs
and also bind to intracellular IP; receptors, Homer proteins
increase the efficiency of the mGluR-stimulated calcium
signaling by linking mGluRs, intracellular IP; receptors, and
other cellular components [197, 199, 200]. Similarly, being
able to interact with GPCRs and protein kinase A (PKA),
AKAPs (such as AKAP79 and AKAP250) tether PKA in the
close proximity of the f-adrenergic receptors thereby mod-
ulating the efficacy of the PKA-mediated phosphorylation
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of different downstream substrates [190—193]. Curiously,
AKAP250 binding to f,-adrenergic receptor involves cyto-
plasmic Arg-329 to Leu-413 domain of this GPCR that con-
tains a multitude of phosphorylation sites and is predicted to
be highly disordered.

Furthermore, GPCR can also interact with several inte-
gral transmembrane proteins, such as other GPCRs, ion
channels, transporters, and receptors from other families
[201-203]. For example, melatonin receptor MT1 was
shown to physically interact with the voltage-gated calcium
channel Cav 2.2 and this interaction resulted in inhibition of
the Cav 2.2-promoted Ca”" entry in an agonist-independent
manner [202]. More generally, MT1 receptor was shown to
serve as an important integral part of several presynaptic
protein complexes in neurons [202]. Finally, the functional-
ity of GPCRs can be regulated not only by intracellular or
transmembrane proteins, but also by some extracellular pro-
teins. An illustrative example of such allosteric regulators of
the GPCR activity is given by the extracellular leucine-rich
repeat fibronectin type III domain containing 1 (ELFN1)
protein that was shown to bind exclusively to the members
of the group III mGluRs (mGluR4, mGluR6, mGluR7, and
mGluR8) and allosterically modulate the ability of these
receptors to suppress the cAMP accumulation by altering
the ability of mGluRs to activate G proteins [204].

Obviously, considered in the previous paragraphs, illus-
trative examples of the non-triad proteins involved in inter-
action and regulation of GPCRs represent a very top of an
iceberg, since many other intracellular, transmembrane, and
extracellular proteins might have a possibility to be engaged
in binding to GPCRs. Recently, to get a better picture of the
breadth of the GPCR interactome reflecting the involvement
of various proteins in GPCR-mediated signaling, a modi-
fied membrane yeast two-hybrid (MY TH) approach (which
is specifically designed for the identification of proteins
interacting with the full-length integral membrane proteins
[205-210]) was used to identify interacting partners for a set
of 48 selected human inactivated full-length GPCRs [201].
Analyzed GPCRs included 44 rhodopsin-like receptors, 2
secretin-like receptors (vasoactive intestinal peptide receptor
2 and retinoic acid-induced gene 2 protein), and 2 Frizzled/
taste2 receptors (smoothened and Frizzled-7). This analy-
sis revealed that the GPCR interactome of the 48 selected
full-length human GPCRs included 686 proteins (including
299 membrane proteins) connected by 987 unique interac-
tions [201].

Multifunctionality and structural polymorphism
of G proteins

The ability to interact with multiple partners (not only
numerous GPCRs and somewhat less numerous effectors)
was also described for G proteins. Since in humans there
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are 23 Ga, 6 Gp, and 12 Gy subunits that can be assembled
into numerous different heterotrimers [211], since there are
850+ different GPCRs [1-4] and ~ 40 of G protein effectors,
modulators, and scaffold proteins collectively known as reg-
ulator of G signaling (RGS) proteins that are able to interact
with various Gafy heterotrimers or their dissociated subu-
nits [212], and since a greatly simplified G protein signal-
ing pathway is present in plants [213], researchers typically
utilize Arabidopsis thaliana as a model organism to analyze
functionality of G proteins [213]. In fact, the heterotrimeric
G protein complex in Arabidopsis includes one canonical Ga
subunit (AtGPA1), one Gf subunit (AGB1), one of three Gy
subunits (AGGI, 2, and 3), at least one subunit of Regulator
of G Signaling protein (AtRGS1), and one of three atypical
Extra-Large G proteins (XLG1, 2, and 3) [214-220]. Utiliza-
tion of the comprehensive high-throughput yeast two-hybrid
(Y2H) screening of several prey libraries made from diverse
Arabidopsis tissues using seven primary baits, ranging
from the Ga (GPA1), GB/Gyl (AGB1/AGG1), and GB/Gy2
(AGB1/AGG?2) subunits of the heterotrimeric G proteins, the
N-myc downregulated-likel (NDL1), Pirin (PRN), receptor
for activated C kinasel A (RACK1A), and AtRGS1 revealed
the existence of a well-developed and highly connected G
protein interactome [221]. This interactome included 434
proteins involved in 544 interactions, with 68 proteins being
engaged in 167 interactions, thereby forming a highly inter-
connected core of this G protein interactome with an aver-
age node degree of 4.1, and with many proteins identified
as interaction partners of two or more of the bait proteins
[221]. Based on the functional analysis of a set of core G
protein interactome proteins, a novel role for the G proteins
in regulating cell wall modification was proposed [221].
Recently, the analysis of the Arabidopsis G protein interac-
tome was extended by assembling a set of XLG-interacting
proteins using the full-length XLG proteins as baits in the
yeast two-hybrid complementation-based screen of glucose-
treated seedlings, roots, and Arabidopsis cells in culture
[220]. This analysis showed that Arabidopsis contains at
least 72 XLG-interacting proteins with various biological
functions, including developmental processes, cell organiza-
tion and biogenesis, as well as control of responses to stress
and abiotic stimuli, transcriptional regulation, and guidance
of cell trafficking, including partner-dependent subcellular
localization of the XL.G proteins in the nucleus, endosome,
and plasma membrane [220].

Structure-function continuum of human
GPCRs and G proteins in light of the intrinsic
disorder-based multifunctionality

and proteoforms

Although the data assembled in this article seem to be
excessive, they generate a very clear picture on the impor-
tance of intrinsic disorder for the functionality of human
GPCRs and G proteins. We show here that the vast major-
ity of members of these two important groups of proteins
possess noticeable amounts of intrinsic disorder, which
typically ranges from 15 to 30%, but can reach 100% for
some Gy subunits. In GPCRs, intrinsically disordered
regions are most commonly found in the extracellular
N-terminal and intracellular C-terminal regions encom-
passing 7TM domain. Several GPCR families use long
N-terminal regions that frequently contain high levels
of intrinsic disorder for recognition of various ligands.
Intrinsically disordered intracellular C-tails are com-
monly utilized for interaction with G proteins and arres-
tins. Ligand binding and interaction with G proteins and
other effectors are frequently associated with structural
rearrangements of the corresponding regions and domains
of GPCRs. All GPCRs have numerous post-translational
modifications utilized for the regulation of their activity.
Furthermore, due to the extensive alternative splicing, vast
majority of GPCRs are synthesized as multiple isoforms.
Similar observations are also applicable to human G pro-
teins, which contain functional IDPRs, multiple PTMs,
and multitude of AS-generated isoforms. An example of
the crucial importance of alternative splicing for struc-
ture and functionality of G proteins is given by Ga, subu-
nit. Figure 8 shows that human bicistronic GNAS gene
encodes multiple proteins generated by AS, or that are
characterized by very different levels of intrinsic disor-
der (GNAS-1 (PDR =25.4%), GNAS-2 (PDR =20.0%),
GNAS-3 (PDR=19.0%), GNAS-4 (PDR =25.6%),
XLas-1 (PDR=71.6%), XLas-2 (PDR =70.2%), XLas-3
(PDR=94.9% %), NESP55 (PDR =86.5%), and ALEX
(PDR =99.0%). Furthermore, although GNAS and XLas
isoforms all act as activators of adenylyl cyclases, NESP55
protein is a chromogranin-like polypeptide associated with
the constitutive secretory pathway [222, 223], and ALEX,
which is a completely disordered protein produced from
the same GNAS locus as GNAS and XLas isoforms, but in
a different open reading frame, acts as an inhibitor of the
adenylyl cyclase-stimulating activity of the Ga, subunit
[224].

Finally, one should keep in mind that 8004+ human
GPCRs that are capable of recognition of thousands of
various external signals and that transmit the related infor-
mation to trigger distinct signaling cascades inside the
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cells, do so via the precise and specific coupling to cyto-
solic adaptor proteins, G proteins. G proteins themselves
have heterotrimeric Gafy structure, with Ga, Gf, and Gy
subunits being encoded by 16 (assembled in four families),
5, and 12 genes, respectively, and with different combina-
tions of these Ga, Gf, and Gy subunits being assembled
into the heterotrimers. The general mechanism of the acti-
vation of G protein-associated pathways is described as a
set of consecutive events, where receptor is first activated
by binding of the external ligand. This results in structural
changes in the receptor that lead to the recruitment of a
heterotrimeric Gafy, followed by the nucleotide exchange
in Ga, and finally resulting in the dissociation of the Gapy
protein into Ga and G Py subunits. However, combinato-
rics of this process is very large, since one receptor can
interact with multiple Ga proteins and multiple receptors
can couple to the same Ga protein [S]. This point is illus-
trated by Fig. 10, where a network of the currently avail-
able G protein coupling data is represented together with
the diagram showing the numbers of GPCRs which are
known to couple to different G proteins or their sets [5].
Based on all these observations, one can conclude that
human GPCRs and G proteins represent dynamic confor-
mational ensembles containing multiple conformational or
basic proteoforms originated due to the presence of multiple
IDPRs. Because GPCRs and G proteins contain multiple
PTMs, and since a multitude of their isoforms is generated
via the alternative splicing or due to the use the alternative
promoters, these proteins also have inducible or modified
proteoforms. Finally, because of the conformational ensem-
bles of GPCRs and G proteins might undergo dramatic
changes due to their interaction with specific binding part-
ners (as a matter of fact, the entire mode of action of these
proteins is based on the recognition of a signal followed by
conformational change needed for recognition of another
partner that is crucial for the downstream transmission of
the signal) these proteins also contain functioning proteo-
forms. Therefore, multifunctionality of GPCRs and G pro-
teins, which is needed for them to recognize a wide variety
of extracellular signals and to transmit this information for
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initiation of a multitude of cellular pathways, is determined
by the presence of all the proteoforms. Thus, this intrinsic
disorder and proteoform-based multifunctionality represents
an important illustration of the structure—function continuum
concept applied to cellular signaling.
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