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ABSTRACT
The creatine transporter-1 (CRT-1/SLC6A8) maintains the uphill
transport of creatine into cells against a steep concentration gra-
dient. Cellular creatine accumulation is required to support the
ATP-buffering by phosphocreatine. More than 60 compounds
have been explored in the past for their ability to inhibit cellular
creatine uptake, but the number of active compounds is very lim-
ited. Here, we show that all currently known inhibitors are full alter-
native substrates. We analyzed their structure–activity relationship
for inhibition of CRT-1 to guide a rational approach to the synthesis
of novel creatine transporter ligands. Measurements of both inhibi-
tion of [3H]creatine uptake and transport associated currents al-
lowed for differentiating between full and partial substrates
and true inhibitors. This combined approach led to a refined
understanding of the structural requirements for binding to
CRT-1, which translated into the identification of three novel
compounds - i.e., compound 1 (2-(N-benzylcarbamimida-
mido)acetic acid), MIPA572 (5carbamimidoylphenylalanine),
and MIPA573 (5carbamimidoyltryptophane) that blocked CRT-

1 transport, albeit with low affinity. In addition, we found two
new alternative full substrates, namely MIPA574 (carbamimi-
doylalanine) and GiDi1257 (1-carbamimidoylazetidine-3-car-
boxylic acid), which was superior in affinity to all known CTR-1
ligands, and one partial substrate, namely GiDi1254 (1-carbami-
midoylpiperidine-4-carboxylic acid).

SIGNIFICANCE STATEMENT
The creatine transporter-1 (CRT-1) is required to maintain intra-
cellular creatine levels. Inhibition of CRT-1 has been recently
proposed as a therapeutic strategy for cancer, but pharmaco-
logical tools are scarce. In fact, all available inhibitors are alter-
native substrates. We tested existing and newly synthesized
guanidinocarboxylic acids for CRT-1 inhibition and identified
three blockers, one partial and two full substrates of CRT-1.
Our results support a refined structural understanding of ligand
binding to CRT-1 and provide a proof-of-principle for blockage
of CRT-1.

Introduction
Lipid membranes act as barriers to the diffusion of sol-

vated molecules. Membrane transport proteins of the solute
carrier (SLC) superfamily bind these solutes as their

substrates and translocate them across the cell surface and
organellar membranes. Thus, solute carriers play a pivotal
role in preserving cellular homeostasis. Accordingly, muta-
tions in members of the SLC group play causative or modify-
ing roles in human diseases (Bhat et al., 2021). Conversely,
SLC transporters represent promising drug targets for thera-
peutic interventions (Wang et al., 2020; Casiraghi et al.,
2021). Pharmacological tools are also indispensable for inter-
rogating the physiological role of transporters and their
conformational cycle. This is illustrated by the monoamine
transporters, i.e., the transporters for norepinephrine, dopa-
mine- (DAT/SLC6A3), and serotonin (SERT/SLC6A4): they
are the most extensively studied solute carriers (C�esar-
Razquin et al., 2015). This is, in part, due to their medical
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relevance as targets of therapeutic and illicit drugs. Accord-
ingly, diverse chemotypes have been identified as ligands:
the resulting rich pharmacology (Sitte and Freissmuth,
2015) comprises typical inhibitors, which bind to the out-
ward facing state, atypical inhibitors, which trap trans-
porters in the inward facing state and which act as
noncompetitive or uncompetitive inhibitors (Jacobs et al.,
2007; Bulling et al., 2012; Bhat et al., 2023), allosteric
modulators (Niello et al., 2020), and full and partial sub-
strates, which can switch monoamine transporters into the
exchange mode and thereby act as full and partial releasers of
endogenous neurotransmitters (Bhat et al., 2019; Hasenhuetl
et al., 2019).
In contrast to monoamine transporters, glucose transporters,

and a few ion transporters, the vast majority of solute carriers
are understudied (C�esar-Razquin et al., 2015). In many instan-
ces, progress in defining their physiological role is hampered
by the lack of high-affinity inhibitors. This is also true for the
creatine transporter-1(CRT-1/SLC6A8): CRT-1 mediates the
high-affinity uptake of its eponymous substrate and does so
with a remarkable concentrative power (Farr et al., 2022). The
intracellular accumulation of creatine to millimolar levels is
necessary to supply muscle and neurons with adequate levels
of phosphocreatine, which serves as an ATP-buffer (Wyss and
Kaddurah-Daouk, 2000). In fact, the physiological importance
of human CRT-1 is most readily evident from the phenotypic
consequences of inactivating mutations in the gene encoding
CRT-1. The resulting syndrome, is referred to as creatine
transporter deficiency syndrome and is associated with intel-
lectual disability, epileptic seizures, delayed speech acquisition,
and autism (van de Kamp et al., 2013; Farr et al., 2020). Many
of the inactivating mutations cause defective folding of CRT-1;
in some instances, the folding deficiency can be restored by
chemical chaperoning (El-Kasaby et al., 2019). Atypical inhibi-
tors have been shown to rescue folding-deficient mutants of
other SLC6 family members, i.e., SERT and DAT (El-Kasaby
et al., 2010, 2024; Kasture et al., 2016, Beerepoot et al., 2016;
Asjad et al., 2017; Bhat et al., 2017, 2021, 2023), the glycine
transporter-2 (GlyT2/SLC6A5; de la Rocha-Mu~noz et al., 2021),
and the GABA-transporter-1 (GAT-1/SLC6A1; Kasture et al.,
2023). Their binding to folding intermediates smoothens the
energy landscape and promotes the completion of the folding
trajectory of the mutated transporters. Thus, their pharmaco-
chaperoning action restores export of the mutated transporter
from the endoplasmic reticulum to the cell surface in function-
ally active form (Chiba et al., 2014; Freissmuth et al., 2018).
Hence, it is justified to posit that misfolded CRT-1 variants are
also amenable to pharmacochaperoning provided that (atypi-
cal) inhibitors are available. In addition, CRT-1 is expressed in
many tissues other than striated muscle and neurons. In fact,
it has been argued that blockage of CRT-1 is a useful strategy
for targeting cancer cells, which overexpress CRT-1 (Stary and
Bajda, 2023). Exploring these avenues requires inhibitors of
CRT-1. However, currently, there are no CRT-1 inhibitors
which arrest the transport cycle. All known inhibitors are, in
fact, alternative substrates. Here, we extracted information on
their structural requirements for binding to CRT-1 to search
for compounds capable of blocking transport. Uptake inhibition
yields reliable affinity estimates but does not allow for differen-
tiating between alternative substrates, which are translocated
and thus accumulate within cells, and true inhibitors, which

impose a conformational trap and thereby arrest the transport cy-
cle. Accordingly, we relied on both uptake inhibition assays and
electrophysiological recordings to classify existing and newly syn-
thesized compounds. Our approach identified three compounds,
which acted as transport blockers of CTR-1, albeit of low-affinity.

Materials and Methods
Materials. Human embryonic kidney 293 (HEK293) cells were

bought from American Type Culture Collection (CRL-1573, Manas-
sas, Virginia), authenticated by short tandem repeats profiling at the
cell culture core facility of the Medical University of Graz, Austria,
and tested on a regular basis for mycoplasma contamination by 40,6-
diamidino-2-phenylindole staining. All antibiotics were purchased
from InvivoGen (San Diego, CA, USA). Penicillin–streptomycin
stock solution (10.000 units/ml 5 6 mg/ml penicillin and 10 mg strep-
tomycin/ml) and Hanks’s balanced salt solution were from Sigma-Al-
drich. Cell culture media, salts, and buffers were obtained from
Sigma-Aldrich (St. Louis, Missouri) except for Mg(CH3COO�)2 and
KH2PO4, which were purchased from Merck KGaA (Darmstadt, Ger-
many). Fetal bovine serum was obtained from Capricorn Scientific
(Ebsdorfergrund, Germany). The transfection reagents jetPRIME and
polyethylenimine (linear 25 kDa) were purchased from Polyplus-trans-
fection (New York City, New York) and from Santa Cruz Biotechnol-
ogy (Dallas, Texas), respectively. The cDNA encoding the human
creatine transporter-1/CRT-1 (transcript variant 1; SC116601) was
originally bought from Origene (Rockville, Maryland) and inserted
into the pEYFP-N1 vector from Clontech (Mountainview, California)
to yield a version harboring YFP at the C-terminus (El-Kasaby et al.,
2019). [3H]Creatine (creatine [N-methyl-3H], specific activity 75 Ci/
mmol) and scintillation mixture (Rotiszint eco plus) were purchased
from American Radiolabeled Chemicals (St. Louis, Missouri) and from
Carl Roth GmbH (Karlsruhe, Germany), respectively.

Compounds were obtained from the following suppliers: crea-
tine, cyclocreatine, 1-fluoro-2,4-dinitrobenzene (FDNB), compound 8
(53-amino-1H-1,2,4-triazole-5-carboxylic acid), compound 9 (52-
aminobenzimidazole), compound 10 (5guanidinobenzoic acid),
guanidinoacetate (GAA), guanidinobutyrate (GBA), and guanidino-
propionate (GPA) were from Sigma-Aldrich St. Louis, Missouri.
2-Amino-1,4 ,5 ,6-tetrahydropyrimidine-5-carboxylic acid
(ATPCA), L-arginine, L-homoarginine, compound 1 (52-(N-benzyl-
carbamimidamido) acetic acid), compound 2 (52-(2H-1,2,3-triazol-2-
yl)acetic acid), compound 3 (52-(5-amino-2H-1,2,3,4-tetrazol-2-yl)acetic
acid), compound 4 (52-(5-amino-3-methyl-1H-pyrazol-1-yl)acetic acid
hydrochloride), compound 5 (51H-1,2,4-triazole-5-carboxylic acid), com-
pound 6 (54-guanidinomethylbenzoic acid), compound 7 (52-guani-
dino-glutaric acid 5 (2S)-2-carbamimidamidopentanedioic acid), and
guanidinosuccinate (5 (2S)-2-carbamimidamidobutanedioic acid) were
from AKos Consulting and Solutions GmbH (L€orrach, Germany).

Experimental Procedures for the Synthesis of Guanidino-
carboxylic Acids. Compounds for chemical synthesis were obtained
from different chemical suppliers (Sigma-Aldrich, TCI Chemicals,
ThermoScientific, TitolChimica, ActivateScientific, Acros Organics,
Alfa Aesar) and used without further purification. Reaction progress
was monitored by thin-layer chromatography (TLC) performed on alu-
minum plates coated with silica gel F254 with 0.2 mm thickness.
Chromatograms were visualized by fluorescence quenching with
ultraviolet light at 254 nm or by staining using potassium per-
manganate solution. Near infrared spectra were recorded using a
Perkin-Elmer Spectrum 100 FT-IR spectrometer. Wavenumbers
(�max) are reported in cm�1. Mass spectra were obtained using a
Finnigan MAT 8200 or (70 eV) or an Agilent 5973 (70 eV) spec-
trometer, using electrospray ionization. All 1H-NMR and 13C-
NMR spectra were recorded using a Bruker AV-400 or AV-600 or
AV 700 spectrometer at 300 K. Chemical shifts were given in
parts per million (ppm, d), referenced to the solvent peak of D2O,
defined at d 5 4.79 ppm (1H-NMR). Coupling constants are quoted
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in Hz (J). 1H-NMR splitting patterns were designated as singlet
(s), doublet (d), triplet (t), and quartet (q). Splitting patterns that
could not be interpreted or easily visualized were designated as
multiplet (m) or broad (br).

The guanidino carboxylic acids were synthesized as racemic mix-
tures according to procedures reported by Jursic et al. (2000).

General Procedure A. NaOH (0.23 mol, 2.30 equiv.) was added to
a solution of the corresponding amino acid (1.00 equiv. in water, 5.75 M)
at room temperature, followed by a portion-wise addition of formamidi-
nesulfinic acid (0.115 mol, 1.15 equiv.) over 30 minutes. The resulting
viscous suspension was stirred at room temperature for 14 hours and
subsequently heated to 60�C under continuous stirring for 30 minutes.
The suspensionwas allowed to cool to room temperature before the crys-
talline product was filtered off andwashedwith coldmethanol.

General Procedure B. NaOH (0.23 mol, 2.30 equiv.) was added
to a solution of the corresponding amino acid (1.00 equiv. in water,
5.75 M) at room temperature, followed by a portion-wise addition of
formamidinesulfinic acid (0.115 mol, 1.15 equiv.) over 30 minutes.
The resulting viscous suspension was stirred at room temperature
for 14 hours and subsequently heated to 60�C under continuous stir-
ring for 30 minutes. The suspension was allowed to cool to room tem-
perature. Subsequently, ethanol (3 ml) and toluene (3 ml) were
added and the solvents were evaporated at �30�C under reduced
pressure. This procedure was repeated twice to remove traces of H2

O. The solid residue was slurried into methanol (10 ml) and refluxed
for three hours. The solids were filtered off by hot filtration and the
methanolic solution was concentrated. The product was crystallized
from methanol by slow evaporation at room temperature and the
crystals were separated by filtration.

2-Guanidino-2-Methylpropanoic Acid (GiDi1253).

The title compound was synthesized from 2-aminoisobutyric acid
(4.85 mmol) following General Procedure B and was obtained as a
white solid (277 mg, 39%).

1H NMR (600 MHz, D2O) d 1.48 (s, 6H);
13C NMR (151 MHz, D2O) d 169.2, 151.5, 48.8, 14.5 (2C);
FTIR: � 3042, 3028, 2939, 2843, 2802, 2613, 1636, 1303, 1576,

1542, 1470, 1459 cm�1.
1-Carbamimidoylpiperidine-4-Carboxylic Acid (GiDi1254).

The title compound was synthesized from 4-piperidinecarboxylic
acid (3.87 mmol) following General Procedure B and was obtained as
a white solid (55 mg, 8%).

1H NMR (600 MHz, D2O) d 3.82 (d, J 5 13.6 Hz, 2H), 3.18 – 3.09
(m, 2H), 2.46 (tt, J 5 11.4, 4.0 Hz, 2H), 1.95 (dd, J 5 13.7, 3.2 Hz,
2H), 1.63 (ddd, J 5 25.3, 11.9, 4.0 Hz, 2H);

13C NMR (151 MHz, D2O) d 178.5, 150.9, 40.6 (2C), 38.5, 23.2 (2C);
HRMS (ESI1): exact mass calculated for [M1H]1 (C7H14N3O2

1)
requires m/z 172.1081, found m/z 172.1081;

FTIR: � 2962, 1545, 1491, 1366, 1088, 1013, 826, 737 cm�1.
Carbamimidoylproline (GiDi1255).

The title compound was synthesized from DL-proline (4.34 mmol)
following General Procedure A and was obtained as a white solid
(317 mg, 46%).

1H NMR (600 MHz, D2O) d 4.28 (dd, J 5 8.6, 2.9 Hz, 1H), 3.57 (td,
J 5 9.0, 3.7 Hz, 1H), 3.48 (dd, J 5 16.8, 8.8 Hz, 1H), 2.36 – 2.26 (m,
1H), 2.21 – 2.13 (m, 1H), 2.08 – 2.01 (m, 1H), 2.01 – 1.91 (m, 1H);

13C NMR (151 MHz, D2O) d 168.6, 145.6, 53.2, 38.6, 21.8, 14.1;
HRMS (ESI1): exact mass calculated for [M1H]1 (C6H12N3O2

1)
requires m/z 158.0924, found m/z 158.0924;

FTIR: � 3219, 3063, 3041, 2995, 2363, 1681, 1587, 1310, 1299,
1272, 855, 798, 769 cm�1.

1-Carbamimidoylazetidine-3-Carboxylic Acid (GiDi1257).

The title compound was synthesized from azetidine-3-carboxylic
acid (9.59 mmol) following General Procedure B and was obtained as
a white solid (400 mg, 29%).

1H NMR (600 MHz, D2O) d 4.30 (t, J 5 8.9 Hz, 2H), 4.17 (dd, J 5
8.5, 6.0 Hz, 2H), 3.45 (tt, J 5 9.2, 6.0 Hz, 1H);

13C NMR (151 MHz, D2O) d 177.7, 153.9, 51.2 (2C), 31.9;
HRMS (ESI1): exact mass calculated for [M1H]1 (C5H10N3O2

1)
requires m/z 144.0768, found m/z 144.0763;

FTIR: � 2962, 1545, 1491, 1366, 1088, 1013, 826, 737 cm�1.
Carbamimidoylphenylalanine (MIPA572).

The title compound was synthesized from DL-phenylalanine (25
mmol) following General Procedure A and was obtained as a white
solid (152 mg, 2.9%).

1H NMR (700 MHz, D2O) d 7.40 (t, J 5 7.4 Hz, 2H), 7.34
(t, J 5 7.4 Hz, 1H), 7.31 (d, J 5 7.4 Hz, 2H), 4.22 (dd, J 5 8.0, 4.8
Hz, 1H), 3.27 (dd, J 5 14.1, 4.7 Hz, 1H), 3.01 (dd, J 5 14.1, 8.0 Hz,
1H);

13C NMR (175 MHz, D2O) d 176.4, 156.2, 136.9, 129.3 (2C), 128.7
(2C), 127.1, 57.9, 37.8;

HRMS (ESI1): exact mass calculated for [M1H]1 (C10H14N3O2
1)

requires m/z 208.1081, found m/z 208.1087;
FTIR: � 2005, 1958, 1693, 1587, 1374, 880, 824, 723, 700 cm�1.
Carbamimidoyltryptophan (MIPA573).

The title compound was synthesized from DL-tryptophan (25
mmol) following General Procedure A and was obtained as a white
solid (531 mg, 8.8%).

1H NMR (700 MHz, D2O) d 7.71 (d, J 5 7.9 Hz, 1H), 7.53 (d, J 5
8.2 Hz, 1H), 7.30 – 7.24 (m, 2H), 7.21 – 7.17 (m, 1H), 4.30 (dd, J 5
7.4, 4.7 Hz, 1H), 3.45 (dd, J 5 14.9, 4.6 Hz, 1H), 3.22 (dd, J 5 14.9,
7.4 Hz, 1H);

13C NMR (175 MHz, D2O) d 176.8, 156.2, 136.1, 127.1, 124.5,
121.8, 119.3, 118.5, 111.8, 109.4, 57.4, 27.7;
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HRMS (ESI1): exact mass calculated for [M1H]1 (C12H15N4O2
1)

requires m/z 247.1190, found m/z 247.1195;
FTIR: � 3798, 3273, 2570, 2179, 1862, 846, 773 cm�1.
Carbamimidoylalanine (MIPA574).

The title compound was synthesized from DL-alanine (25 mmol)
following General Procedure A and was obtained as a white solid
(139 mg, 3.6%).

1H NMR (700 MHz, D2O) d 3.99 (q, J 5 7.1 Hz, 1H), 1.43 (d, J 5
7.1 Hz, 3H);

13C NMR (175 MHz, D2O) d 178.5, 156.2, 52.3, 17.8;
HRMS (ESI1): exact mass calculated for [M1Na]1 (C4H9N3O2Na1)

requires m/z 154.0587, found m/z 154.0590;
FTIR: � 3919, 3127, 2272, 2188, 1952, 1129, 863, 621, 604 cm�1.
Cell Culture and Transfections of HEK293 Cells. HEK293

cells were purchased from ATCC (CRL-1573, ATCC, Manassas, VA,
USA; RRID:CVCL_0045). HEK293 cells were cultured in Dulbecco’s
modified Eagle’s medium containing high glucose (4.5 g/L 5 25 mM),
L-glutamine (584 mg/L 5 4 mM), 10% fetal bovine serum, 0.6 g/L
penicillin and 0.1 g/L streptomycin in a humidified atmosphere con-
taining 5% CO2 at 37�C. For electrophysiological recordings, cells
were split every 2–4 days to maintain subconfluent cultures (conflu-
ency < 50%). The cells were transiently transfected with a plasmid
encoding C-terminally YFP-tagged human CRT-1 with jetPRIME (3 lg
DNA/6 cm dish) and polyethylenimine (20 lg DNA/15 cm dish) for
patch clamp experiments and for uptake experiments according to the
manufacturer’s protocol, respectively. These ratios gave comparable
transfection efficiency. One day after the transfection, cells were seeded
at low density onto 3.5 cm dishes precoated with poly-D-lysine for elec-
trophysiological measurements. Similarly, 24 hours after transfection,
cells were seeded onto 96-well (36.000 cells/well) plates for uptake inhi-
bition experiments.

Cell Culture and Transfection of Hippocampal Neurons.
Pregnant Sprague-Dawley rats were provided by the Department of
Biomedical Research, Division for Laboratory Animal Science and Ge-
netics, Himberg, Austria. Neonatal animals were killed by decapitation
in full accordance with all rules of the Austrian animal protection law
(see http://www.ris.bka.gv.at/Dokumente/BgblAuth/BGBLA_2012_I_
114/BGBLA_2012_I_114.pdf) and the Austrian animal experiment
by-laws (see http://www.ris.bka.gv.at/Dokumente/BgblAuth/BGBLA_
2012_II_522/BGBLA_2012_II_522.pdf) which implement European
(DIRECTIVE 2010/63/EU; see http://eurlex.europa.eu/LexUriServ/
LexUriServ.do?uri=OJ:L:2010:276:0033:0079:en:PDF) into Austrian
law (all information accessed on August 30th, 2019). The responsible ani-
mal welfare body is the Ethics Committee of the Medical University of Vi-
enna for Research Projects Involving Animals. Brains were removed to
dissect the hippocampi in ice-cold buffer. Primary cocultures of hippocam-
pal neurons and glial cells were prepared after enzymatic digestion of the
tissue with papain and mechanical dissociation with Pasteur pipettes
(trituration) as described previously (Hotka et al., 2020). Neurons were
cultured for at least 12 days at 37�C and 5% CO2 in DMEM-high glucose
(20 mm glucose; D5796, Sigma-Aldrich) supplemented with 10% gam-
ma-irradiated fetal bovine serum (catalog #S 0415, Biochrom). Transfec-
tions of neurons were performed using Lipofectamine 2000 reagent
(Invitrogen, Thermo Fisher Scientific) according to the manufacturer’s in-
structions with some modifications. In brief, neuronal cultures older than
12 days-in-vitro (DIV) were incubated in 0.5 ml of antibiotic-free medium
containing 3 ll of Lipofectamine and 1 lg of plasmid DNA for 3 hours.
The transfection medium was replaced with original medium and the
neurons were kept for 3 days in the incubator. Experiments were per-
formed on day 3 after transfection.

Uptake Inhibition. Twenty-four hours after seeding, HEK293
cells were washed twice with Hank’s balanced salt solution and

incubated therein for 30 minutes at 37�C and under 5% CO2. Subse-
quently, the solution was replaced by Krebs-HEPES buffer (10 mM
HEPES. NaOH, 4.7 mM KCl, 2.2 mM CaCl2, 1.2 mM MgSO4, 10 mM
glucose, 120 mM NaCl, pH 5 7.4). In uptake inhibition experiments,
logarithmically spaced concentrations of competing substrates were
added, the reaction was initiated by adding [3H]creatine (1 lM, spe-
cific activity adjusted to 0.75 Ci/mmol with unlabeled creatine) and
allowed to proceed for 6 minutes at 37�C. Nonspecific uptake was de-
fined in the presence of 300 lM b-GPA. Assays were done in tripli-
cate. The uptake reaction was terminated by aspiration of the
solution and two rapid washes with ice cold Krebs-HEPES buffer.
Cells were lysed in 1% SDS, the lysates were transferred to scintilla-
tion vials and the radioactivity content was determined by liquid
scintillation counting. Assays were done in triplicate.

Electrophysiology. Sixteen to 24 hours after seeding, currents
were recorded from single HEK293 cells in the whole-cell patch clamp
configuration at 20–24 �C. Cells were maintained in an aqueous exter-
nal buffer (standard external solution) composed of 140 mM NaCl, 2.5
mM CaCl2, 2 mM MgCl2, 20 mM glucose and 10 mM HEPES (pH ad-
justed with NaOH to pH 7.4). The internal solution in the micropipette
contained 5.9 mM NaCl, 1 mM CaCl2, 0.7 mM MgCl2, 10 mM EGTA,
10 mM HEPES, and 133 mM K-gluconate (pH adjusted with KOH to
pH 7.2). The composition of the solutions given in the figures reflect
the ionic concentrations after pH adjustment. Compounds and solu-
tions were applied using an Octaflow II system (ALA Scientific Instru-
ments, Farmingdale, New York) and a Quartz Micromanifold (eight
tubes with an inner diameter of 100 lM for application and a ninth
tube with an inner diameter of 200 lm for flushing; fluorinated ethyl-
ene-propylene tubings) (ALA Scientific Instruments, Inc., Farmingdale,
New York). Currents were recorded via an Axopatch 200B amplifier
(MDS Analytical Technologies, Sunnyvale, California) coupled with
pClamp 10.2 software (Molecular Devices, LLC, San Jos�e, California)
and digitized at 10 kHz using a Digidata 1440 A data acquisition sys-
tem (MDS Analytical Technologies). Recordings were filtered at 100
Hz and analyzed with Clampfit 10.2 software (Molecular Devices,
LLC).

Imaging. Experiments were done as previously described (Hotka
et al., 2020): in brief, neurons and glial cells were cocultured in glass
bottom dishes (P35GC-1.5-14-C, MatTek Corporation). Before each
experiment, the culturing medium was replaced by external solution
containing 140 mM NaCl, 3 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 10
mM HEPES, and 20 mM glucose (pH was adjusted to 7.4 by NaOH).
Experiments were performed at room temperature; cells were super-
fused continuously using an 8-reservoir drug application system (Oc-
taflow II) with a micromanifold with eight channels converging into
a 100 lM diameter quartz outlet. Neurons were imaged using a Ni-
kon A1R confocal microscope equipped with a focus clamp. The ATP/
ADP ratio was determined in neurons expressing the genetically encoded
fluorescence sensor PercevalHR, with excitation at 403 nm and 488 nm
and the emission recorded at 525 nm. A region of interest was defined
over the neuronal somata and the fluorescence intensity recorded over
this area was averaged. The quotient F488/F403 reflects the intraneuro-
nal ATP/ADP ratio. The expression vector GW1-PercevalHR was a gift
from Gary Yellen (Addgene plasmid # 49082) (Tantama et al., 2013).

Ligand Docking. PDB files for the ligands were built using the
Maestro 3D Builder tool. For the compounds MIPA574, MIPA572, and
MIPA573, two enantiomeric forms exist, and PDB files were built for
both. The homology model of CRT-1 from Clarke et al. (2024) was then
used for docking the ligands. Following the docking protocol from
Clarke et al. (2024), the HADDOCK v2.4 webserver was used (first ac-
cessed on 09/10/2023) (Honorato et al., 2021; van Zundert et al., 2016).
In all docking runs, the Cl� and Na1 cosubstrate ions were present,
and the truncated protein (residues 46 to 603) was used. All parame-
ters were kept as the default HADDOCK run parameters. Subsequent
to the HADDOCK docking, the best models of the top five clusters
were selected for further analysis. For these models, the distance be-
tween NA1 of CRT-1 and the carbon atom of the carboxylic acid moiety
of the ligand was calculated. In Clarke et al. (2024), the distance
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between these two atoms did not exceed 0.6 nm. Consequently, any
docked models where the distance between these two atoms exceeded
0.6 nm was discarded. Of the remaining models, the model with the
highest score according to the HADDOCK scoring function was selected
as the top pose. Visualization of the docked pose used the Maestro Li-
gand Interaction Diagram (two-dimensional diagrams) and UCSF Chi-
mera (three-dimensional diagrams).

Data Analysis and Statistics. Uptake assays were done in trip-
licate, which were averaged to obtain data points (i.e., experimental
means in individual assays), and were reproduced three to four times
in independent experiments. These data points from these individual
assays were used to calculate means ± S.D. Data from saturation
and inhibition uptake experiments were fitted by curvilinear regres-
sion to the equation for a rectangular hyperbola using GraphPad
Prism 6 (Graphpad Software, San Diego, California) or Sigma Plot
12.0 (Systat Software, Inc. (San Jose, California). The statistical com-
parison of current amplitudes and of fluorescence intensities was
done by paired t test and by Wilcoxon signed rank test for data,
which followed and did not follow a normal distribution, respectively.

Results
Structural Requirements for Inhibition of Substrate

Uptake by CRT-1. We searched the published literature for
compounds, which had been tested as inhibitors of creatine
uptake by (mammalian) tissues or by cells, which heterolo-
gously expressed CRT-1: this survey identified 65 com-
pounds, which had been previously analyzed. Of these, 13
(shown in Fig. 1 and Supplemental Fig. 1) were reported to
convey inhibition of creatine uptake (the references to the rel-
evant studies can be found in Supplemental Tables 1 and 2):
all inhibitors – but ATPCA II and taurocyamine – harbored
both the guanidino and the carboxyl group present in crea-
tine, separated by one to three carbon atoms. In our first
round of screening, we selected commercially available com-
pounds with structural similarity to creatine to further probe
the importance of the guanidino group and/or the carboxylate
(structures shown in Fig. 1A). We first measured the uptake
of [3H]creatine into HEK293 cells transiently transfected
with CRT-1 in the presence of a high concentration (i.e., 1
mM) of these commercially available substances. As controls,
we included known CRT-1 inhibitors (i.e., GAA, GPA, GBA,
ATPCA, and cyclocreatine) and endogenous guanidinocarbox-
ylic acids, which are either known (i.e., guanidinosuccinate
and arginine) or suspected (i.e., homoarginine; Lygate et al.,
2022) not to inhibit CRT-1. At 1 mM, unlabeled creatine
completely inhibited [3H]creatine uptake as did the positive
controls GPA, ATPCA, and cyclocreatine (Fig. 1B). As ex-
pected, compounds containing only one of the two pertinent
functional groups (i.e., compounds 2 and 9) failed to inhibit
CRT-1-mediated creatine uptake. Among the other guanidi-
nocarboxylic acids, only compound 1 led to inhibition (36.43 ±
3.84% of control uptake). The structures of GAA and GBA
differ only modestly from that of creatine and GPA
(Supplemental Fig. 1). However, at 1 mM both GAA and
GBA did not fully inhibit [3H]creatine uptake (Fig. 1B).
In addition, there is large variation in the reported affinity of
GAA (see Table 1). Accordingly, we generated concentration-
response curves for compound 1, GPA (as a reference), com-
pound 10 (as negative control), GAA, and GBA (Fig. 1C). Except
for compound 10, the concentration-dependent inhibition of
[H3]creatine uptake was adequately described by a monopha-
sic inhibition curve. The inhibition constant (Ki) of compound

1 was 407.8 ± 52.1 lM (Table 1). The Ki of GPA (15.7 ±
1.4 lM) was in the range previously reported (Table 1). The Ki

values of GAA (106.7 ± 14.8 lM) and GBA (108.4 ± 18.8 lM)
were essentially identical and were lower than deter-
mined in earlier experiments (Table 1). GAA, GPA, and
GBA differ only by the length of the alkyl chain separat-
ing the guanidino and the carboxyl group. The fact that
GAA and GBA are substantially less potent than GPA in-
dicates that the distance between the carboxylate and the
guanidino group is an important determinant of affinity. Simi-
larly, the lower affinity of GAA than that of creatine highlights
a contribution of the methyl addition to the guanidino group
on creatine to its affinity. Compound 1 differs from creatine by
the additional bulky phenyl-substituent, which confers a lower
affinity.
Differentiating between Alternative Substrates and

Blockers of CRT-1. For each molecule of creatine, CRT-1
cotransports two sodium ions and one chloride ion (Farr
et al., 2022). Creatine does not carry any net charge. Therefore,
one positive charge is transferred across the cell membrane dur-
ing each transport cycle of CRT-1. As outlined in Fig. 2A, (co)-
substrate translocation by CRT-1 therefore produces
steady-state currents, which can be measured by electro-
physiological recordings (Farr et al., 2022). Accordingly, we
employed the patch clamp technique to study the ability of
CRT-1 to translocate different compounds: we clamped the
membrane voltage of HEK293-cells to -60 mV and employed
physiological extra- and intracellular ion concentrations (in-
dicated in Fig. 2A). HEK293 cells transiently expressing
CRT-1 were first superfused with a saturating concentration
of creatine (i.e., 500 lM) to elicit steady-state currents (repre-
sentative current traces in Fig. 2B, left hand side). The ab-
sence of currents in untransfected HEK293 cells (Fig. 2B,
right hand side) confirmed that creatine-elicited currents were
carried by CRT-1. After washout of creatine with external solu-
tion, cells were sequentially subjected to superfusion with dif-
ferent compounds. Substrate-induced currents through CRT-1
are coupled to substrate translocation (Farr et al., 2022). In
line with the results from Fig. 1B, compounds 2-10, arginine,
homoarginine and guanidinosuccinate did not trigger CRT-1
mediated currents at a concentration of 1 to 3 mM (data not
shown). GAA, GPA, GBA, ATPCA and cyclocreatine were pre-
viously shown to be transported by CRT-1 (Tachikawa et al.,
2008; Valayannopoulos et al., 2013; Al-Khawaja et al., 2018;
Farr et al., 2022). However, transport rates of these substrates
of CRT-1 have never been compared in a pairwise manner to
the transport rate of creatine in the same individual cells.
Therefore, it remained unclear if they were transported with
the same maximum rates by CRT-1 as creatine, that is if they
are full or partial substrates. Partial substrates are translo-
cated at a slower rate than full substrates (Rothman et al.,
2012). Current equals charge transfer over time. Therefore,
amplitudes of transport-associated currents reflect the rate of
transport such that, in patch-clamp recordings, partial sub-
strates elicit smaller current amplitudes than full substrates
(Sandtner et al., 2016; Bhat et al., 2017). Partial substrates of-
fer an avenue to identifying inhibitors: there is a continuum,
which extends from full over partial substrates eventually to
blockers, which are accommodated in the substrate binding
site but impede the conformational transition(s) required for
supporting the transport cycle (Sandtner et al., 2016; Hasen-
huetl et al., 2019). Accordingly, we used concentrations of
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GAA, GPA, GBA, ATPCA, and cyclocreatine, which based on
their Ki values (see Fig. 1C and Table 1), were predicted to re-
sult in >90% occupancy of CRT-1. In cells expressing CRT-1,
GAA, GPA, GBA, ATPCA, and cyclocreatine triggered steady-
state currents, which were comparable in magnitude to that
elicited by 0.5 mM creatine (Fig. 2B, left hand side). Fig. 2C
summarizes the pairwise recordings from multiple cells. Tran-
sient transfection results in variable expression levels. Hence,
we observed cell-dependent variation in the amplitude of
steady state currents (the amplitudes induced by creatine,
GAA, GPA, GBA, ATPCA, and cyclocreatine ranged from �3.2
to �35.7 pA, �6.3 to �20.0 pA, �9.3 to �36.3 pA, �5.5 to
�12.0 pA, �5.3 to �13.5 pA and �8.3 to �38.8 pA, respec-
tively). However, a pairwise comparison by the Wilcoxon-signed
rank test showed that, when recorded in the same cell, cur-
rent amplitudes elicited by creatine and alternative sub-
strates did not differ in a statistically significant manner
(Fig. 2C). Thus, based on these data, we conclude that all
known substrates of CRT-1 are full substrates. In contrast,
compound 1 did not elicit measurable currents through CRT-
1 (Fig. 2, B and C), although it was used at a concentration (3
mM), which inhibited creatine uptake by approximately 90%
(cf. Fig. 1C). We stress that this compound does not carry a

net charge. Therefore, its translocation by CRT-1 together
with the cosubstrate ions ought to produce currents. Hence,
we conclude that compound 1 is not transported by CRT-1,
i.e., compound 1 is an inhibitor of CRT-1.
Rational Synthesis of Novel Guanidino-Carboxylic

Acids. Compounds 6, 10, and ATPCA contain a 6-membered
ring. The distance between the guanidine and carboxylic
group in compounds 6 and 10 is larger than in ATPCA by 1
and 2 carbon atoms, respectively. In contrast to ATPCA, com-
pounds 6 and 10 failed to inhibit CRT-1. We therefore in-
ferred that in compounds 6 and 10, the distance between the
functional groups exceeded the upper limit required for CRT-
1 binding. Notably, GBA remained a full substrate like GPA
(cf. Fig. 2C), although the extra carbon in GBA was penalized
by a 7-fold reduction in affinity (Table 1). Smaller guanidino-
carboxylic acids harboring additional charges (i.e., compounds
5 and 7 and guanidinosuccinate) failed to inhibit CRT-1. There-
fore, we surmised that preserving the zwitterionic character
would favor binding to CRT-1. The presence of an aromatic res-
idue in the linker region as found in compound 1 precluded
translocation by CRT-1 but was penalized by a poor affinity.
We relied on a homology model of CRT-1, which is based on

the structure of SERT (Clarke et al., 2024), for docking of

Fig. 1. Inhibition of CRT-1-mediated [3H]creatine up-
take. (A) Structure of creatine and of commercially avail-
able nitrogenous compounds, which were screened for
inhibition of CRT-1. GAA 5 guanidinoacetate; GPA 5
guanidinopropionate; GBA 5 guanidinobutyrate; ATPCA 5
2-amino-1,4,5,6-tetrahydropyrimidine-5-carboxylic acid;
1 5 2-(N-benzylcarbamimidamido)acetic acid; 2 5 2-
(2H-1,2,3-triazol-2-yl)acetic acid; 3 5 2-(5-amino-2H-
1,2,3,4-tetrazol-2-yl)acetic acid; 4 5 2-(5-amino-3-methyl-
1H-pyrazol-1-yl)acetic acid; 5 5 3-amino-1-(carboxy-
methyl)-1H-1,2,4-triazole-5-carboxylic acid; 6 5 4-
(carbamimidamidomethyl)benzoic acid; 7 5 (2S)-2-
carbamimidamidopentanedioic acid; 8 5 3-amino-
1,2,4-triazole-5-carboxylic acid hemihydrate; 9 5 2-
aminobenzimidazol; 10 5 4-guanidinobenzoic acid.
(B) Inhibition of [3H]creatine-uptake by HEK293
cells transiently expressing CRT-1 by 1 mM of vari-
ous nitrogenous compounds (Cyclocr 5 cyclocreatine;
Gua-Succ 5 guanidio-succinate). Specific [3H]creatine
uptake in the presence of these compounds was nor-
malized to the uptake in their absence. Control up-
take (Ctrl) amounted to 9.16 ± 1.54 pmol min�1.10�6

cells and set to 100% to account for for interassay
variations. Bars represent arithmetic means ± S.D.
from three independent experiments. (C) Uptake of
[3H]creatine by HEK293 cells transiently expressing
CRT-1 in presence of increasing concentrations of
various guanidinocarboxylic acids. Specific [3H]crea-
tine uptake in the presence of inhibitors was normal-
ized to the uptake in their absence. This control
uptake was 10.4 ± 4.4 pmol min�1.10�6 cells and set
to 100% to account for interassay variations. The
lines were drawn by fitting the data points to the
equation for a monophasic inhibition curve. The ex-
tracted concentrations required for IC50 are given in
Table 1. Data are arithmetic means from three inde-
pendent experiments; error bars indicate S.D.
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ligands (Fig. 3A). The docking poses of creatine indicated that
creatine bound in an extended conformation (Fig. 3B). In ad-
dition, hydrophobic regions were identified in the vicinity of
the substrate, e.g., in the region of A69-L72 and of Y147-Y148 on

transmembrane (TM) helices TM1 and TM3, respectively
(Fig. 3B). Docking of compound 1 into the homology model of
CRT-1 indicated that the phenyl ring of compound 1 indeed
engaged Y147 and Y148 by hydrophobic contacts (Fig. 4A).

TABLE 1
Inhibitor constants for inhibition of CRT-1 mediated or tissue creatine uptake determined experimentally and compiled from the literature

Experiment
Literature

Ki (lM) Ki (lM) KM (creatine) (lM) Reference

GAA 106.7 ± 14.8 494 46 Dodd et al., 2010
3000 500 Fitch et al., 1968

GPA 15.7 ± 1.4 200 500 Fitch et al., 1968
450 21 Ku and Passow, 1980

23 ± 4 46 Schloss et al., 1994
22 20 Dai et al., 1999
9 — Al-Khawaja et al., 2018

19 ± 1 48 ± 7 Farr et al., 2022
GBA 108.4 ± 18.8 349 20 Dai et al., 1999
Compound 1 407.8 ± 52.1 — —
Cyclocreatine — 185 20 Dai et al., 1999

167 ± 10 48 ± 7 Farr et al., 2022
ATPCA — 65 — Al-Khawaja et al., 2018

105 ± 7 48 ± 7 Farr et al., 2022
N-ethyl-GAA — 1000 500 Fitch et al., 1968
ATPCA II — 670 — Al-Khawaja et al., 2018
Taurocyamine/GES — 1377 20 Dai et al., 1999

Ki values (±S.D.) of CRT-1 mediated [3H]creatine uptake given in the second column (from left) were obtained from the experiments described in Fig. 1C. The third
column from the left lists Ki values obtained from the literature (IC50 values obtained from the literature were converted to Ki values using the Cheng-Prusoff equa-
tion). The affinity of creatine determined in the respective studies (fourth column) serve as an interassay comparator. Italic references (Fitch et al., 1968; Ku and
Passow, 1980 and Dodd et al., 2010) report endogenous creatine uptake by rat skeletal muscle, erythrocytes and hippocampal neurons, respectively. In the other
references (Schloss et al., 1994; Dai et al., 1999; Al-Khawaja et al., 2018; Farr et al., 2022), creatine uptake was determined in cells heterologously expressing CRT-1.
ATPCA II 5 6-amino-2,3,4,5-tetrahydropyridine-3-carboxylic acid hydrochloride; GES, guanidinoethane sulfate.

Fig. 2. Patch clamp-recordings of currents elicited by
creatine and creatine analogs in HEK293 cells ex-
pressing CRT-1. (A) The schematic representation il-
lustrates the approach to measuring transporter-
associated currents: for each translocated substrate
CRT-1 cotransports 1 Cl� and 2 Na1 ions. If the sub-
strate is electroneutral (such as creatine), this results
in a net movement of one positive charge. Continuous
transporter cycling thus leads to steady-state cur-
rents, which can be recorded by the patch-clamp tech-
nique. The scheme also indicates the extra- and the
intracellular ion concentrations and the membrane
potential used in panels (B) and (C). (B) Representa-
tive current traces measured by patch-clamping of
CRT-1 expressing (left hand side) and untransfected
(right hand side) HEK293 cells: cells were first super-
fused with a saturating concentration (1 mM) of crea-
tine (Cr). After subsequent washout with external
solution cells were then subjected to saturating con-
centrations of 3 mM GAA, 1 mM GPA, 1 mM ATPCA,
3 mM GBA, 1 mM cyclocreatine or 1 mM compound 1.
White boxes indicate the superfusion steps. (C) Ampli-
tudes of steady state currents through CRT-1 elicited
by GAA (n 5 9; mean ± S.D.: �11.3 ± 4.1 pA), GPA
(n 5 5; �19.4 ± 11.5 pA), GBA (n 5 9; �9.1 ± 3.3 pA),
ATPCA (n 5 5; �8.3 ± 3.4 pA), cyclocreatine (n 5 5;
�17.9 ± 12.7 pA) and compound 1 (n 5 18; �0.25 ±
1.06 pA) in HEK293 cells transfected with CRT-1 at
the concentrations given in (B). Amplitudes were
paired to current amplitudes triggered by 1 mM crea-
tine for each individual cell: statistically significant
differences were found only for compound 1 (Wilcoxon
signed rank test, P < 0.0001, ****).

Full and Partial Inhibitors of CRT-1 325



These insights and additional considerations were taken into
account for a rational approach to the synthesis of additional
guanidinocarboxylic acids (Fig. 5A), which interrogated the
structural determinants of substrate affinity: (i) GiDi1255 was
devised to probe, if an altered angle between the functional
groups impeded binding to CRT-1. (ii) GPA is the CRT-1 sub-
strate with the highest known affinity. We prepared an azeti-
dine derivative (GiDi1257), positing that the rigid four-
membered architecture of GiDi1257 would minimize entropic
penalties upon binding, which ought to accelerate adoption of
the correct binding pose and therefore increase affinity (van
der Kolk et al., 2022). (iii) GAA has a lower affinity than crea-
tine. Accordingly, we also analyzed the role of the methyl group
in determining affinity: MIPA574 harbors the methyl group on
the carbon rather than the nitrogen. This allowed for gauging
if the methyl group conveyed affinity by a positive inductive ef-
fect on the neighboring nitrogen or by entering a hydrophobic
pocket in the binding site of CRT-1. GiDi1253 was used to ex-
plore if an additional methyl group translated into an affinity
gain. (iv) Compound 1 was the only CRT-1 ligand which was
not translocated (cf. Fig. 2, B and C). Compound 1 thus served
as the starting point to search for additional inhibitors rather
than alternative substrates of CRT-1. MIPA572 is a version of
compound 1 in which the methylphenyl group was attached as
steric bulk to the linker carbon rather than to the nitrogen
atom. We surmised that an unsubstituted guanidino-group
would favor CRT-1 binding because GPA is the substrate with
the highest affinity. The rationale underlying the synthesis of
MIPA573 was to examine if addition of a yet more substantial
bulk was tolerated by CRT-1. (vi) Finally, we expanded the
linker region per se by generating GiDi1254; we posited that
this compound ought to inhibit CRT-1 because it did not exceed
the suspected critical length for binding (as opposed to com-
pounds 6 and 10), but it carried more bulk between the func-
tional groups than ATPCA.
Characterization of Novel Compounds. We analyzed

the uptake of [3H]creatine in the presence of the newly syn-
thesized compounds and GPA was used as reference com-
pound. Because MIPA573 had to be dissolved in DMSO, we
included controls for DMSO carryover in the uptake assays
shown in Fig. 5, B and C. At 1 mM, GiDi1253 and GiDi1255
failed to inhibit [3H]creatine uptake (Fig. 5B). MIPA572,
MIPA573, MIPA574, and GiDi1254 displayed modest inhibi-
tion, thus supporting our hypothesis that addition of neutral
bulk to guanidinoacetate was tolerated to some extent by
CRT-1 (Fig. 5B). GiDi1257 was the only compound leading to
full inhibition of creatine uptake at a concentration of 1 mM
(Fig. 5B). We generated concentration–response curves for in-
hibition of CRT-1 mediated [H3]creatine uptake by the active
compounds; these were adequately described by the equation
for monophasic inhibition (Fig. 5C). As expected from the
data in Fig. 5B, GiDi1257 was the most potent inhibitor
(Ki 5 14.8 ± 2.4 lM). The Ki of GiDi1254 was 390 ± 93 lM,
i.e., roughly four times higher than that of GBA, which
was of identical length. The Ki estimated for MIPA573
(Ki-MIPA573 5 500 ± 57 lM) was similar to that of compound
1, indicating that CRT-1 tolerated enlargement of the bulk.
However, the Ki estimated for MIPA572 (Ki-MIPA572 5 1.19 ±
0.01 mM) was 2-fold higher than that of compound 1; this ob-
servation refuted the hypothesis that shifting of the aliphatic
rest from the guanidine-group to the linker carbon would en-
hance affinity. Similarly, MIPA574, which harbored the methyl

group on the linker carbon rather than the nitrogen as in crea-
tine, had a substantially lower affinity (Ki, MIPA574 5 1.15 ±
0.15 mM) than creatine (KM 5 Ki 5 20 to 50 lM, cf. Table 1).
All novel compounds are zwitterions. If they are trans-

ported by CRT-1, their translocation (together with cosub-
strate ions) must be electrogenic. Accordingly, we recorded
the currents triggered by superfusing HEK293 cells with the
newly synthesized compounds to differentiate substrates
from transport blockers. None of the compounds elicited a
measurable current in untransfected HEK293 cells (repre-
sentative current traces are shown for MIPA574, GiDi1254
and GiDi1257 in the top row of Fig. 5D). GiDi1253 (left-hand
trace in the second row of Fig. 5D) and GiDi1255 (right-hand
trace in the second row of Fig. 5D) did not elicit any apprecia-
ble currents in HEK293 cells transiently expressing CRT-1.
Because these compounds were inactive as inhibitors of
[3H]creatine uptake (cf. Fig. 5B), we conclude that they lack
appreciable affinity for CRT-1. In contrast, MIPA574 (left-
hand traces in the third row, Fig. 5D) and GiDi1257 (left-
hand traces in the third row, Fig. 5D) elicited currents in
CRT-1 expressing HEK293 cells, which were comparable to
that seen in the presence of creatine. In fact, the pairwise
comparison of creatine and either GiDi1257 or MIPA574
showed that the current amplitudes did not differ in a statis-
tically significant manner (Fig. 5D). Thus, both, GiDi1257
and MIPA574 are full substrates, albeit of high and low affin-
ity, respectively. Superfusion with MIPA572 and MIPA573
failed to trigger steady-state currents in CRT-1 expressing
HEK293 cells (cf. representative traces and compiled pair-
wise comparison with creatine in the fourth row of Fig. 5D).
Thus, these two compounds were not translocated as sub-
strates by CRT-1, but they inhibited substrate uptake by
CRT-1 (cf. Fig. 5, B and C). This demonstrates that they bind
to and block CRT-1 in a manner similar to compound 1.
Taken together, the results for GiDi1257, MIPA574, MIPA572,
and MIPA573 were consistent with the hypothesis that bulk is
required to produce a blocker. Both compounds, GiDi1257 and
MIPA574, are devoid of bulky substituents and thus substrates;
conversely, MIPA572 and MIPA573 harbor bulky substituents
and are CRT-1 blockers, albeit of low affinity. Superfusion of
cells with 3 mM GiDi1254 also triggered currents through
CRT-1. However, these currents were significantly lower than
those elicited by superfusion with creatine (bottom row in Fig.
5D). At 3 mM, GiDi1254 is predicted to yield >90% occupancy
of CRT-1 (Fig. 5C) and thus to be close to saturation. Because
the currents were smaller than those seen with 0.5 mM crea-
tine (i.e., at equivalent occupancy of CRT-1 by creatine), we con-
clude that GiDi1254 is a partial substrate of CRT-1. Thus,
consistent with our hypothesis, the enhanced bulkiness of
GiDi1254 (relative to that of ATPCA) impeded the conforma-
tional transition of CRT-1 required for substrate translocation.
However, the trade-off was a lower affinity, because the Ki for
inhibition for inhibition of substrate uptake was 3-fold higher
than that of ATPCA (cf. Fig. 5C and Table 1).
Inhibition of Endogenous Creatine Uptake by Com-

pound 1. Creatine uptake in hippocampal neurons is medi-
ated by CRT-1 (Braissant et al., 2005, Dodd et al., 2010).
Thus, we examined the ability of compound 1 (i.e., the inhibi-
tor of CRT-1 with the highest affinity) to inhibit endogenous
creatine uptake in these cells. Neuronal cultures were pre-
pared from hippocampi obtained from neonatal rats as de-
scribed previously (Hotka et al., 2020). The cytosolic ATP/ADP
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ratio of individual neurons was monitored by the genetically
encoded fluorescent indicator PercevalHR, which is comprised
of the cyclically permuted green fluorescent protein variant Ve-
nus and an optimized variant of the bacterial regulatory pro-
tein GnK1, which binds ADP and ATP (Tantama et al., 2013).
When excited at 400 to 420 nm, fluorescence emission by Per-
cevalHR is enhanced by ADP; conversely, ATP enhances fluo-
rescence emission after excitation in the range of 480 to 500
nm. Thus, ratiometric fluorescence imaging is independent of
the expression levels of PercevalHR (Tantama et al., 2013) and
reflects the ATP/ADP ratio. Creatine kinase (reversibly) trans-
fers the g-phosphate from ATP to creatine to produce ADP and
phosphocreatine. Cellular phosphocreatine levels exceed those

of ATP. Hence, under physiological conditions, creatine kinase
operates to regenerate ATP from phosphocreatine. Because of
the very high catalytic rate of creatine kinase, intracellular
phosphocreatine serves as a quasi-instantaneous ATP buffer
(Wyss and Kaddurah-Daouk, 2000). We first confirmed that
hippocampal neurons rely on the creatine kinase circuit to
maintain ATP levels by superfusing neurons with the creatine
kinase inhibitor, FDNB (Mahowald et al., 1962; Infante and
Davies, 1965). Rapid application of FDNB led to a pronounced
decrease in the ATP/ADP-ratio (Fig. 6A). Thus, the DNFB-in-
duced drop in the ATP/ADP-ratio reflected basal cellular ATP
consumption, which was not buffered by phosphocreatine due
to inhibition of creatine kinase activity.

Fig. 3. Interaction of CRT-1 with creatine and the active compounds identified as substrates in present study. (A) The homology model structure
of human CRT-1 used for the docking procedure is based on the structure of human SERT (Clarke et al., 2024); the best docked poses of the nine
novel compounds are overlaid in the S1 binding site. The ligands are colored in tan (with nitrogens and oxygens in blue and red, respectively).
CRT-1 is shown in ribbon representation. The helices are colored in tan, with the exception of the helices lining the S1, which are colored accord-
ing to the following scheme: TM1 (green), TM3 (orange), TM6 (blue), TM8 (violet), and TM10 (pink). (B) Legend for the ligand interaction dia-
grams shown in C–H. (C) Docking of creatine into the S1 binding site of CRT-1, as determined by Clarke et al. (2024), shown in a three-
dimensional representation (left); the two-dimensional map (right) visualizes the nature of the interactions. Helix coloring is according to the
scheme in (A). Clarke et al. (2024) identified two major binding poses for creatine, which are shown here and designated pose 1 (top) and pose 2
(bottom). (D–H) Top docked pose for each of the novel compounds identified as substrates, according to the HADDOCK docking score and distance
calculations (see Methods). The pose is shown in three dimensions on the left, with the helices colored according to (A) and the ligand colored in
tan. Two-dimensional interaction maps are shown on the right. Grey spheres indicate atoms and functional groups on the ligands, which are sol-
vent exposed.
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This observation confirmed that the creatine kinase circuit
was operational and that, under the experimental conditions
employed, changes in its activity were detectable as alter-
ation of the ATP/ADP ratio because of the high energy de-
mand of neurons. Accordingly, we posited that manipulations
of intracellular creatine levels should translate into a prompt
change in the ATP/ADP ratio. If this was the case, measuring
the ATP/ADP-ratio would allow for monitoring exit or entry
of creatine entry into cells in real time. Steady-state levels of
intracellular creatine reflect the balance of creatine uptake
by CRT-1 and of creatine efflux via the monocarboxylate
transporter-12 (Farr et al., 2022). Accordingly, we first moni-
tored the fluorescence response of hippocampal neurons
expressing PercevalHR, which were superfused with (crea-
tine-free) buffer in the absence and presence of compound:
addition of compound 1 resulted in a readily detectable de-
cline of the ATP/ADP ratio, which proceeded with a rate of
approximately 0.5 minutes to reach an equilibrium within
150 seconds (Fig. 6B). The decline was modest, but statistically
significant (Fig. 6C). If these neurons were subsequently super-
fused with 250 lM creatine in the continuous presence of com-
pound 1, the fluorescence ratio remained constant (blue trace
in Fig. 6D). In contrast, in the absence of compound 1, superfu-
sion of neurons with 250 lM creatine resulted in a prompt de-
crease in the ATP/ADP ratio, which reached an equilibrium
after 400 seconds (black trace in Fig. 6D). Accordingly, a statis-
tically significant decrease in the ATP/ADP ratio was seen, if
the fluorometric ratios recorded prior to addition of creatine

were compared with those recorded 400 seconds later only
in those neurons which had not been superfused with com-
pound 1 (Fig. 6E). We conclude that, in line with the results
from Fig. 1, B and C and Fig. 2B, compound 1 inhibited cre-
atine uptake in living cells.

Discussion
CRT-1 has an impressive concentrative power; its kinetics

of substrate and cosubstrate binding have been engineered
by evolutionary pressure to maintain the forward transport
mode despite progressive accumulation of intracellular sub-
strate (Farr et al., 2022). All available CRT-1 inhibitors
(GAA, GPA, GBA, ATPCA, cyclocreatine) are alternative sub-
strates. In fact, our electrophysiological analysis provides for-
mal proof for the conclusion that they are full substrates.
Thus, when employed at concentrations which suffice to fully
inhibit creatine uptake, they are predicted to reach very high
intracellular levels. This prediction has been verified (Fitch
et al., 1978). This accumulation limits their application be-
cause some of their effects may not arise from inhibition of
creatine uptake but from their intracellular accumulation to
concentrations in the high millimolar range: GPA (recently
renamed ompenaclid) is for instance also a low-efficacy sub-
strate for cytosolic, but not mitochondrial, creatine kinase
(Chevli and Fitch, 1979; Oudman et al., 2013). Here, we sys-
tematically searched for CRT-1 inhibitors and achieved three
key advancements in the pharmacological research of CRT-1:

Fig. 4. Interaction of CRT-1 with creatine and the active compounds identified as blockers in the present study. Top docked poses of the three
true inhibitors, i.e., compound 1 (A) and the two enantiomers of MIPA572 (B, C) and of MIPA573(D, E). Docking to the SERT-based homology
model of CRT-1 was done as outlined in the legend to Fig. 3A and under Materials and Methods. Helices and the ligand interaction diagrams are
colored as in Fig. 3.
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(i) We extended the pool of CRT-1 ligands by three first-in-
class true inhibitors (compound 1, MIPA572, MIPA573), one
partial substrate (GiDi1254) and two novel substrates
(GiDi1257, MIPA574). (ii) We demonstrated inhibition of
endogenous creatine uptake by one of the newly identified

noncompetitive inhibitors. (iii) We inferred structural cri-
teria, which rationally guide the further exploration of the
pharmacology of CRT-1.
All transporters of the SLC family operate in a conforma-

tional cycle, which allows for alternate access; this requires a

Fig. 5. Schematic representation of the synthesis and
structures of the designed and synthesized novel gua-
nidinocarboxylic acids (A) and substrate uptake by
(B, C) and transport-associated currents through
CRT-1 (D) in the presence of candidate CRT-1 li-
gands. (A) The synthetic procedures are described in
detail under Materials and Methods. (B) Inhibition
of [3H]creatine uptake into HEK293 cells transiently
expressing CRT-1 by the newly synthesized candidate
compounds shown in Fig. 3. Specific uptake of
[3H]creatine uptake was measured in the absence
[buffer control 5 Ctrl (KRH) and DMSO control 5
Ctrl (DMSO)] and in the presence of these com-
pounds (1 mM) was divided by the uptake in their
absence. Control uptake (Ctrl) amounted to 8.99 ±
1.96 pmol min�1.10�6 cells (standard) and was set to
100% to account for interassay variation. MIPA573
was dissolved in DMSO; as a reference, uptake was
also determined in the presence of 2% DMSO to ac-
count for carryover (DMSO); this reference amounted
to (and 7.29 ± 1.03 pmol min�1 10�6 cells. Bars show
arithmetic means ± S.D. from four independent
experiments. (C) Specific [3H]creatine uptake by
HEK293 cells heterologously expressing CRT-1 in the
presence of increasing concentrations of MIPA572,
MIPA573, MIPA574, GiDi1254 and GiDi1257. Specific
[3H]creatine uptake in the presence of (putative) inhib-
itors was normalized to the uptake in their absence.
This control uptake was 7.9 ± 1.8 pmol min�1.10�6

(buffer control) and 6.8 ± 1.5 pmol min�1 10�6 (DMSO
2%) and set to 100% to account for interassay variations.
The data points were fitted to the equation for a mono-
phasic inhibition curve. The IC50 values were estimated
as 1.19 ± 0.01 mM, 500 ± 57 lM, 1.15 ± 0.15 mM, 390 ±
93 lM and 14.8 ± 2.4 lM for MIPA572, MIPA573,
MIPA574, GiDi1254, and GiDi1257, respectively. Be-
cause the concentration of [3H]creatine used in this ex-
periment (0.01 lM) was far below its KM, the IC50
values are virtually identical to Ki values. Data are ar-
ithmetic means from four independent experiments; er-
ror bars indicate S.D. (D) Patch-clamp recordings of
transport-associated currents through CRT-1. Currents
were recorded in untransfected HEK293 cells and in
HEK293 cells transiently expressing CRT-1 in the
cell-attached configuration as outlined in Fig. 2A.
Cells were first superfused with a saturating concen-
tration (500 lM) of creatine (Cr). Following washout
of creatine with external solution, cells were then
superfused with saturating concentrations (given
above the white boxes, which indicate the superfusion
steps) of MIPA572 (n 5 9), MIPA573 (n 5 19),
MIPA574 (n 5 10), GiDi1253 (n 5 11), GiDi1254 (n 5
12), and GiDi1257 (n 5 21). Representative traces are
shown on the left-hand side for each compound; the
right-hand spaghetti plots compare the amplitudes of
the steady-state currents recorded in the presence of
individual compounds to those elicited by creatine in
the same cell. Statistically significant differences were
found by the Wilcoxon signed-rank test between crea-
tine and GiDi1253 (P 5 0.001), GiDi1254 (P 5 0.002),
GiDi1255 (0.0005), MIPA572 (P 5 0.0039), and
MIPA573 (P < 0.0001); n.s., not significant, *P # 0.01;
***P # 0.001, ****P # 0.0001.
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minimum of three conformations, an outward-facing open
state, an occluded state, and an inward-facing open state, to
translocate substrate across the cell membrane (Drew and
Boudker, 2016). In the extracellularly-facing open state of eu-
karyotic SLC6 transporters, the substrate molecule is accom-
modated together with sodium and chloride (except for the
chloride-independent SLC6A15, SLC6A17, SLC6A19) in a
binding site present in the center of the water-accessible
pathway; this binding site is referred to as the S1. The sero-
tonin transporter and the other monoamine transporters also
harbor a vestibular binding site, referred to as an S2-site,
which can be targeted by allosteric ligands (Zhu et al., 2016;
Plenge et al., 2021; El-Kasaby et al., 2024). At present, it is
not clear, if a vestibular binding site is also present in CRT-
1. In fact, there are several distinct binding sites within the
vestibule of three monoamine transporters of the SLC6 family
(Supplemental Fig. 2). Only compounds simultaneously har-
boring a carboxyl- and guanidino-group inhibited CRT-1-
mediated [3H]creatine translocation. This is consistent with
earlier investigations (see Supplemental Tables 1 and 2).
Due to the structural similarity of these compounds with

creatine, we infer that they bound to the S1-site (i.e., they
are orthosteric ligands). The requirement of the simulta-
neous presence of a carboxyl and guanidino group indicates
that either group interacts with opposite residues within S1.
Indeed, computational studies indicated that the carbox-
yl-group interacted with Gly73 and Tyr148, while the guani-
dino-group interacted with Phe68 (docking pose 1 in Fig. 3C)
or Phe315 (docking pose 2 in Fig. 3C) (Clarke et al., 2024).
Consistent with this assignment, Phe68 was identified as a
major determinant of ligand selectivity of CRT-1: combina-
tions of two to three amino acid substitutions convert CRT-1 to
a GABA transporter; all but one of the required combined mu-
tations included Phe68 (Dodd and Christie, 2007). GABA is not
transported by CRT-1 and differs from GPA by the absence of
two nitrogen atoms, highlighting the role of the guanidino
group in binding to CRT-1. The importance of an unaltered
guanidino-group for recognition by CRT-1 is reinforced by two
further observations: (i) Disruption of the delocalized electron
system as found in the guanidino-group by additional nitrogen
atoms (compounds 3 and 8) precluded binding to CRT-1. (ii)
Removal of a nitrogen atom converts ATPCA to ATPCA II,

Fig. 6. Inhibition of creatine uptake in hippocampal neurons of neonatal rats by compound 1. Rat hippocampal neurons were transfected with a
plasmid encoding the fluorescent protein PercevalHR (referred to as “Perceval”), which allows for monitoring the ratio of cytosolic ATP/ADP by re-
cording fluorescence (F488/F403) emitted at 525 nm after excitation at 488 nm and 403 nm. (A) Change in ATP/ADP ratio induced by superfusion
of hippocampal neurons expressing PercevalHR neurons with 10 lM of the creatine kinase inhibitor FDNB: the actual ATP/ADP ratio F was nor-
malized to F0, i.e., the F488/F403 recorded at time point 0 prior to addition of FDNB (application indicated by black bar). Shown are the means ±
S.D. recorded in independent experiments from three neurons. (B and C) Change in ATP/ADP ratio upon superfusion of hippocampal neurons
with compound 1. Neuronal cultures were allowed to equilibrate after removal of the medium by superfusion with (creatine-free) buffer. The ATP/
ADP-ratio (F488/F403) of neurons expressing PerecvalHR was recorded for 2 minutes to verify a stable baseline; thereafter, superfusion with com-
pound 1 (5 mM) was initiated and the ATP/ADP-ratio (F488/F403) was continuously recorded. Data are means ± S.D. recorded in independent
experiments from 11 neurons. The actual ATP/ADP ratio F was normalized to F0 as in panel A. The spaghetti plot in panel C summarizes the
F488/F403 ratio for each individual neuron recorded prior to addition of compound 1 (-compound 1) and after 400 seconds of superfusion with
compound 1 (1compound 1). The difference was statistically significant (paired t test, P 5 0.0088; ***P # 0.01). (D and E) Change in ATP/ADP-
ratio of hippocampal neurons superfused with 250 lM creatine in the absence and presence of 5 mM compound 1. Neurons were first superfused
for 8 minutes in the absence and presence of compound 1 (5 mM) as shown in panel C to reach a stable baseline fluorescence ratio (the last 200
seconds of this equilibration period are shown). Thereafter, the superfusion with 250 lM creatine (indicated by black bar) was initiated in the ab-
sence (black trace) and continuous presence of 5 mM compound 1 (blue trace, Com1). The F488/F403 ratio was normalized as in panel A to the
F488/F403 ratio recorded at time point 0 (“F0”, i.e., prior to the start of the superfusion with creatine). Sown are the means ± S.D. recorded in in-
dependent experiments from 11 and 12 neurons in the absence and presence of compound 1, respectively. In pane E, the initial ATP/ADP-ratio,
i.e., prior to addition of creatine, and the ATP/ADP-ratio after 600 seconds was plotted for each individual neuron imaged in panel D (- creatine 5
time point 0; 1 creatine 5 time point 400 seconds later). A statistically significant difference was only seen in the absence of compound 1 (paired
t test, P 5 0.001; ****; n.s., not significant).
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which has a 10-fold lower affinity than ATCPA (Al-Khawaja
et al., 2018).
Apart from Gly73 and Tyr148, the carboxyl-group is pre-

dicted to electrostatically interact with a sodium ion, i.e.,
Na11 (Fig. 3C) (Clarke et al., 2024, Colas et al., 2020). We sus-
pect that this charge interaction fails to form with guanidino-
carboxylic acids harboring additional charges (compounds 5
and 7; guanidinosuccinate) explaining their inability to block
CRT-1. GiDi1255 has the defining features of a substrate, i.e.,
a guanidino-group separated by one carbon atom from the car-
boxylate-group, but their mobility is restrained to place them
in an acute angle. GiDi1255 was neither a substrate nor an in-
hibitor of CRT-1. This indicates that the simultaneous pres-
ence of the carboxylate- and the guanidino-group does not
suffice per se: binding to CRT-1 is contingent on an extended
conformation, which supports the p-interaction of the guani-
dino-group with Phe68 (Fig. 3C). This interpretation is sup-
ported by molecular dynamics simulations (Clarke et al.,
2024) and by the observation that GiDi1257 was a high-affin-
ity substrate of CRT-1 (Fig. 2D). The fact that the affinity of
GiDi1257 exceeded that of the cognate substrate and of all
other known substrates shows that a reduction in flexibility is
not an impediment to binding.
The transmembrane helices of SLC6 carriers can be di-

vided into a scaffold and a bundle domain. Substrate translo-
cation occurs through rocking of the bundle domain against
the fixed scaffold domain and is preceded by occlusion of the
outer gate of the transporter (Forrest et al., 2008). According
to the “hold-and-pull” model of SERT, interactions between
the ligand and residues in both the bundle and scaffold do-
main are required for inducing occlusion (Gradisch et al.,
2022): via its indole moiety, serotonin is held in place, allow-
ing the ethylamine moiety of serotonin to pull the bundle do-
main toward the scaffold domain, permitting closure of the
outer gate. Clarke et al. (2024) proposed that a similar mech-
anism triggers occlusion in CRT-1: Y148 (in the scaffold do-
main) holds the carboxyl-group of creatine in a fixed position,
while a sodium ion (coordinated by residues of the bundle do-
main) exerts an attractive force on creatine. Given that they
harbor a carboxyl-group, we suspect that, after having bound
via the combined action of the guanidino and carboxylate
group, previously known substrates (creatine, GAA, GPA,
GBA, cyclocreatine, ATPCA) and novel substrates (GiDi1254,
GiDi1257, MIPA574) of CRT-1 induce occlusion via this
mechanism. Partial substrates are compounds which are
transported at lower rates than full substrates (Rothman
et al., 2012). In SERT, a continuum extends from full over
partial substrates to inhibitors, which is, at least in part, de-
termined by steric bulk (Sandtner at al., 2016, Bhat et al.,
2017). GiDi1254 constitutes the first identified partial CRT-1
substrate. Submaximal transport rates may arise from decel-
eration of any step in the transport cycle. All full substrates,
which we docked (creatine, GiDi1254, MIPA574, ATPCA),
form a p-interaction with Phe68 (Fig. 3, B–H). This interac-
tion is absent in the most prevalent docking pose of the par-
tial substrate GiDi1257 (Fig. 3G), presumably precluded by
its bulky ring.
Addition of neutral bulk to guanidinocarboxylic acids as

represented by compound 1, MIPA572, and MIPA573 did not
preclude their inhibiting and thus binding to CRT-1. There-
fore, it is more likely that the enlarged bulk present in
GiDi1254 causes partial efficacy by hampering occlusion.

Consequently, we suspect that the neutral bulk present in
the linker region of compound 1, MIPA572, and MIPA573
blocks occlusion fully by steric hindrance. This conjecture is
supported by the results from molecular docking (Fig. 4,
A–E).
Elimination of the methyl group of creatine yields GAA

and halves the affinity to CRT-1. The methyl group confers
affinity by a hydrophobic interaction with Cys144 (pose 1,
Fig. 3A). The affinity of MIPA574 was decreased when com-
pared with creatine. Slight repositioning of the methyl group
as represented by MIPA574 results in the loss of interaction
with the hydrophobic pocket, regardless of which enantiomer
is examined (Fig. 3, E–F). In addition, the methyl group
may affect affinity via a positive inductive effect on the gua-
nidino group (i.e., by increasing the positive charge of the
guanidino-group). This model may also explain why com-
pound 1, which carries the neutral bulk on the nitrogen atom
which is methylated in creatine, has a higher affinity to
CRT-1 than MIPA572 and MIPA573 (which are substituted
on the linker region).
Many CRT-1 mutants associated with the creatine trans-

porter deficiency syndrome are folding-deficient (El-Kasaby
et al., 2019). Folding deficiencies can be corrected by indirect
modulation of the folding process (chemical chaperones) or via
specific binding to the misfolded protein (pharmacochaperones)
(Freissmuth et al., 2018). Indeed, chemical chaperoning res-
cues some creatine transporter deficiency-associated CRT-1
mutants (El-Kasaby et al., 2019). Given this proof-of-principle,
pharmacochaperones of CRT-1 are desirable, because there are
no any alternative treatment strategies for CTD. Pharmaco-
chaperones remedy the folding deficiency by stabilizing unique
conformational states in the folding trajectory (Freissmuth
et al., 2018). Full substrates trigger the transport cycle, i.e.,
the transporter visits many different states. Accordingly, they
do not act as pharmacochaperones (Bhat et al., 2019). Partial
substrates, however, preclude rapid transitions by stabilizing
conformational intermediates. Indeed, partial substrates res-
cue folding-deficient SERT and DAT variants (Bhat et al.,
2017, 2020). Therefore, the identification of a partial substrate
of CRT-1 is a starting point in the search for pharmacochaper-
ones acting on CRT-1 mutants.
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