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The transport of amino acids across lipid membranes is vital for the proper functioning of every living cell. In
spite of that, examples of synthetic transporters that can facilitate amino acid transport are rare. This is
mainly because at physiological conditions amino acids predominantly exist as highly polar zwitterions
and proper shielding of their charged termini, which is necessary for fast diffusion across lipophilic
membranes, requires complex and synthetically challenging heteroditopic receptors. Here we report the
first simple monotopic anion receptor, dithioamide 1, that efficiently transports a variety of natural amino
acids across lipid bilayers at physiological pH. Mechanistic studies revealed that the receptor rapidly
transports deprotonated amino acids, even though at pH 7.4 these forms account for less than 3% of the
total amino acid concentration. We also describe a new fluorescent assay for the selective measurement
of the transport of deprotonated amino acids into liposomes. The new assay allowed us to study the pH-
dependence of amino acid transport and elucidate the mechanism of transport by 1, as well as to explain
its exceptionally high activity. With the newly developed assay we screened also four other

representative examples of monotopic anion transporters, of which two showed promising activity. Our
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Accepted 4th October 2022 results imply that heteroditopic receptors are not necessary for achieving high amino acid transport
activities and that many of the previously reported anionophores might be active amino acid

DOI-10.1039/d25c04346g transporters. Based on these findings, we propose a new strategy for the development of artificial amino
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Introduction

The transport of amino acids (AAs) across lipid bilayers is vital
for the proper functioning of every living cell. However, at
physiological pH AAs exist predominantly as highly polar zwit-
terions, whose spontaneous diffusion through lipid bilayers is
intrinsically slow. As a consequence, dozens of specialized
transmembrane proteins have evolved to facilitate their trans-
port." These highly sophisticated AA transporters play impor-
tant roles in regulating key physiological functions, such as
protein synthesis, metabolism, gene expression, redox balance
and signal transduction.” Genetically conditioned malfunction
of natural AA transporters contributes to serious diseases, such
as aminoacidurias, diabetes, neurodegenerative disorders,
obesity, and cancer.> Therefore, there is a pressing need to
develop synthetic AA transporters which would be able to
supplement or substitute the function of defective AA trans-
porters. Such molecules might be expected to display a wide
range of biological activities and also find applications in drug
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acid transporters with improved properties.

delivery,” metabolism regulation,* and as next-generation
antibiotics.?

Despite the biological significance of amino acids, their
transport across lipid bilayers by synthetic transporters has
rarely been studied.® This is in sharp contrast to the tremendous
recent progress in the development of artificial carriers and
channels for other biologically relevant polar solutes, particu-
larly ions such as Na", K', CI~ and HCO; .7 The reasons behind
this lag might be traced to the inherent difficulties of trans-
porting highly polar species containing both positively and
negatively charged groups, synthetic challenges associated with
the construction of heteroditopic receptors for such zwitterions,
and the lack of universal and easy-to-apply assays for AA
transport studies in model liposomes.

Recently, Gale and co-workers proposed a novel approach to
the transmembrane transport of AAs, wherein an anion receptor
binds a carboxylate moiety by an array of hydrogen bonds,
whilst a lipophilic aldehyde independently forms a reversible
covalent bond with an amino group.® Here, we demonstrate that
simple monotopic anion receptors may act as potent AA carriers
at physiological pH, even in the absence of any auxiliary alde-
hyde. As a case in point, carbazole-based dithioamide 1 is
shown to facilitate rapid diffusion of various proteinogenic AAs,
including the most hydrophilic ones, across liposomal

© 2022 The Author(s). Published by the Royal Society of Chemistry
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membranes, despite being unable to bind their ammonium/
amino groups. In order to elucidate the mechanism of this
surprising phenomenon, we developed a new fluorescent assay
which selectively measures the influx of deprotonated AAs into
liposomes, while being largely indifferent to their zwitterionic
forms. This new tool allowed us to study the pH-dependence of
AA transport and explain the surprisingly high activity of 1.
Finally, we show that other simple monotopic receptors, such as
ureas, thioureas and squaramides, are also able to transport
AAs. These findings will significantly advance research relating
to the transmembrane transport of AAs and facilitate the search
for small, drug-like molecules capable of performing this
function.

Results and discussion
Transport of amino acids at physiological pH

We have recently shown that dithioamidocarbazole 1 is an
exceptionally active anion carrier capable of transporting
a variety of biologically relevant anions, including hydrophilic
carboxylates, across lipid bilayers.® Encouraged by these results,
we challenged this receptor with the transport of amino acids.

The ability of the dithioamide 1 and its parent diamide 2 *° to
transport AAs into large unilamellar vesicles (LUVs) was first
investigated using an indirect Cu**~calcein assay developed by
Gale and co-workers.® Following their procedure, LUVs
(mean diameter 200 nm) made of POPC/cholesterol (7 : 3),
entrapping calcein (0.2 mM), CuSO, (0.2 mM) and Na,SO,
(100 mM) were prepared and separated from the extravesicular
calcein by gel filtration. The vesicles were suspended in an
external solution containing AA (24 mM), CuSO, (0.2 mM) and
Na,SO, (100 mM). Both the internal and external solutions were
buffered by HEPES to pH 7.4. Transport was initiated by the
addition of 1 or 2 in DMSO to the suspension of vesicles in
a spectrofluorometric cuvette. AAs transported into liposomes
sequester Cu®>* from the calcein complex, causing recovery of
calcein fluorescence.

Using this assay, we studied the transport of all proteino-
genic AAs which are both electroneutral (zwitterionic) and
sufficiently soluble at physiological pH: glycine, alanine, valine,
isoleucine, methionine, phenylalanine, serine, and threonine
(Fig. 1). We found that all of them were transported by
dithioamide 1, while the diamide analogue 2 showed no activity

(Fig. 2).1
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Fig. 1 Anionic forms of amino acids studied in this work.
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Fig. 2 Amino acids transport kinetics measured by the Cu?*—calcein
assay. POPC : cholesterol (7 : 3) LUVs loaded with CuSO4 (0.2 mM),
calcein (0.2 mM) and Na,SO,4 (100 mM), pH 7.4, were suspended in an
external solution containing amino acid (24 mM), CuSO,4 (0.2 mM) and
NaySOy4, pH 7.4. Fluorescence intensity (Aex = 495 nm, ey = 515 Nm)
was recorded after addition of 1 or 2 (1 mol% with respect to lipids).

As expected, the transport activity of 1 increases with
increasing lipophilicity of AAs:™ Ser < Gly ~ Thr < Ala < Met ~
Val <1Ile < Phe but, notably, even the most polar AA in the series,
serine, is substantially transported into the vesicles within
30 min. This is particularly remarkable in view of the very
simple, monotopic structure of transporter 1. In contrast, most
of the literature examples of synthetic AA transporters are either
large, channel forming molecules® or elaborate carriers con-
sisting of two separate domains for the recognition of the
anionic and the cationic termini.®** The monotopic squar-
amide receptor 5 (Fig. 8), used in conjunction with lipophilic
aldehydes by Gale and co-workers,® exhibited very low activity in
the absence of the auxiliary aldehydes. Thus, to the best of our
knowledge, 1 is the first monotopic receptor that is highly active
in carrying unmodified AAs through a lipid bilayer at physio-
logical pH.

Amino acid transport at basic pH. Development of SPQ assay

Since the highly hydrophilic, positively charged ammonium
group hampers the passage of [1 D AA] through the lipid
membrane, we hypothesized that 1 transports AAs in their
deprotonated forms, rather than as zwitterions, despite the
latter largely dominate (>97%) at physiological pH. If this is the
case, AA transport should be limited not only by the low
concentration of deprotonated AAs, but also by the available
mechanisms of charge compensation, which in the sulfate
medium are practically restricted to H'/Na" symport or OH™
antiport. In consequence, the AA transport should be much
faster at high pH and in the nitrate medium. However, the
Cu”"—calcein assay is not suitable for the transport studies in
basic conditions or in the nitrate solution. Moreover, other
literature assays, based on NMR or fluorescent labelling, are not
suitable for measuring fast transport kinetics. Therefore, we
developed a new fluorescent assay, suitable for studying the
kinetics of AA transport in the nitrate medium and at high pH.
Previously, we found that a popular anion sensitive fluorescent
probe, lucigenin, reacts with AAs under basic conditions, and is
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Fig. 3 The kinetics of transport of deprotonated amino acids measured by SPQ assay. Sodium salts of amino acids were added to a final
concentration of 25 mM to the suspension of LUVs (POPC : cholesterol 7 : 3 + 0—2 mol% 1) encapsulating SPQ (1 mM) and NaNOs (225 mM) in
aqueous NaNOsz (225 mM). Aex = 344 NnM, Aem = 440 nm. Deviations are shown as shaded areas.

therefore unsuitable for this purpose.® Systematic screening of
other fluorescent probes revealed that 6-methoxy-N-(3-sulfo-
propyl)quinolinium (SPQ),"* which has previously been used for
chloride transport studies in vesicles and cells, is strongly
quenched by deprotonated AAs (Fig. S3.3.17). Interestingly, the
fluorescence of SPQ is almost indifferent to the neutral, zwit-
terionic forms of AAs, with the exception of methionine,
cysteine, and tryptophan (Fig. S3.4.1%). This suggests that the
free -NH, groups of AAs as well as -SH, -SCHj3;, and indole
moieties are responsible for the efficient fluorescence
quenching.§ Separate titration with NaOH revealed (Fig. 4a) that
SPQ is only slightly quenched by hydroxide ions - less than 10%
of the initial emission at pH 10.7, the highest pH used in our AA
transport studies. It is, therefore, a suitable probe for real-time
monitoring of the transport of deprotonated AAs in liposomal
assays.

a) U SPQ in NaNO,(aq) + NaOH b)©

1.0 ==

Liposomes in Na,SO,4(aq) + NaOH
Liposomes in NaNO,(aq) + NaOH

In a typical experiment involving SPQ, LUVs (mean diameter
200 nm) were grown from a lipid mixture containing POPC/
cholesterol 7 : 3 and transporter 1 (0.1-1 mol%) in the pres-
ence of SPQ (1 mM) and NaNO; (225 mM). Unencapsulated SPQ
was separated from the vesicles by gel filtration. Liposomes
were then transferred to a spectrofluorometer and a solution of
a sodium salt of AA (>95% of the anionic form) was added to
obtain final concentration of 25 mM (final pH = 10.7). The
addition of AA salts resulted in an immediate drop of fluores-
cence intensity due to quenching of the residual unencapsu-
lated SPQ (removed in data processing), followed by a gradual
decrease of fluorescence due to the transport-mediated
quenching of the internal SPQ by deprotonated AAs.

In accord with our hypothesis, the transport of AAs under
basic conditions was much faster than at physiological pH.
When we used the same amount of transporter as before
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Fig. 4 Effect of pH on SPQ fluorescence in solution and in LUVs: (a) effect of pH on the fluorescence of aqueous solution of SPQ (10> M in
225 mM NaNOs); (b) fluorescence changes of SPQ encapsulated in POPC/cholesterol LUVs, having 0 or 0.1 mol% of the transporter 1 in their
membrane, upon basification to pH 10.7 by a pulse of NaOH; (c) fluorescence changes of SPQ encapsulated in POPC/cholesterol LUVs, having
0 mol% of the transporter 1 in their membrane, upon addition of sodium salts of various amino acids.
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(1 mol% with respect to lipids), the kinetics was too fast to be
measured reliably. After lowering the membrane concentration
of 1 to 0.5%, the transport of the most lipophilic AAs, Phe, Ile,
Met, and Val, was completed in less than 100 s, while the
transport of the more hydrophilic Gly and Ala did not reach
plateau within 900 s (Fig. 3).

To quantify the transport rates of the AAs, we fitted the
experimental fluorescence decay curves with exponential func-
tions and compared their half-time values (see ESIt for details).
This led to the following selectivity order: Phe (¢;,, = 22 s) > Ile
(t1/2 = 42 5) > Met (t1, = 92 s) > Val (t1, = 112 s) > Ala, Gly. The
same selectivity order was obtained by measuring ECs, values at
270 s: Phe (0.0082 mol%) > Ile (0.014 mol%) > Met (0.041 mol%)
> Val (0.057 mol%) > Ala (0.57 mol%) > Gly (0.79 mol%).
Interestingly, the selectivity order measured at pH 10.7 for fully
deprotonated amino acids parallels the selectivity trend ob-
tained at pH 7.4 using the calcein-Cu®* assay. This is in accord
with our hypothesis that under physiological pH AAs are also
transported in their deprotonated forms.

Control experiments using vesicles with no transporter
embedded in the membrane revealed only a slight decrease of
fluorescence intensity (<15%) during the first 200 s, followed by
very slow non-facilitated diffusion in the case of the more
lipophilic AAs (Val, Ile, Met, Phe). This initial drop of SPQ
fluorescence was found to be caused by pH equilibration:
a similar response was observed upon addition of NaOH to the
suspension of vesicles instead of AA salts (Fig. 4b). A separate
experiment with the pH sensitive probe, HPTS, confirms that
the pH equilibration is complete within few minutes in the
NaNO; environment, even if there is no transporter in the
membrane (ESI, Section 51). We conclude therefore, that the
non-facilitated diffusion of AAs anions is negligibly slow in the
absence of transporters in the membrane.

The HPTS experiments also revealed that in the NaNO;
environment 1 equalizes the pH on both sides of the membrane
almost immediately (within the first 1-2 s) after the addition of
base (ESI,T Figure S5.2.1). Thus, in AA™ transport experiments
this pH equilibration contributes to the vertical drop of fluo-
rescence typically observed in fluorescent assays immediately
after the addition of anions and is subtracted from the kinetic
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data in the course of standard data processing. In contrast, in
the sulfate environment the pH gradient persists even in the
presence of the transporter (Fig. 4b, see also ESIT). We presume
therefore that the pH equilibration takes place via the net OH ™/
NO;~ antiport or H'/NO;~ symport, mediated either by carrier
deprotonation or by the flip-flop of fatty acid impurities present
in the lipid membrane.**

Mechanism of amino acids transport at basic pH

Important insights into the mechanism of AA™ transport by 1
was obtained from another control experiment, in which lipo-
philic NO;~ was replaced by hydrophilic SO,>~ in both the
internal and external medium (Fig. 5). No significant transport
was detected under these conditions (Fig. 5b), due to the
inability of the extremely hydrophilic sulfates to pass through
the lipid bilayer and balance the charge of the incoming AA
anions. This observation rules out any significant contribution
from the symport of AA~ with H" or Na" and from the antiport of
AA™ with OH™ under these conditions, leaving the AA"/NO;™
exchange as the only plausible mechanism of AA transport at
high pH.

The transport of AA™ in the sulfate medium can be switched
ON by enabling any effective mechanism of charge compensa-
tion. For example, the addition of potent K" uniporter, valino-
mycin, initiates fast AA™ transport in vesicles containing 1 in
their membrane, suspended in aqueous K,SO, (Fig. 5¢).

Insights into the transport mechanism from pH dependent
transport experiments

At first sight, the results obtained in the sulfate medium at pH
10.7 (SPQ assay) are difficult to reconcile with the results ob-
tained in the same medium at pH 7.4 (Cu®*~calcein assay). How
is it possible that swift transport is observed at pH 7.4, where
the mole fraction of AA™ is below 3%, yet no transport can be
detected at pH 10.7, where the mole fraction of AA™ is ca. 30
times higher? To shed some light on this issue we studied the
pH dependence of the AA transport kinetics in both sulfate and
nitrate medium.
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1.0 1.0
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Fig. 5 Comparison of deprotonated AA (AA™) transport kinetics in (a) sodium nitrate; (b) sodium sulfate and (c) potassium sulfate medium.
Sodium salts of AAs were added to the suspension of LUVs (POPC : cholesterol 7 : 3 + 0.1 mol% 1) encapsulating SPQ (1 mM, Aex = 344 nm, Ay =
440 nm) and NaNOs (225 mM), Na,SO4 (225 mM) or K;SO4 (225 mM) in aqueous NaNOs (225 mM), NaySO4 (225 mM) or K;SO4 (225 mM),

respectively. Deviations are shown as shaded areas.
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Fig. 6 Methionine transport kinetics measured by the SPQ assay. Methionine solutions at different pH were added to a final concentration of
25 mM to the suspension of LUVs (POPC : cholesterol 7 : 3 + 0.1 mol% 1) encapsulating SPQ (1 mM) and NaNOs (225 mM). Aex = 344 NnM, Aepy =

440 nm. Deviations are shown as shaded areas.

Unfortunately, neither the Cu®>*~calcein nor the SPQ assay is
suitable for transport studies at intermediate pH values. In
most cases, zwitterionic AAs do not quench SPQ fluorescence
and hence the SPQ assay only detects the deprotonated fraction
of AAs. However, methionine is unique in that it quenches the
SPQ fluorescence in both its anionic and zwitterionic forms to
a similar extent (Fig. S$3.4.21). This allows transport measure-
ments at various pH to be compared under otherwise identical
conditions.

At pH 5.8, in which methionine exists solely (>99.9%) in its
charge neutral, zwitterionic form, only slow, non-facilitated
diffusion was observed in the presence of 1, meaning that the
receptor is not able to transport methionine in its zwitterionic
form (Fig. 6). However, gradual deprotonation of methionine at
higher pHs greatly accelerates the facilitated transport, until
saturation at pH ca. 10.7, where virtually all methionine is
deprotonated. This strongly suggests that 1 transports only the
anionic form of the AA.

Analogous measurements were repeated in the sulfate envi-
ronment, in which the only plausible mechanism of AA™
transport is symport with H' or antiport with OH™ (Fig. 6). At pH
5.8, no difference was noted between the results obtained with
and without the transporter, as previously. However, at pH 7.8
the facilitated transport of methionine was already clearly
visible. Further basification increased the transport rate, but,
unlike in the nitrate medium, it reached maximum at pH 9.3.
Increase of pH beyond this point decreased the transport rate,
until it stopped completely at pH 10.7. Apparently, although the
concentration of AA™ increases with rising pH, the co-transport
of H' (or OH ") against the pH gradient slows down and, in the
absence of other mechanisms of membrane depolarization, this
eventually halts the transport completely.

This peculiar pH dependence of the AA transport rate
explains the apparent contradiction highlighted above. In fact,
when the methionine transport was measured under compa-
rable conditions (pH 7.4, sulfate medium) by both the Cu**-
calcein and the SPQ assays, the results were almost identical
(Fig. S4.11.2b%).

13C NMR assay

To afford additional, more direct evidence for amino acid
transport by 1, a >C NMR assay was used.”® Isotopically

12378 | Chem. Sci, 2022, 13, 12374-1238]

enriched glycine, alanine or methionine was added to the
suspension of LUVs (mean diameter 1 pm), made of POPC and
cholesterol 7 : 3, followed by MeOH solution of 1 (or MeOH
alone as control) to initiate the AA* influx (Fig. 7). After 1 h, an
aqueous solution of paramagnetic Mn>* was added to selectively
broaden the '*C NMR signals of extravesicular AA* and
13C NMR spectrum of the vesicle suspension was measured. For
liposomes without transporter, slow diffusion of methionine
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Fig. 7 (a) Schematic representation of the **C NMR assay for AA*
transport. (b) X*C NMR spectra of AA*in 9 : 1 H,O/D,O before and after
the addition of MnSO,. Box: *C NMR spectra of AA* mixed with
POPC/cholesterol 7 : 3 LUVs in 9 : 1 (v/v) H,O/D,O 60 min after the
addition of (c) MeOH (blank) or (d) MeOH solution of 1 (1 mol%), upon
addition of MnSQy, (e) spectra recorded after addition of Triton-X.
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(a) Structures of synthetic anion transporters selected for comparison with 1. The kinetics of transport of (b) Cl™ (25 mM) or c) Met™ (25

mM) by transporters 1-6 (0.1 mol%) measured using SPQ assay at pH 10.6 in aqueous NaNOs. Deviations are shown as shaded areas.

was observed, as reflected by a small signal from the intra-
vesicular *C(1)-.-Met, resonating at 6 = 174.3 ppm. For the
liposomes containing 1 mol% of 1, a significantly enhanced
BC(1)--Met signal was observed after the addition of Mn**
(Fig. 7d). In case of "*C(1)-Gly and "*C(1)-Ala, small signals of
intravesicular AAs were only observed in the presence of 1, in
accord with the results from fluorescence assays (see Fig. 7d for
Ala and ESI, T Section 6.2, for Gly). Similar experiments were also
conducted with Eu®" instead of Mn**, which shifts the signal of
extravesicular *AAs (ESI, Section 6.27).

Amino acid transport by model urea, thiourea and
squaramide receptors

The discovery of efficient AA transport by simple monotopic
receptor 1 encouraged us to investigate other monotopic anion
receptors as potential AA carriers. Four representative urea,
thiourea and squaramide receptors 3-6 were selected from the
literature based on their structural simplicity, carboxylate
affinity and outstanding anionophoric activity (Fig. 8). Their AA

© 2022 The Author(s). Published by the Royal Society of Chemistry

transport ability was investigated using the SPQ assay, with
sodium salt of methionine as a model AA.

As shown in Fig. 8, two of these four receptors, urea 3 ** and
bis(urea) 6%, turned out to be efficient AA transporters.
Squaramide 5% displayed no activity, in accord with the
previous studies by Gale and co-workers.® Surprisingly, thiourea
4 exhibited much lower activity than its urea analog 3, unlike in
the chloride/nitrate exchange studied previously.*** Additional
experiments revealed, that this is due to deprotonation of 4 at
the basic pH employed in this experiment (compare the trans-
port of Met™ and CI™ at pH 10.6 in Fig. 8; see Section 4.12 of
ESIT for details).

Although none of the four receptors 3-6 was as active as 1,
the results clearly show that high AA transport ability of 1 is not
unique among monotopic anion carriers. Systematic screening
of such receptors using the versatile SPQ assay developed in this
work is likely to identify even more potent AA transporters. It is
also worth highlighting that the ability of anionophores to
transport AAs across lipophilic membranes might be important
for their biological activity.

Chem. Sci., 2022, 13, 12374-12381 | 12379
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Conclusions

In conclusion, we have shown for the first time that simple
monotopic anion receptors can efficiently transport AAs across
lipid bilayers at physiological pH. In particular, carbazole-based
dithioamide 1 was shown to facilitate rapid diffusion of various
proteinogenic AAs, including the most hydrophilic ones, across
liposomal membranes, despite being unable to bind their
ammonium groups. This unexpected performance was ration-
alised by in-depth mechanistic studies which showed that 1
transports AAs in their deprotonated, anionic form, even
though at neutral pH this form consist of less than 3% of the
total AA concentration. This demonstrates that the high activity
of small molecule anionophores can make up for the unfav-
ourable speciation of AAs at physiological pH, leading to the
remarkable overall transport rates. Accordingly, screening of
four representative chloride carriers selected from literature
revealed that two of them are also active AA transporters.
Systematic screening of other known anionophores using
versatile SPQ assay developed in this work is likely to yield more
of potent AA transporters as well as valuable information per-
taining to their biological activity.

Based on these findings we propose a new strategy for the
development of artificial AA transporters with improved activity.
Traditionally, complex heteroditopic receptors have been
designed to shield both carboxylate and ammonium AAs
termini. Our approach relies on screening comparatively simple
monotopic receptors. In addition to easier synthesis, their
inherent advantage is smaller size, which facilitates diffusion
across the lipid membrane. It is noteworthy that these two
classes of transporters should, in principle, show opposite pH
dependence: while the transport rate by monotopic carboxylate
receptors should be proportional to the concentration of
deprotonated AA, i.e. increase with pH, the opposite might be
expected from heteroditopic receptors, which bind zwitterionic
forms of AAs. Given that different tissues, cells and organelles
have different pH values and pH gradients, the choice of
particular strategy may depend on targeted biological applica-
tion. We believe that the findings described in this paper will
significantly facilitate the search for small, drug-like AA trans-
porters with interesting biological activity.
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