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To fulfil its role in protein biogenesis, the endoplasmic reticulum (ER) depends on the Hsp70 chaperone BiP that
requires a constant ATP-supply. While the original biochemical approaches established hallmarks of the ATP
transport into the ER, such as nucleotide selectivity, affinity, and antiport mode, the more recent live-cell imaging
methods employing sensitive, localized molecular probes identified the low abundant ATP/ADP exchanger in the
membrane of the human ER. Our screen of gene expression datasets for member(s) of the family of solute carriers
that are co-expressed with BiP and are ER membrane proteins identified SLC35B1 as a potential candidate.
Heterologous expression of SLC35B1 in E. coli revealed that SLC35BL1 is highly specific for ATP and ADP and acts
in antiport mode, two of four characteristics it shared with the ATP transport activity, which is present in rough ER
membranes. Moreover, depletion of SLC35B1 from HelLa cells reduced ER ATP levels and, therefore, BiP activity,
which implied that SLC35B1 mediates ATP uptake into the ER plus ADP release from the ER in vivo. Thus, human
SLC35B1 provides ATP to the ER and was named ATP/ADP exchanger in the ER membrane or AXER.
Furthermore, we characterized a regulatory circuit that is able to maintain the ATP supply in the ER ad hoc and
was termed ER low energy response or lowER. Recent work by others confirmed the role and mode of action of
AXER and also suggested a possible scenario for long term adjustments (termed CaATIER). Most recently, the
structure of AXER was solved and allowed the deduction of its molecular mechanism. Thus, the dust has settled on
the discovery of AXER.

AXER, SLC35B1, ATP/ADP exchange between cytosol and ER

| 1. Introduction

In order to play its central role in protein biogenesis, the endoplasmic reticulum (ER) of nucleated cells depends on
an Hsp70-type molecular chaperone, termed immunoglobulin heavy chain binding protein (BiP) (Figure 1) L2l
BiP is present in the ER lumen in millimolar concentration and requires a constant supply of ATP for its various
functions BIABIEIE Moreover, ATP hydrolysis by BiP generates ADP and, therefore, necessitates ADP removal
from the ER.
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Figure 1. 1 The human ER is a major site of protein biogenesis, signal transduction and calcium homeostasis. The
cartoon depicts a schematic cross section through the ER and highlights the multiple roles of BiP and the Sec61
complex in protein biogenesis and signal transduction in human cells. AMPK, AMP-dependent protein kinase;
ATF6, activating transcription factor 6; AXER, ATP/ADP exchanger of the ER membrane; ERAD, ER-associated
protein degradation; IP3R, inositol-1,4,5-triphosphate receptor; IRE1; inositol-requiring enzyme 1; PERK,
eukaryotic translation initiation factor 2 alpha kinase; SERCA, sarcoplasmic endoplasmic reticulum calcium

ATPases; UPR, unfolded protein response. See text for details.

Originally, classical biochemical approaches were employed in the putative identification and characterization of
ATP carriers or ATP/ADP exchangers in the ER membrane. ATP import was reconstituted into proteoliposomes,
harboring the total set of mammalian (rat liver, dog pancreas) or yeast ER membrane proteins, and this set of
membrane proteins was subjected to purification of the transport activity by various standard methods. In none of
these systems, however, did the biochemical approach identify the elusive carrier or exchanger e
However, the approach established certain hallmarks for the transport activity, such as protein-mediation (i.e.
saturable and sensitive to temperature, pronase, and inhibitors (i.e. DIDS, NEM)), nucleotide selectivity (i.e.
specificity for ATP and ADP), high nucleotide affinity (i.e. low uM Ky), antiport transport mode (i.e. requirement for
nucleotide pre-loading of the proteoliposomes), and magnesium independence (i.e. insensitivity to EDTA). Next,

ER membrane-resident ATP/ADP antiporters were identified with the help of genetic approaches in the plant
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Arabidopsis thaliana (ER-ANT1) and in the alga Phaeodactylum tricornutum (PINTT5) B These proteins,
however, do apparently not represent the major carriers for chemical energy in the ER of these organisms and do
not have mammalian and yeast orthologs. Thus, until quite recently ubiquitous proteins catalyzing the ATP uptake
and the concomitant ADP release at the ER membrane had remained unknown at the molecular level. Yet, recent
work established a set of hallmarks for cell type-specific regulation of ATP homeostasis in the ER of HeLa and INS-
1 cells ™. Accordingly, Ca2*-efflux from the ER into the cytosol is coupled to both increased ADP phosphorylation in
the cytosol (dominant in HelLa cells) plus mitochondria (dominant in INS-1 cells) as well as increased ATP uptake
into the ER by an at the time unknown ATP carrier in the ER membrane, which itself is stimulated by Ca?*-efflux
from the ER into the cytosol. Furthermore, the cytosolic calcium- and AMP-activated protein kinase (AMPK), the

(28]129]

master regulator of energy metabolism with a link to the UPR , is essential for increased ADP phosphorylation

. 17
at least in HeLa cells .

Screening databases for solute carriers (SLCs) [29[21] that are located in the ER membrane (GeneCards:
http://www.genecards.org, The Human Protein Atlas: https://www.proteinatlas.org) and that show the same
expression pattern in human tissues as BiP (GenesLikeMe: https://gim.genecards.org/#input), drew our attention to
SLC35B1 (UniProtKB/Swiss-Prot: P78383.1). Human SLC35B1 has up to three different isoforms that are encoded
by different mRNA variants (Figure 2a). It is a member of the nucleotide-sugar transporter family [22123]124] gng
orthologs are present in diverse eukaryotes, including plants. SLC35B1 was predicted to have ten transmembrane
helices and to be structurally related to members of the drug/metabolite transporter (DMT) superfamily (Figure 2b)
[21][25]
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P97858.1), Caenorhabditis elegans (Ce, CAC35849), Schizosaccharomyces pombe (Sp, CAB46704.1),
Saccharomyces cerevisiae (Sc, CAA97965), Arabidopsis thaliana (At, Atlg14360 and At2g02810), and Starkeya

novella (YddG, gi:502932551). The sequences were aligned using ClustalX and GeneDoc. The amino and carboxy

Rase . BN s Clus (Vim,

termini face the cyosol, the double lysine motif near the carboxy terminus of mammalian SLC35B1 serves as ER
retention motif. The predicted 1Q motif, unigue to mammalian SLC35B1, is shown in purple, positively charged
clusters in red. SLC35Bl/Isoform 2 comprises an amino-terminal extension of 37 amino acids
(MRPLPPVGDVRLWTSPPPPLLPVPVVSGSPVGSSGRL) (NM_005827.2), in transcript variant 2
(NM_001278784.1) the first 78 amino acids, including two N-terminal transmembrane helices, of SLC35B1 are
replaced by the oligopeptide: mcdgccveqdL. (b) Hypothetical structural model of human SLC35B1, as predicted by
the Phyre2 server 281271 Transmembrane helices 2 (green) plus 3 (blue) and the connecting loop (purple) with the
putative 1Q motif are highlighted, as are clusters of positively charged amino acid residues (red). (c) A 4% digitonin
extract of canine pancreatic rough microsomal membrane proteins (derived from 6 mg microsomal protein) was
subjected to SDS-PAGE in parallel to E. coli membranes (25 ug protein), which were derived from non-transfected
and SLC35B1- or SLC35B1/isoform 2-expressing cells. The Western blot was decorated with SLC35B1-specific
antibody and visualized with peroxidase-coupled secondary antibodies, Super Signal West Pico, and luminescence
imaging. (d) HeLa cells were transfected with an expression plasmid encoding SLC35B1-GFP for 8 h, the nuclei
were stained with DAPI, and the ER was visualized with Sec62-specific antibody plus Alexa-Fluor-594-coupled
secondary antibody and subjected to fluorescence imaging using a super-resolution Elyra microscope.

Representative images and merged images are shown (scale bar 10 pm).

2. SLC35B1 is AXER, the ATP/ADP Exchanger in the
Membrane of the Endoplasmic Reticulum

2.1. SLC35B1 is an ER Membrane Protein in HeLa Cells

First, we confirmed the ER localization of human SLC35B1 by demonstrating the presence of SLC35B1/Isoform 2
(NM_005827.2) by immunoblot with a specific anti-SLC35B1 antibody in a highly enriched membrane protein
extract from pancreatic rough microsomes, which are routinely used for the analysis of ER protein import “ and as
a source of mammalian ER proteins such as BiP (Figure 2c) e Next, we expressed GFP-tagged SLC35BL1 in
HeLa cells at a moderate level and confirmed its ER localization (Figure 2d) “ These results were consistent with
the localization of human SLC35B1 according to The Human Protein Atlas and with the localization of SLC35B1 in

C. elegans @, S. cerevisiae @, S. pombe @, and A. thaliana (AtUTr1) =

2.2. Heterologously Expressed SLC35B1 is an ATP/ADP Antiporter

To test whether SLC35B1 might act as an ATP/ADP transporter, we expressed cDNAs for SLC35B1 (P78383.1,
NM_005827.1) and SLC35B1/Isoform 2 (NM_005827.2) in Escherichia coli cells, routinely used to characterize

nucleotide transport proteins (22161281 The two heterologously expressed SLC35B1 isoforms were highly specific
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for ATP and ADP, with no competition from AMP, CTP, GTP, UTP, UDP-glucose, or UDP-galactose (its putative
substrate) with [a32P]ATP import 22,

The fact that newly imported [a32P]ATP could be chased from the cells by addition of an excess of unlabeled ATP
already suggested that both SLC35B1 isoforms act in an antiport mode “ To further substantiate this transport
mechanism, membrane proteins of the respective transfected cells were solubilized in detergent and reconstituted
into liposomes. Both, SLC35B1 and SLC35B1/Isoform 2 were able to facilitate the import of ATP or ADP into
proteoliposomes, loaded with ADP or ATP, whereas no import was detectable in absence of loading substrates =,

This fact verified that the two SLC35B1 isoforms catalyze the strict antiport of ATP and ADP.

2.3. SLC35B1 is Similar to the ER Resident ATP Carrier

Heterologously expressed SLC35B1 exhibited similar apparent Ky, and V. vValues for ATP (32.6 - 34.7 pM and
871.0 — 904.5 pmol mg proteint h'l) and ADP (32.0 - 37.3 uM and 888.4 - 962.3 pmol mg protein hl), as
SLC35B1/Isoform 2 2, These apparent affinities of SLC35B1 for ATP are in line with data on ATP and ADP import

. . . . . 9)[11][14
into proteoliposomes, harboring the full complement of mammalian ER membrane protein —

. Notably, substrate
specificity and antiport mode of the two SLC35B1 isoforms were also shared by the ATP/ADP carriers, which were
present in proteoliposomes, harboring the full complement of mammalian ER membrane proteins ! In addition,
ATP import into these proteoliposomes was dependent on their preloading with ADP and not competed by AMP or
other nucleoside triphosphates % Furthermore, the two heterologously expressed SLC35B1 isoforms and the ER

membrane resident ATP transport activity shared an insensitivity towards EDTA, i.e. transport Mg2*-free ATP.

Based on the ATP and ADP transport characteristics of the heterologously expressed SLC35B1 isoforms 1 and 2
and their similarities to the ATP and ADP transport activities that are present in proteoliposomes with the full
complement of mammalian ER membrane proteins, the two SLC35B1 isoforms 1 and 2 were found to be good

candidates to work as ATP/ADP exchangers in the human ER membrane.

2.4. Depletion of SLC35B1 from HeLa Cells Reduces ER ATP Levels and BiP
Activity

To directly address whether SLC35B1 acts as a transporter of chemical energy in the ER in human cells, HeLa
cells were treated with two different SLC35B1-targeting siRNAs for 96 h, and the knockdown efficiencies were
evaluated by quantitative RT-PCR (gRT-PCR) analysis. The analysis showed that mRNA depletion was efficient,
i.e. the 5" untranslated region (UTR)-targeting siRNA knocked down the residual SLC35B1 level to ~10% and the
coding region-targeting siRNA to ~20% [27. Depletion of SLC35B1 for 96 h did not cause any major alterations in

whole cell or ER morphology.

Next, the energy status of SLC35B1-depleted cells was characterized with time-resolved live cell recordings of ER
ATP levels using the ER-targeted and genetically-encoded ATP FRET sensor ERAT4.01 Y ATP levels were
detected and compared in the ER of HelLa cells treated either with two different SLC35B1-targeting or control
siRNAs, followed by ERAT4.01 transfection. SLC35B1 knockdown was correlated with significantly lower ATP
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levels in the ER compared to control cells 24, Thapsigargin (Tg), which inhibits sarcoplasmic/endoplasmic
reticulum Ca?* ATPase (SERCA) in the ER membrane and stimulates Ca?* release from the ER, led to the
expected increase in the ER ATP levels “ The succeeding application of 2-deoxy-glucose (2-DG), which reduces
the availability of ATP in the cytosol due to inhibition of glycolysis, induced the expected drop in ER ATP levels 27,
In contrast, the response of SLC35B1 knockdown cells to both Tg and 2-DG was less pronounced 4. Thus,
SLC35B1 knockdown in HelLa cells reduced ATP levels in the ER and these levels could not be replenished by Tg-

induced Ca?* efflux from the ER.

To further substantiate the observed siRNA effects, we performed complementation analysis, i.e. expression of
SLC35B1 cDNA in Hela cells after knock down of endogeneous SLC35B1 mRNA with the 5 untranslated region
(UTR)-targeting siRNA “ n summary, the results from the heterologous expression experiments, SLC35B1
knockdown in HelLa cells in combination with live cell imaging of ATP levels in the ER, and complementation
experiments indicated that SLC35B1 and SLC35B1/Isoform 2 represent ATP/ADP exchangers in the human ER

membrane that are responsible for net import of chemical energy into the ER.

ER lumenal ATP allows BIiP to fulfill its physiological roles, e.g. in facilitating selective protein import into the E i

= and in limiting Ca®* leakage from the ER el

, both by affecting gating of the Sec61 channel (Figure 1). In the
next series of experiments, SLC35B1 depletion phenocopied the effect of BiP depletion on BiP-dependent ER
protein import % n addition, ATP depletion in the ER driven by SLC35B1 knockdown decreased ER Ca?*, i.e.
stimulated ER Ca?* efflux, as it had previously been observed after BiP depletion % Thus, depletion of ATP from
the ER results in reduced BiP activity, which causes reduced BiP-dependent ER protein import and increased ER
Ca?* efflux. Therefore, these results confirmed the conclusion that SLC35B1 represents the ATP/ADP exchanger in

the human ER membrane.

2.5. SLC35B1 May be Part of a Ca?*-Dependent Regulatory Circuit

Finally, we tested if SLC35B1 is involved in controlling cellular energy homeostasis in response to ER ATP
depletion. AMPK is the master regulator of energy metabolism (Figure 1) LARABABEY andg can be activated by a
decrease in cytosolic ATP levels or by an increase in cytosolic Ca?* via the calcium/calmodulin dependent kinase
kinase 2 (CAMKK2) !

First, we addressed cytosolic ATP levels as the potential AMPK regulator. Therefore, we monitored ATP levels in
the cytosol in real-time using the cytosolic ATP sensor Ateam 22 and in cellular lysates using a bioluminescent
assay. SLC35B1 depletion from HelLa cells did not significantly affect cytosolic ATP levels or the total cellular ATP
levels, which is consistent with the facts that HelLa cells are not professional secretory cells and that the ER in

HelLa cells does not significantly contribute to the total cellular ATP levels 27,

The results discussed in 2.4. already suggested that Tg-induced increase in cytosolic Ca?* and the concomitant
increase in ATP levels in the ER were an effect of Ca?* on cytosolic ATP production. Therefore, we hypothesized

that the observed drop in ATP levels in the ER lumen in response to SLC35B1 knockdown might activate a
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signaling mechanism that controls ER and cytosolic Ca?* levels. This cascade would start with reduction in BiP
activity and subsequent increase in Ca?* leakage from the ER via open Sec61 channels. This hypothesis was

tested positive in the above-described Ca2* imaging experiments 27,

At last, we asked how SLC35B1 knockdown may directly affect cytosolic ATP production. HeLa cells were treated
with the two SLC35B1-targeting siRNAs for 96 h and the cell lysates were analysed by Western blotting using
antibodies against the phosphorylated alpha and beta subunits of AMPK. We found that SLC35B1 knockdown

resulted in pronounced AMPK phosphorylation, which is expected to stimulate cytosolic ATP production [ZZ],

Thus, AXER appeared to be part of a regulatory circuit and a Ca2*-dependent signaling pathway, termed lowER,
acting in vicinity of the ER and guaranteeing sufficient ATP supply to the ER (Figure 3 [ZZl. The initial experimental
data to characterize this putative signaling pathway suggested the following scenario for lowER: A high ATP/ADP
ratio in the ER allows BiP to limit Ca?* leakage from the ER via the Sec61 channel . A low ATP/ADP ratio due to
increased protein import and folding or due to protein misfolding, leads to BiP dissociation from the Sec61 channel
thus inducing Ca?* leakage from the ER “ In the cytosol, Ca?* binds to calmodulin (CaM) near the ER surface @,
and activates AMPK via CAMKK2 and finally PF2K 7. Activated PF2K causes increased ADP phosphorylation in
glycolysis, leading to ATP import into the ER via AXER, which is also activated by Ca?* efflux from the ER =,
Interestingly, mammalian AXER comprises an 1Q motif in the cytosolic loop between transmembrane domains 2
and 3 (Figure 2) and, thus, may also be activated by Ca?*-CaM. Normalization of the ER ATP/ADP ratio, causes
BiP to limit the Ca®* leakage and thus inactivates the signal transduction pathway. SERCA, which pumps Ca?*
back into the ER lumen, balances the passive Ca?* efflux and protein phosphatase 2 (PP2) dephosphorylates
AMPK. Notably all mentioned proteins are present in sufficient quantities in the HelLa cells which were used here
B3l and it is expected that IowER involves sites of contact between ER and mitochondria and oxidative

. . 34][35][36][37
phosphorylation as an energy source in non-cancer cells el

. Furthermore, activated AMPK was shown
previously to lead to reduced cap-dependent translation and therefore ties the lowER to the UPR 121381 \while ADP
is exported via AXER, phosphate may leave the ER via the Sec61 channel, which is not ion selective 28] and which

may be even permeable to glutathione 32,
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Adaptation to low ER luminal ATP/ADP ration
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Figure 3. | ER low energy response (IowER) contributes to a sufficient initial ATP supply to the human ER. AXER,
ATP/ADP exchanger in the ER membrane = SLC35B1; AMPK, AMP-activated protein kinase; CaM, Calmodulin;
CaMKK2, Ca?" CaM-dependent kinase kinase 2; MIM, mitochondrial inner membrane; MOM, mitochondrial outer
membrane; NBD, nucleotide binding domain of BiP; PF2K, 6-phospho-fructo-2-kinase; P;j, inorganic phosphate;
SBD, substrate binding domain of BiP. Notably, ATP production in HeLa cells relies mainly on glycolysis (in the

cytosol) rather than on oxidative phosphorylation (in mitochondria). See text for details.

3. Recent Work Settled the Dust on the Discovery and Initial
Characterization of AXER and Warrants an Update on the
Paradigm Shift in SLC35B1 Research

Our above-described data showed that AXER is not only the long-sought ATP importer and ADP exporter in the ER
membrane, but may also be part of an ER to cytosol low energy response regulatory axis (termed lowER) (Figure
3). Our findings explained why AXER orthologs in Saccharomyes cerevisiae (HUT1), Schizosaccharomyces pombe
(HUT1), and Caenorhabditis elegans (HUT-1) have been found to play a more general role in ER homeostasis, as
would be expected for a nucleotide sugar transporter. However, it remained open if AXER is the only ATP carrier in

the ER membrane of mammalian cells (see below). Notably, its ortholog in C. elegans is essential only during larval
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development but not in the adult worm [23l. The proposed Ca2* dependent regulatory circuit lowER guarantees ER
energy metabolism on the short term and thus ER proteostasis under physiological conditions and still awaits
further validation and characterization “9[41l Under patho-physiological conditions, it can be expected to represent

the first line of defense of a cell against ER stress and, therefore, may interact with the unfolded protein response
[38),

3.1. Cell Biological Experiments after AXER Identification

Subsequent experiments with HelLa, INS-1, and CHO cells provided evidence that SLC35B1 transports ATP into
the ER as energy source for the folding process mediated by ER luminal chaperones “ In addition, this work
provided novel insights into questions about maintenance and re-supply of ER energy homeostasis. AXER was
proposed to be part of another regulatory mechanism, termed Ca2*-antagonized transport into the ER or CaATIER,
which was proposed to guarantee sufficient ATP supply to the ER on the long term (Figure 3). The initial
experimental data to characterize this putative signaling pathway demonstrated that mitochondria supply ATP to
the ER and a SERCA-dependent Ca2* gradient across the ER membrane is necessary for ATP transport into the
ER via AXER. The following scenario was suggested: “Under physiological conditions, increases in cytosolic Ca2*
inhibit ATP import into the ER lumen to limit ER ATP consumption”. Furthermore, “ER protein mis-folding increases
ATP uptake from mitochondria into the ER’Z. Initially, even in the experiments which gave rise to the CaATIER
model, the previously observed almost instantaneously increase in ER ATP levels was observed as a short-term
and short-distance (i.e. the immediate ER neighborhood) response to SERCA inhibition over a period of five

minutes, i.e. Ca?* efflux from the ER into the cytosol.

These findings raise the possibility that there may actually be two phases associated with Ca%*-coupled ER ATP
homeostasis (Figure 3). A first phase that corresponds to lowER and a second one that was termed CaATIER.
Such a biphasic adaptation scenario would be consistent with the observations that in HelLa cells the ATP for ER
uptake is initially supplied mainly by anaerobic glycolysis and subsequently by oxidative phosphorylation and that
there are cell-type specific variations, possibly reflecting the different ratios between substrate level- and oxidative-
phosphorylation of ADP in different cell-types and under different metabolic conditions. The question is what the
benefit of having these two phases may be. In the experiments, which gave rise to the CaATIER model, the authors
also studied the effect of protein mis-folding in the ER and observed that it stimulates Ca2* transfer from the ER to
mitochondria and that ER ATP homeostasis becomes more dependent on oxidative phosphorylation. Therefore, we
proposed that lowER may describe the ad hoc regulation of ER homeostasis under physiological conditions, i.e.
whenever the ATP to ADP ratio drops in the ER, to prevent problems of protein mis-folding and that CaATIER may
best describe patho-physiological conditions such as protein mis-folding, where the demand for ATP becomes
particularly high. Thus, the two regulatory mechanisms of AXER are probably two successional phases of the same

signaling response 211,

3.2. Biochemical Experiments after AXER Identification
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More recently, classical biochemical approaches were employed to characterize the human AXER after its
expression in yeast 42, The purified and reconstituted exchanger was extensively characterized with respect to
affinities as well as transport rates and found to have a more than ten times higher affinity for ATP on the assumed
cytosolic face of the proteoliposomal membrane than on the luminal side. In this experimental setting, SLC35B1
exhibited apparent Ky, and V. values for ATP of 72.5 7.0 uM and 13.5 pmol mg protein’t min"t. Furthermore,
AXER accepted the di- and tri-nucleotides -most notably UDP and UTP- as substrates but not mono-nucleotides
and nucleotide sugars. It was concluded that AXER promotes ATP import into the ER in exchange for ADP as well
as UDP, which both represent the side products in folding and N-glycosylation of newly-synthesized proteins in the
ER lumen.

3.3. Novel Mechanistic Insights Based on Structural Biology

Most recent work further validated the physiological functions, structure and transport mechanism of human
AXERM3]. The purified exchanger was characterized after its expression in yeast by a whole plethora of
biochemical/biophysical techniques and by cryo-EM. Thermal shift assays and STD-NMR demonstrated that AXER
binds ATP and ADP with high affinity but AMP and UDP-galactose with negligible affinity. Reconstituted AXER
confirmed this substrate preferences and showed a turnover rate of 12 ATP min™1, which is much higher than the
Keat Of BiP (0.013 ATP min't) and has to be seen in the context of the concentrations of the two proteins in HeLa
cells (BiP, 8.253 pM; SLC35B1, 17.6 nM) [23l. The seven cryo-EM structures confirmed the expected DMT-fold but,
in contrast to other DMTSs, did not indicate an ability to form a homodimer. Thus, the exchanger comprises two
structurally similar four-transmembrane helix bundles that are made up from two overlooking V-shaped
transmembrane helical pairs. The structures also elucidated an asymmetry between the cytosol- and lumen-facing
substrate binding sites and, therefore, suggested a stepwise ATP translocation mechanism, which includes vertical
repositioning of the substrate and represents a novel model for substrate translocation by an SLC transporter.
Furthermore, AXER was observed to be one of the five most essential SLCs in a CRISPR-Cas9 screen with human

colon cancer HCT116 cells.
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