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Amino acids are the building blocks of life, and they are also recog-
nized as signals by various receptors in bacteria, archaea, and
eukaryotes. Despite their common basic structure, no universal
mechanism for amino acid recognition is currently known. Here, we
show that a subclass of dCache_1 (double domain found in calcium
channels and chemotaxis receptors, family 1), a ubiquitous extracel-
lular sensory domain, contains a simple motif, which recognizes the
amino and carboxyl groups of amino acid ligands. We found this
motif throughout the Tree of Life. In bacteria and archaea, this
motif exclusively binds amino acids, including y-aminobutyric acid
(GABA), and it is present in all major receptor types. In humans, this
motif is found in «28-subunits of voltage-gated calcium channels
that are implicated in neuropathic pain and neurodevelopmental
disorders and in a recently characterized CACHD1 protein. Our find-
ings suggest that GABA-derived drugs bind to the same motif in
human «a28§-subunits that binds natural GABA ligands in bacterial
chemoreceptors. The exact location on the target protein and the
mechanism of binding may enable future improvements of drugs
targeting pain and neurobiological disorders.

signal transduction | evolution | serine/threonine kinases | ion channels |
gabapentin

mino acids are involved in a variety of cellular processes,

including signal transduction. They serve as signals for vari-
ous pathways in both prokaryotes and eukaryotes (1). Extracellu-
lar amino acids and their derivatives are recognized by dedicated
receptors, such as G protein—coupled receptors (GPCRs) and
ligand-gated ion channels in eukaryotes (2, 3) and chemorecep-
tors in bacteria and archaea (4, 5). In eukaryotes, Class C GPCRs,
including y-aminobutyric acid (GABA) and metabotropic gluta-
mate receptors, bind amino acid ligands at their Venus flytrap
domain (6), whereas in ligand-gated ion channels, such as glycine
and GABA receptors, amino acid ligands bind to an unrelated
pB-sandwich-like domain (7). In bacterial chemoreceptors, amino
acids are also recognized by unrelated ligand binding domains
[e.g., four-helix bundle (8), double all-helical ligand-binding
domain (9), and dCache_1 (double domain found in Calcium
channels and chemotaxis receptors, family 1) (10)]. No common
mechanism of amino acid sensing that would be present in all
domains of life is currently known. Here, we identify a simple con-
served motif in the dCache_1 domain, which provides a common
molecular mechanism for amino acid sensing for different types
of receptors across the Tree of Life. The dCache_1 domain is the
largest family of the Cache superfamily—ubiquitous extracellular
ligand binding sensors in bacteria and archaea that are also found
in eukaryotes (11, 12). dCache_1 domains serve as sensory mod-
ules in all major types of bacterial and archaeal signal transduc-
tion systems (e.g., chemoreceptors, histidine kinases, diguanylate
cyclases and phosphodiesterases, serine/threonine kinases and
phosphatases), and they are also present in eukaryotic voltage-
gated calcium channel (VGCC) o28-subunits. In bacteria,
dCache_1 domains bind various ligands, including amino acids,
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sugars, organic acids, and nucleotides (5, 13). Ligands bind to
membrane-distal (10, 14, 15) or membrane-proximal (16, 17)
modules of the dCache 1 domain, and induced conformational
changes travel via the adjacent transmembrane helix (always
located C terminally to the dCache_1 domain) to the downstream
cytoplasmic signaling domain, resulting in the activation of a
kinase (4, 14, 18) or another type of signaling. Archaeal dCache_1
domains likely function similar to those in bacteria, as they are
found in the same type of signal transduction proteins; however,
their function in eukaryotes remains unknown.

Results and Discussion

Defining the AA_motif in Bacterial dCache_1 Domains. In a previ-
ous study, we showed that amino acid residues that are involved
in binding amino acid ligands by dCache_1 domains from
PctABC (pseudomonas chemotaxis transducer-like proteins A,
B, and C) chemoreceptors in the bacterium Pseudomonas aeru-
ginosa are conserved in many homologous chemoreceptors
from gammaproteobacteria (10). By analyzing several sequen-
ces of dCache_1 domains from other distantly related bacterial
species that are known to bind amino acids, we found that the
same positions are conserved in all of them, whereas this con-
servation is lost in dCache 1 domains that are known to bind
ligands other than amino acids (Fig. 1 4 and B and S/
Appendix, Table S1). Based on this sequence analysis and the
location of these residues on available three-dimensional (3D)
structures, we propose the consensus amino acid binding motif

Significance

Amino acids are the building blocks of life and important
signaling molecules. Despite their common structure, no uni-
versal mechanism for amino acid recognition by cellular
receptors is currently known. We discovered a simple motif,
which binds amino acids in various receptor proteins from
all major life-forms. In humans, this motif is found in subu-
nits of calcium channels that are implicated in pain and neu-
rodevelopmental disorders. Our findings suggest that
y-aminobutyric acid-derived drugs bind to the same motif in
human proteins that binds natural ligands in bacterial recep-
tors, thus enabling future improvement of important drugs.

Author contributions: V.M.G. and |.B.Z. designed research; V.M.G., E.P.A, M.AM.,
K.M.P., E.M.-C., and T.K. performed research; V.M.G., E.P.A,, M.A.M., KM.P., EIM.-C,,
A.C.D., T.K, and I.B.Z. analyzed data; and V.M.G. and I.B.Z. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-
NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND).

"To whom correspondence may be addressed. Email: tino.krell@eez.csic.es or jouline.
1@osu.edu.

This article contains supporting information online at http://www.pnas.org/lookup/
suppl/doi:10.1073/pnas.2110415119/-/DCSupplemental.

Published March 1, 2022.

https://doi.org/10.1073/pnas.2110415119 | 1 of 10

>
]
]
=
e
)
o]
E
=
]
=
<
=
2
o
=
S
O

[=]
=
<
n
o
@
<
T
=
=
=


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110415119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110415119/-/DCSupplemental
https://orcid.org/0000-0003-1670-7679
https://orcid.org/0000-0003-3719-0293
https://orcid.org/0000-0002-8468-9604
https://orcid.org/0000-0001-6977-3640
https://orcid.org/0000-0003-4626-4856
https://orcid.org/0000-0002-9040-3166
https://orcid.org/0000-0002-6708-5323
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:tino.krell@eez.csic.es
mailto:jouline.1@osu.edu
mailto:jouline.1@osu.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110415119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110415119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2110415119&domain=pdf&date_stamp=2022-02-26

Downloaded from https://www.pnas.org by UCL Library Services on March 9, 2022 from | P address 193.60.240.99.

A B

Organism and protein 1D Ligands
P.aeruginosa|PctA|5T65 GEDPRSHE@YKDA (8) TE PEVD (23) VGGEL
P.aeruginosa|PctB|5LTS DHDPRR\' E’wYNAA (8) TE PPME (23) VGGE'L

9 P.aeruginosal|PctC|5LTV GHDPRT\' YKDA (8) TE P.aVD (23) AAGE'M
1:3 V.cholerae|Mip24[610T DHDPRK\' P%VDA (8) TE PHVD (23) ME‘YE'V
o V.cholerag|MIp37|3C8C T DPRVHP KDA (8) TAPHAD (25) IFYiRV
£ C.jejuni|TIp3|4XMR D DIKT‘*‘D&QEA (8) TPAHLD (23) LGVE:I
!| Pfluorescens|CtaA|6QOF G DPRVHP!J KGA (8) TE PHID (23) VGGEL
t P.syringae|PscC|6MNI NgDPRVHPwYKTA (9) SDAu‘:.’W (24) VN D\ amino acids
O P.putida|McpA|PP_2249 G“DPRQHP‘#YGAA (8) TAPHQG (24) VGGEV
P.putida|McpG|PP_1371 G“DPRTHP‘#YKDG (8) TE PHID (20) VGGE‘L
P.syringae|PscA|PSPTO_2480 D“DPRAHG‘#YKAA (8)TE PRIA ( 23) AGART
S.meliloti|McpU|SMc00975 GnDPRQHPuYQQA (8) TE PuVD (23) TGSE‘F
B.subtilis|McpC|BSU_13950 DHDPTSHPQYKLA (9) TE Pt‘KD (23) ASYI_I‘L
L B subtilis|McpB|BSU 31260 GnDPRQanYQDA (9) TDPEVA (20) VAMET
5 B.velezensis|McpC|V529_13280 DHDPTN;ITQYKMA (9) TDPRKD (23) ASLINL
O B.velezensis|TIpB|V529 30830 DHNPLTIENYTKA (9) TEPKKD (20) VALIET
E H.titanicae|Htc1|RO22_15925 ~---TIAEZPYFKAL (10) SDPVIS (24) LGMTV organic acids
® V.cholerae|DctB|3BY9 GRNFAW\QPYFYLS (9) A---LG (23) IVVKM succinate
§ e CANRTTION e D
2 s.'m);ﬁloti|Mch|GDBV FKADYAAEYGLA (8) TQPELA (25) SGVIIT betaine
O Paeruginosa|TIpQ|6FU4 PSGAAYNAQYTCP (8) LDEMFD (25) MGLET histamine
P.putida|McpU|6F9G SNGAAKNRHJLTCP (8) LEPMLD (25) VGLILT polyamines
P.putida|McpH|PP_0320 RSNPKD-KZIFYGY (8) INIDID (23) AGMGL purines
consensus AA_motif Time (min)
0 20 40 60 80 100 120
121 126 128129 144 173 — T T T T
~13- ~)7. 0.04 4
Yxxxx R x W Y [x~13-17] Y [x~27-34] D ] Wild type |
-0.5 _
o -1.0 i
8 j
T -1.5 R126A A
=
2.0 D173A A
-2.54 D173N
T T T T T T T T T T T
0 4

PctA with L-Trp

kcal/mole of injectant
A
1

N W RO NS GO ERLN N D S
00 05 10 15 20 25 30 35

Molar Ratio

Fig. 1. AA_motif in the dCache_1 domain. (A) dCache_1 domain of the PctA chemoreceptor from P. aeruginosa PAO1 with bound L-Trp (gold; PDB ID
code 5T7M). (B) Protein sequence alignment of experimentally studied bacterial dCache_1 domains with respective ligands. The AA_motif (in bold) is pre-
sent in all amino acid binding dCache_1 domains (gray background). (C) Consensus AA_motif. Numbers above the motif correspond to positions in PctA.
(D) L-Trp interactions with AA_motif residues in the ligand binding pocket of PctA. (B-D) Here and in all figures, red indicates residues that coordinate
the carboxyl group of the ligand, and blue indicates residues that make contacts with the amino group. (E) Isothermal titration calorimetry study of L-Ala

binding to the wild type and the mutated dCache_1 domain of PctA.

(AA_motif) in dCache_1 domains (Fig. 1C), which consists of
two parts. Y121, R126, and W128 (from here and throughout
the text, all motif positions are numbered according to P aerugi-
nosa chemoreceptor PctA, accession no. NP_252999.1) that
make key contacts with the carboxyl group of the ligand com-
prise the N-terminal part of the motif, whereas Y144 and D173
that make key contacts with the amino group of the ligand com-
prise its C-terminal part (Fig. 1D), as demonstrated for chemo-
receptors from P aeruginosa (10), Campylobacter jejuni (14),
and Vibrio cholerae (15). R126, W128, and Y129 were also pro-
posed as conserved determinants of amino acid binding by
others (14). The motif integrity is dictated by the structural
arrangement of its residues in the folded ligand binding pocket,
and in prokaryotes, the distance between the N-terminal and
C-terminal parts in a primary sequence is fairly short—13 to 17
amino acid residues (Fig. 1B). To further verify the role of the
AA_motif in amino acid binding, we mutated the key residues
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in the dCache_1 domain of the P aeruginosa chemoreceptor
PctA. The R126A substitution led to a 61-fold decrease in the
ligand binding affinity by PctA, whereas the D173 A substitution
completely abolished ligand binding (Fig. 1E and SI Appendix,
Fig. S1). Similarly, mutations in these positions in the TIp3
chemoreceptor in C. jejuni and in the Mlp37 chemoreceptor
in V. cholerae significantly diminished amino acid binding (14,
15). Mutations in other positions of this motif also had a
strong negative effect on amino acid binding in other bacterial
receptors (SI Appendix, Table S1). Consequently, we renamed
the AA_motif-containing dCache_1 domains as dCache_1AA.

Identification and Validation of dCache_1AA Domains in Diverse
Signaling Proteins from Bacteria and Archaea. The list of dCa-
che _1AA domains known to bind amino acids (Fig. 1B and S/
Appendix, Table S1) was very short; it contains no archaea or
eukaryotes and has representatives of only three bacterial phyla
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of more than a hundred phyla defined by the latest bacterial
taxonomy (19). Consequently, we searched for the presence of
dCache_1AA domains throughout the Tree of Life. First, using
the dCache 1 domain profile Hidden Markov Model (HMM;
Protein Families Database [Pfam] accession no. PF(02743), we
scanned proteomes of 31,910 representative bacterial and
archaeal genomes from the Genome Taxonomy Database (19)
with the HMMER tool (20). This highly specific HMM detected
dCache_1 domains in 86,346 protein sequences. Next, we built a
multiple sequence alignment (MSA) of these sequences, tracked
MSA positions corresponding to the generalized AA_motif defi-
nition, and selected sequences that had the preserved AA_motif.
The detailed procedure for the identification of dCache 1AA
containing proteins is available in SI Appendix, SI Materials and
Methods. The final dataset contained 10,700 bacterial and 108
archaeal sequences with the dCache_1 _AA domain (Dataset
S1). Taxonomic analysis showed that dCache_1_AA-containing
proteins come from representatives of most bacterial and
archaeal phyla for which at least 10 high-quality genomes
(>90% completeness) were available, indicating their broad phy-
letic distribution (Dataset S1). Certain variability within the
AA_motif permitting amino acid binding was observed (Dataset
S1). In addition, we found that ~6% of motif-containing sequen-
ces have a D173N substitution. To verify whether such substitu-
tion leads to the lack of amino acid binding, we introduced it in
P, aeruginosa PctA and showed that this change leads to a loss of
function (Fig. 1E). To summarize, in this part of the study, we
identified dCache_1AA domains in thousands of proteins from
the majority of bacterial and archaeal phyla, including important
human pathogens, such as Yersinia pestis, V. cholerae, Clostridium
botulinum, Legionella pneumophila, and Treponema pallidum.
These domains were found not only in chemoreceptors but also,
in all other major receptor proteins, such as sensor histidine kin-
ases, diguanylate cyclases and phosphodiesterases, serine/threo-
nine kinases, and phosphohydrolases (Dataset S2).

We then performed two types of validation analyses. First,
we modeled structures of dCache_1AA domains from several
previously unstudied proteins from our final dataset, represent-
ing diverse bacterial and archaeal phyla. All models revealed
the presence of a typical dCache 1 fold and the characteristic
spatial arrangement of the AA_motif residues (SI Appendix,
Fig. S2). Second, we performed biochemical assays to demon-
strate that dCache_1 domains implicated as amino acid sensors
by our computational analyses indeed bind amino acids. To
date, all but one known amino acid sensing dCache_1 domain
were found in bacterial chemoreceptors that come from repre-
sentatives of only three bacterial phyla (Fig. 1B and S/
Appendix, Table S1). Therefore, we selected targets for experi-
mental validation based on the following characteristics: 1) tax-
onomy, 2) the type of receptor, and 3) the species pathogenicity
status (Fig. 2 and SI Appendix, Table S2). Ligand binding to
recombinant dCache_1 domains was analyzed using differential
scanning fluorimetry-based thermal shift assays followed by iso-
thermal titration calorimetry, as previously described (21, 22) (S
Appendix, SI Materials and Methods). Satisfactorily, all ligands
that bound to selected targets were amino acids (Fig. 2 and S7
Appendix, Figs. S3-S10 and Table S2). The ligand binding affinity
of the archaeal protein was low, whereas all bacterial proteins
recognized their ligands with high affinity (Kp values in the
nanomolar or lower micromolar concentration range) (Fig. 2)
that are typical of functionally characterized bacterial sensor
proteins (23). These experiments validated our computational
predictions and confirmed that 1) dCache 1AA domains are
amino acid sensors and that 2) they are present in major classes
of bacterial and archaeal signal transduction proteins, including
those from common pathogens. Furthermore, small molecule
ligands for bacterial serine/threonine kinases (Fig. 2) were
identified.
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Search for the AA_motif in Eukaryotes. In eukaryotes, Cache
domains were initially identified only in metazoan VGCC a26-
subunits (11), where they were described as “unusual” and
“circular permutations.” Later, these were reclassified as
dCache_1 domains with “uncertain boundaries” and detected
in some other eukaryotic signal transduction proteins (12);
however, no ligands were known to bind to these domains. In
humans, «26-subunits are widely expressed in both the central
and peripheral nervous systems and are implicated in various
disorders, including schizophrenia, bipolar disorder, autism
spectrum disorders, epilepsies, and neuropathic pain (24, 25).
The a28-1- and a28-2-subunits bind GABA-derived drugs
gabapentin, pregabalin, and mirogabalin, which are of thera-
peutic benefit in neuropathic pain conditions (26). Coinciden-
tally, GABA is a natural ligand for dCache_1AA domains of
several bacterial chemoreceptors (SI Appendix, Table S1); how-
ever, it is unknown whether GABA-derived drugs bind to the
dCache_1 domain, and the precise location of this domain in
o2d is also unknown. In order to find out whether eukaryotic
dCache_1 domains might contain the AA_motif, we searched
for eukaryotic dCache_1 proteins in several databases (SI
Appendix, SI Materials and Methods) and tracked the AA_motif
positions in corresponding domains, building MSAs. The analy-
sis identified several hundred eukaryotic sequences with the
AA_motif (Dataset S3), including a28-subunits and the recently
characterized CACHD1 proteins that also modulate VGCCs
and are highly expressed in the thalamus, hippocampus, and
cerebellum (27, 28). We also found numerous previously
unidentified dCache_1 proteins in protozoan lineages (Dataset
S3). In CACHDI1, the AA_motif was mapped to a C-terminal
region, where our analysis revealed a eukaryotic version of the
dCache_1 domain (Fig. 3 and SI Appendix, Fig. S11). No such
motif was detected in the dCache_1 domain corresponding to
VGCC_a2 in a28-subunits (Fig. 3). Surprisingly, we found the
N-terminal part of the AA_motif, YxxxxRxWY, in the domain
currently annotated as VWA_N (a domain located N terminally
to the VWA [von Willebrand factor type A] domain; Pfam
accession no. PF08399). Subsequent alignment of «28 and
CACHD1 with bacterial dCache_1_AA showed that bacterial
sequences are well aligned with two regions of «26 and
CACHDI1 proteins that are separated by the VWA domain (S/
Appendix, Fig. S11). In the region located downstream of the
VWA domain in the o28-sequence, we identified the
C-terminal part of the AA_motif, Y[x~27 to 34]D (Fig. 3 and
SI Appendix, Fig. S11).

AA_motif in Eukaryotes Is Split in Sequence but Preserved in 3D
Structure. We took advantage of the recently published cryo-
genic electron microscopy (cryo-EM) structure of the rabbit
VGCC and its a26-1-subunit (29) to scrutinize the o28-
structure in light of our findings. A careful assessment of the
25-1-subunit structure showed the presence of two dCache 1
domains and one VWA domain (Fig. 3). Both dCache_1
domains have a long stalk a-helix, al, followed by the upper
distal and lower proximal modules. Usually in bacteria, the
dCache_1 domain is flanked by two transmembrane regions,
one preceding the stalk al-helix and another following the
membrane-proximal module (10). However, the topology track-
ing of rabbit a25-1 and MSA analysis showed that the stalk al-
helix of the C-terminal dCache 1 (termed here as second
dCache_1) is not followed by distal and proximal modules but
instead, by a stalk al-helix of the N-terminal dCache_1 (termed
here as first dCache_1) and then, by its partial distal module
(Fig. 3E). The next structural element is the VWA domain,
which is followed by the remaining part of the first dCache_1
distal module and the proximal module, and then, the sequence
proceeds to distal and proximal modules of the second
dCache_1. This analysis indicates that the first dCache_1 is
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Fig. 2. Microcalorimetric titration of selected recombinant dCache_1AA domains with amino acids. In each panel, Upper shows raw titration data, and
Lower shows integrated corrected peak areas of the titration data fit using the “one-binding site model.” Details of each experiment can be found in S/
Appendix, Table S2. (A) V. cholerae (gammaproteobacteria) c-di-GMP phosphodiesterase (NP_233280.1). (B) Y. pestis (Jammaproteobacteria) chemorecep-
tor (WP_016674185.1). (C) L. pneumophila (gammaproteobacteria) guanylate/adenylate cyclase (WP_154766400.1). (D) Treponema denticola (spirochae-
tota) chemoreceptor (WP_002687321.1). (E) Thermodesulfobacterium thermophilum (desulfobacterota) c-di-GMP cyclase (WP_162138226.1). (F) Enhygro-

myxa salina (myxococcota) serine/threonine kinase (WP_106093935.1).

(G) Tautonia marina (planctomycetota) serine/threonine phosphatase

(WP_152054232.1). (H) Methanospirillum hungatei (archaea, halobacteriota) sensor histidine kinase (WP_011449640.1).

inserted into the loop between al-helix and the distal module
of the second dCache_1. Furthermore, it confirmed that the
VWA domain is inserted into the first dCache 1 domain
between o4 and p4 and splits the AA_motif. As a result, in a
primary sequence, the distance between its N-terminal and
C-terminal parts becomes much longer than that in prokar-
yotes. Remarkably, although the AA_motif in the first
dCache 1 is split by the VWA domain insertion, the fold of the
distal module is intact, and amino acid residues that constitute
the AA_motif N-terminal and C-terminal parts come together
in 3D and form the interface matching the one in the PctA che-
moreceptor (Fig. 3D and SI Appendix, Figs. S12 and S13).
Excised and concatenated dCache_1 domains of «28 and
CACHDL1 proteins perfectly align with bacterial dCache_1
domains and find them in Basic Local Alignment Search Tool
searches (Dataset S4). Next, we performed pairwise structural
comparison of the dCache_ 1 domain from the P aeruginosa
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PAO1 chemoreceptor PctA with both dCache_1 domains of the
rabbit «28-1-subunit. Remarkably, the PctA dCache_1 domain
aligned very well with both dCache 1 domains of the a26-
1-subunit. The alignment shows essentially identical topologies
of the distal and proximal modules; however, additional sec-
ondary structure elements are present in «28-1, especially in
the second dCache 1 (SI Appendix, Fig. S12).

a25-1-Subunit Binds Amino Acid Ligands through the AA_motif.
R241A substitutions in the murine and porcine a28-1 (corre-
sponding to R126 in the PctA N-terminal part of the AA_motif)
were shown to completely abolish the ability to bind pregabalin
and gabapentin, respectively (30, 31). Furthermore, the R241A
substitution in the murine a28-1 has been shown to result in a
significant decrease in divalent cation current through Cay2.2 (N-
type voltage gated calcium) channels by an effect on channel traf-
ficking (31). Leucine and isoleucine were shown to bind to a25-1
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Fig. 3. dCache_1AA domains in a28-subunit and CACHD1 subunit of VGCC. (A and B) Domains that are currently recognized in «25-1 and CACHD1 proteins
by the Pfam database (A) and experimental studies (27,29) (B). (C) Domain architectures of a25-1 and CACHD1 proteins revealed in the present study. The
AA_motif is shown. (D) Structural composition of the a28-1-subunit uncovered in the present study shown on the solved structure [PDB ID code 6JPA (44)].
A close-up view of the dCache_1AA distal module (Upper Left) showing the spatial proximity of the AA_motif residues despite the VWA insertion. (E) The
a25-1-subunit topology shows that the VWA domain is inserted into the first dCache_1 domain, which in turn, is inserted into the second dCache_1 domain.

(32) and inhibit gabapentin binding by the subunit (33). To further
explore whether the AA_motif in a25-1 might serve as a site for
binding GABA-derived drugs and amino acids, we performed
computational docking experiments with the available structure of
the rabbit a28-1-protein and 20 a-amino acids, GABA, and drug
molecules gabapentin, pregabalin, and mirogabalin. Using the
docking results, we calculated polar contacts made between these
ligands and «25-1. We found that all these molecules made con-
tacts with the AA_motif residues (Dataset S5) (the Protein Data
Bank [PDB] file is available at https:/github.com/ToshkaDev/
Motif) (34). Most ligands made contacts with the Y and W resi-
dues of the N-terminal motif part and with the Y and D residues
of its C-terminal part (Dataset S5 and SI Appendix, Fig. S13). The
relative affinities agree with the available data. For example, the
docking experiments demonstrated that leucine has higher affinity
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to a28-1 than isoleucine (Dataset S5), which is consistent with
published experimental data (32, 33). The order of affinities miro-
gabalin > gabapentin > pregabalin also agrees with recent experi-
mental data (35).

To investigate the effect of mutation of another key position
(Asp) in the C-terminal part of the AA_motif in the mamma-
lian o28-1-protein, we replaced Asp491 (corresponding to
D173 in PctA) by Ala in rat a28-1 and measured its expression
at the plasma membrane of tsA-201 cells in the presence of
gabapentin. We found that, whereas gabapentin inhibited the
wild-type «258-1 trafficking in tsA-201 cells manifested by
reduced expression at the plasma membrane by 43.2 + 1.8%
(100 pM gabapentin) and 55.6 + 8.4% (1 mM gabapentin),
D491A mutation abolished this effect of gabapentin (10.2 +
12.0% inhibition by 1 mM gabapentin) (Fig. 4). Thus, this

PNAS | 50f10
https://doi.org/10.1073/pnas.2110415119

COMPUTATIONAL BIOLOGY

BIOPHYSICS AND


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110415119/-/DCSupplemental
https://github.com/ToshkaDev/Motif
https://github.com/ToshkaDev/Motif
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110415119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110415119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110415119/-/DCSupplemental

Downloaded from https://www.pnas.org by UCL Library Services on March 9, 2022 from | P address 193.60.240.99.

HA membrane HA intracell

control

control

D491A

= |
5
c ko
i hkkk D
& 05
B
@
®
©
3
2
©
[®]
0.0 Jd
GBP 0 0.1 1 0 1
a26-1 WT D491A

Fig. 4. Gabapentin impairs cell surface expression of wild-type (WT) a25-1 but not a28-1°4°"A, (A) Representative images of tsA-201 cells expressing hem-
agglutinin (HA) tagged a25-1-HA WT (rows 1 to 3) and 25-1P*°"A_HA (rows 4 and 5) in the absence (control; rows 1 and 4) or presence of gabapentin
(GBP; 0.1 mM, row 2 [WT]; 1 mM, rows 3 [WT] and 5 [D491A]). Left shows cell surface HA staining in nonpermeabilized conditions (green). Center shows
intracellular HA staining after permeabilization (red). Merged images with the nuclei stained with DAPI (blue) are shown in Right. (Scale bars: 10 um.)
(B) Bar chart (mean + SEM for n = 4 independent experiments) for cell surface expression of a25-1-HA for WT (left three bars) and D491A (right two bars)
in the absence (0) or presence of 0.1 or 1 mM GBP. For each experiment, HA staining was measured for over 50 cells and normalized to that of the WT
control. Points for individual experiments are shown. Total numbers of cells measured for each condition are as follows; WT control: 379 (black); WT +
0.1 mM GBP: 360 (blue); WT + 1 mM GBP: 449 (red); D491A control: 351 (black hatched); and D491A + 1 mM GBP: 395 (red hatched). Statistical signifi-
cance of the effect of GBP on cell surface expression was determined using one-way ANOVA and Dunnett’s post hoc test. ***P = 0.0003; ****P < 0.0001.

6 of 10 | PNAS Gumerov et al.
https://doi.org/10.1073/pnas.2110415119 Amino acid sensor conserved from bacteria to humans



Downloaded from https://www.pnas.org by UCL Library Services on March 9, 2022 from |P address 193.60.240.99.

A Amino acidg GABA |-k Gabapentin
N

Hay, H H\T/\/\“/QH H Y
i H

H
o o)

B PctA with L-lle

a28-1 with gabapgntin

Proteobacteria NP_252999.1 GR{DPRSEIPIYKDAVA- (4) -~TLTEPJ§VDAAT (16) TLGVVGGELS 120-175
Acidobacteriota HCZ33114.1 AMDPRTIS P&LAGAA— (4) -TWTEPMAFYTT (16) LRGVAALEFL 156-211
Actinobacteriota WP_187050447.1 DEDPRQHDu QSALK- (5) -IWTEP 15 130-188
Bacterocidota WP_196119247.1 DMDCRTIESYYKATVN- (5) ~-IWTEPMVDAGD (16) LVGVIGMMIK 138-195
Campylobacterota WP_010891944.1 DI-DIKTI \DYYQEALK- (5) -FVTP. TP 143-198
Chloroflexota WP_116224856.1 QpDPRDEPUYTLAKE- (4) -MITEP T 140-197
® Chrysiogenetota WP_183731730.1 Dlﬂ MFERPUYLRATE- (5) —~AWT DL S 145-203
& Cyanobacteria WP_162544314.1 GMDPRKBIPUYQAAAS—- (4) ~-TLTEPMIAASS (16) LVGVVGSBIFS 126-181
‘O Deinococcota WP_184108923.1 NHDPRTI- PuYTLAVA_ (5) -VWTPP| 0 179-235
8 Desulfobacterota WP_144684422.1 GHDPRSEPH QTALA- (5)-SITS S 143-199
Fibrobacterota WP_022637451.1 DPTQHPIFAPLFE- (4) —QWSE K 161-218
Firmicutes NP_389278.2 }D\EDPTSI- PUYKLAAE- (5) -VWTEP LK 127-183
Planctomycetota MBG80894.1 DHDYLEH RVGVD- (3) ~GWTEP| IA 153-207
Spirochaetota WP_018527208.1 D}4DPREN GHYQTAQS— (4) -GFSDSMVDAHT (17) IFGVLATRIS 181-237
Singergistota WP_012869308.1 DHDARKiP IQAVQ- (4) -ILTAP D 129-185
Thermodesulfobacteria RUM839741.1 DHDPRKi FRSSSS— (4) —-FWSP' TT 166-227
Thermotogota WP_114702178.1 GHDPTREPUYVDAVK- (5) ~-IITEPMLDAST (16) IIGVVALEFK 128-184
& Verrucomicrobiota WP_176014353.1 AHDPRQI' FKSAAA- (5) ~CWSAP] 1S 185-243
% Methanobacteriota WP_056934003.1 D DPRV! [YIKAKE- (4) -SYTEP F 136-191

-5 Halobacterota WP_004039109.1 DPREGIPYYILAKE- (5) -MVTEP
E Thermoplasmatota OPX61375.1 QiDPREiPI:QLAME— (5)-RITDP

Euglenozoa AOA6U4W1K7_NEODS DHDARLiP TSATS (204) RWTAP T 177-436
- Stramenopiles GAX16383.1 THDNTGiP YVAGSS (215) AWVEP T2 169-438
+ Amoebozoa AOAGB2L1C9_9EUKA DHDPRTiP [YIAASS (200) VWTEP] K 130-385
£ Chlorophyta GHP01481.1 Lp{DPRVI3 PaYMSAST (211) VWSE T 190-459
o Streptophyta WLIC_2016528 NIZDPRKIFPUYNGAIS (206) YWTD IT 135-393
= Coral XP_028417546.1 DHDPRVI' PUYIAATS (230) TWSPP T 218-497
W Zebrafish XP_017207543.2 LHDVRRiPu VQGAA (194) QWTN S 243-499
Homo sapiens NP_001353796.1 LyDVRREPUYTIQOGAA (196) QWTN S 235-493
Homo sapiens NP_065976.3 AIRDPTREQINYLHAVA- (5) -SLTGPMLDVGG (22) TVAVMGINFT 751-813

Fig. 5. Bacterial and mammalian receptors bind amino acid ligands through the conserved AA_motif. (A) Structural comparison of the ligands found to
bind dCache_1AA. (B-E) Ligand binding modes of bacterial and eukaryotic dCache_1AA: PctA with L-lle (B; PDB ID code 5T65), «25-1 with docked L-lle (C),
PctC in complex with GABA (D; PDB ID code 5LTV), and a25-1 with docked gabapentin (E). (F) Protein sequence alignment of the dCache_1AA from repre-
sentatives of major phyla of Bacteria, Archaea, and Eukaryota.
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residue plays a critical role in ligand binding by the eukaryotic
a268-1-protein. We previously found (36) and confirmed here a
similar result for the R241A mutation in the N-terminal part of
the AA_motif (4.2 + 7.1% inhibition by 1 mM gabapentin).

Human and Bacterial Proteins Bind Ligands in a Similar Fashion. We
structurally superimposed the ligand binding module of the first
dCache_1 domain of the rabbit a28-1-subunit with that of the
PctA dCache_1 domain (SI Appendix, Fig. S134). The ligand
binding pockets were similar in shape and size, which is astonish-
ing considering the evolutionary time lapsed from bacteria to
mammals and the presence of the VWA insertion. Furthermore,
the AA_motif residues in the two structures are located at nearly
the same positions. Next, we closely examined the rabbit a28-
1-subunit ligand binding pocket with docked L-Ile in comparison
with that of the PctA dCache 1 domain in complex with L-Ile
(PDB ID code 5T65) (Fig. 5 and SI Appendix, Table S3). We
observed that ligands made polar contacts with the AA_motif in
these two molecules in a similar fashion. The amino group of
L-Ile forms hydrogen bonds with the third Y and last D of the
AA_motif, whereas the carboxyl group is bound by R and W in
both first dCache 1 domain of a26-1 and dCache_1 domain of
PctA (Fig. 5). The docking experiments also indicated that
L-Leu, gabapentin, pregabalin, and mirogabalin are bound
through the AA_motif of the 25-1-subunit following the same
pattern (Fig. 5 and SI Appendix, Fig. S13 B-D). The first Y and W
of the AA_motif coordinate the ligand carboxyl groups, and the
third Y (except for the L-Leu ligand) and D interact with amino
groups of the ligands. The carboxyl group of pregabalin is addi-
tionally stabilized by a hydrogen bond with R of the AA_motif.

To demonstrate that the motif is capable of binding amino
acids and their derivatives in invertebrates, we have run dock-
ing experiments using the o23-protein structure from Drosoph-
ila melanogaster modeled by AlphaFold (37), amino acid
ligands, and their derivatives. The above-described ligand bind-
ing pattern was again observed (Dataset S5 and SI Appendix,
Fig. S14) (the PDB file is available at https:/github.com/
ToshkaDev/Motif) (34).

CACHD1 and «25-1 Have Similar Domain Architectures, but Their
AA_motifs Are Arranged Differently. We have obtained a structural
model of human CACHDI1 protein from the AlphaFold Protein
Structure Database (https://alphafold.ebi.ac.uk/). Structural align-
ment of the CACHD1 model with the rabbit a28-1 cryo-EM
structure demonstrated that CACHD1 has the same structural
composition as the a28-1-subunit, with a few differences (Fig. 3
and SI Appendix, Fig. S15). Similar to the «23-1-subunit, CACHD1
consists of two dCache_1 domains, one inserted into the other one
and the VWA domain inserted into the first dCache_1 domain.
The presence of these structural parts was also confirmed by the
MSA (SI Appendix, Fig. S11). However, a28-proteins possess a
distinctive long insertion inside the second dCache 1 between
a9-helix and p9-sheet, whereas it is significantly shorter in CACHD1
protein (SI Appendix, Fig. S11). Another essential difference
between o286 and CACHDI1 is the AA_motif placement. Unlike
a2d-proteins that all carry the AA motif in the first dCache 1,
CACHDI protein has an intact AA_motif in the distal module of
the second dCache_1 (Fig. 3 and SI Appendix, Fig. S11). In order to
obtain insights into ligand binding capabilities of CACHD1, we
docked amino acids and GABA-derived drug molecules to the dis-
tal module of the second dCache_1 domain of the modeled human
CACHDIL structure. The ligands made hydrogen bonds with the
AA_motif residues following the mentioned pattern (Dataset S5
and SI Appendix, Fig. S14) (the PDB file is available at https:/
github.com/ToshkaDev/Motif); R and W of the N-terminal part of
the AA_motif coordinate the ligand carboxyl group, whereas Y and
D of the C-terminal part of the motif interact with the amino group
of the ligands. Essentially, the same ligand binding pattern was
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observed with the D. melanogaster CACHD1 protein structure mod-
eled by AlphaFold (Dataset S5 and SI Appendix, Fig. S14) (the PDB
file is available at https://github.com/ToshkaDev/Motif) (34).

Evolution of the Amino Acid Binding dCache_1 Domain in
Eukaryotes. To establish the prevalence of the AA motif in
Eukaryota and its evolutionary history, we analyzed available
eukaryotic genomes from several databases (SI Appendix, SI
Materials and Methods). We found that dCache 1AA-
containing proteins are present in almost all major eukaryotic
groups (National Center for Biotechnology Information taxon-
omy): Euglenozoa, Heterolobosea, SAR (stramenopiles, alveo-
lates, and Rhizaria supergroup), Haptista, Choanoflagellida,
Archaeplastida, and Metazoa (Fig. 6 and Dataset S3). We could
not detect dCache_l1AA proteins in any genomes of angio-
sperms (flowering plants), fungi, and two protozoan lineages,
where they were presumably lost. Domains of the Cache super-
family (Pfam CL0165), to which the dCache_1 belongs, have
been shown to have bacterial origins, and their presence in
archaea and eukaryotes was attributed to horizontal gene trans-
fer (12). We found that in all eukaryotic proteins that contain
dCache_1 domains, the VWA domain is inserted in one of
them, which suggests that this insertion probably occurred in
the last eukaryotic common ancestor (LECA). We have found
that proteins containing two dCache_1 domains, where one
(with the VWA insertion) is inserted into another, are present
in all branches of eukaryotes. In addition, we identified proteins
that contained only one dCache_1 (with the VWA domain
insertion). All of these proteins were found in diverse eukar-
yotes, excluding vertebrates (Fig. 6 and SI Appendix, Fig. S16).
Thus, two events happened around LECA: 1) insertion of the
VWA domain into a dCache_1 domain and 2) insertion of this
dCache_1-VWA module into another dCache 1 domain. Many
protists and invertebrates have two types of dCache 1AA
domain containing proteins: one with a single dCache_1
domain with the VWA insertion and one with two dCache 1
domains, one of which has the VWA insertion (SI Appendix,
Fig. S16). Remarkably, in some members of the Streptophyta
clade, the dCache 1AA domain with the VWA insertion is pre-
sent in a serine/threonine kinase, resembling some of the bacte-
rial dCache_1-containing proteins (Fig. 6).

To further understand evolutionary relationships between the
proteins containing two dCache_1 domains, we inferred two phy-
logenetic trees using maximum likelihood estimation and Bayes-
ian inference, respectively. The trees showed high agreement with
each other (available at https:/github.com/ToshkaDev/Motif)
(34). We used the Bayesian tree for the subsequent analysis (S/
Appendix, Fig. S17), which revealed two clusters: o258 and
CACHDI1. The o2d-cluster contains only metazoan sequences,
including four a23-proteins from the human genome. In verte-
brates, a28-1- and o28-2-sequences form one group, while 025-3
and o28-4 form another group. This suggests that a primordial
a28-ancestor in vertebrates duplicated, giving rise to a26-1/028-2—
and o28-3/a26-4-ancestors, and subsequent duplications led to
four current paralogs. a28-proteins in bony fishes have undergone
additional duplications (S Appendix, Figs. S16 and S17).

The CACHDI1 cluster includes one protein encoded in the
human genome, CACHDI, and proteins from metazoan organ-
isms (SI Appendix, Fig. S17). Vertebrates have only one copy of
CACHD1, while organisms preceding vertebrates have paralogous
proteins in varying numbers (SI Appendix, Figs. S16 and S17). At
the root of the tree and close to it, there are proteins that have the
AA_motif preserved in the distal modules of both dCache_1
domains, which suggests that the ancestral proteins had the AA_
motif in both dCache_1 domains (also supported by the phyletic
distribution pattern) (SI Appendix, Fig. S16). In the course of evo-
lution, the AA_motif was differentially lost in various groups of
organisms (SI Appendix, Fig. S17). Eukaryotes prior to vertebrates
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Fig. 6. The AA_motif across the Tree of Life. (A) Distribution of dCache_1AA across major lineages of life. Thick lines with dots at the tips denote the presence of
the AA_motif. Positions of relevant organisms are shown. The red circle indicates horizontal gene transfer of the dCache_1AA to Archaea. The orange circle indi-
cates three events that happened around the same time (LECA): 1) horizontal transfer of dCache_1AA from Bacteria to Eukaryota, 2) VWA domain insertion, and 3)
insertion of the first dCache_1 into the second dCache_1 domain. (B) Prevalent domain architectures of the dCache_1AA containing proteins found in each domain
of life are shown. Domain definitions are according to the Pfam domain nomenclature: EAL (PF00563), a diguanylate phosphodiesterase; GGDEF (PF00990), a digua-
nylate cyclase; Guanylate_cyc (PF00211), an adenylate or guanylate cyclase; HATPase_c (PF02518), a histidine kinase; HD (PF01966), phosphohydrolase; MCPsignal
(PF00015), methyl-accepting chemotaxis protein (chemoreceptor); Pkinase (PF00069), serine/threonine kinase; SpollE (PF07228), serine/threonine phosphatase.

have dCache 1AA proteins from all of the described groups: single
dCache 1AA proteins, proteins from a28 and CACHD1 clusters,
and “double-AA_motif” proteins with the AA_motif preserved in
both domains of double-dCache_1 proteins (S Appendix, Fig. S16).
Phylogenetic reconstruction suggests that duplications of proteins
originating from this early double-AA_motif group gave rise to a2
and CACHDI clusters (SI Appendix, Figs. S16 and S17). In o26-
proteins, the AA_motif has been preserved predominantly in the
first dCache_1 domain, while in CACHD1 proteins, it is in the sec-
ond dCache 1 domain. Our analysis also demonstrated that the
first dCache 1 domain of a28-subunits is under stronger selective
pressure than the second dCache 1; in contrast, both dCache 1
domains of the CACHDI1 protein are under strong selective pres-
sure (SI Appendix, SI Materials and Methods). Phylogenetic analysis
and sequence similarity searches (Dataset S4) did not allow us to
definitively conclude which exact bacterial group could give rise to
eukaryotic proteins.

Conclusions

In this work, we have described a universal amino acid binding
sensor, which is present throughout the Tree of Life. We showed
that these sensors bind amino acid ligands through a simple amino
acid recognition motif that has been preserved over 3 billion years
and used in all major cellular life-forms. We assign specific biologi-
cal function—amino acid sensing—to thousands of receptors in
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bacteria, archaea, and eukaryotes. It is especially important for
human pathogens because amino acids are key mediators of path-
ogenicity (38). The vast majority of sensor proteins encoded in
genomes of various organisms remain unstudied, and signals that
they recognize are unknown. Sequence analysis alone does not
permit their identification due to extreme sequence variation and
complex evolutionary trajectories of sensory domains. On the
other hand, structural studies and biochemical characterization
can only be performed for a small fraction of sensor proteins
identifiable in genome databases. Here, we show how combining
these two strategies results in precise predictions for an impor-
tant class of biological signals. It is likely that similar approaches
can be utilized for functional annotation of other classes of sen-
sor proteins. During the course of this study, we identified the
AA_motif in medically important CACHD1 proteins and o28-
subunits of VGCCs and implicated it as the binding site for
GABA-derived drugs in human o28-subunits. This finding pro-
vides opportunities for improving drugs targeting various neuro-
biological disorders.

Materials and Methods

Public databases and bioinformatics tools used throughout this study are
described in detail in S/ Appendix. Detailed procedures for identification of
AA_motif-containing proteins in prokaryotes and eukaryotes are also avail-
able in S/ Appendix. Computational docking was carried out using AutoDock
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Vina (39). MSAs were built using MAFFT (40). Phylogenetic inference was per-
formed using RaXML (41) and MrBayes (42). Identification and analysis of pro-
tein domains were performed using TREND (21).

Protein expression, purification, thermal shift assays, isothermal titration calo-
rimetry, and site-specific mutagenesis of bacterial and archaeal proteins were
performed using published protocols (22, 43) and are described in detail in S/
Appendix. Imaging cell surface expression of the calcium channel «25-1-subunit
was carried out as previously described (36), and details are provided in S/
Appendix.
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