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The C3-symmetric triamide 1 selectively transports NO3
2

anions across lipid vesicles: this H+–NO3
2 co-transporter alters

the pH inside of liposomes experiencing a NO3
2/Cl2 gradient.

Identification of transmembrane chloride transporters is impor-

tant, given this anion’s role in human health.1 A number of

compounds, including peptides, lipopeptides, sterols, and pyrroles

transport Cl2 across phospholipid membranes.2–6 During a survey

of potential Cl2 transporters we discovered that tris(5-nitro-2-

butylamidomethoxyphenyl) methane 1 selectively transports

NO3
2, rather than Cl2, across phospholipid vesicles. While many

neutral receptors bind the nitrate anion,7,8 this is the first report of

a compound that shows such selectivity for the transmembrane

transport of NO3
2 over Cl2.9 Since nitrate is an environmentally

important anion, for plants and animals,10,11 compounds that

selectively transport NO3
2 across membranes may find some key

applications.

We previously demonstrated that amide functionalized calix[4]-

arenes and acyclic oligophenoxyacetamides transport Cl2 across

membranes.12–14 The most effective of these Cl2 transporters were

the partial cone calix[4]arene (paco 3),14 and an acyclic trimer of

phenoxyacetamide.13 To explore how the geometry of ligands with

three hydrogen-bond amide NH donors influences the anion

binding and transport, we turned to C3-symmetric receptors based

on the triphenoxymethane (TPM) core.

TPM derivatives have been reported by Dinger and Scott to

bind metal cations.15–17 In addition, Böhmer’s group recently

showed that TPM analogs with urea groups form dimers.18 The

promising molecular recognition properties of these TPM

compounds led us to prepare nitro tripod 1 and tris(3,5-di-tert-

butyl-2-butylamidomethoxyphenyl) methane 2. We reasoned that

TPM derivatives 1 and 2, like calixarene 3, might transport anions

across phospholipid membranes.

Tripods 1 and 2 were prepared in 2 steps. Acid-catalyzed

condensation of 5-nitrosalicylaldehyde and p-nitrophenol gave a

known triphenol,18 which was alkylated with 2-bromo-N-butyl-

acetamide to give nitro tripod 1. A similar protocol gave t-butyl

tripod 2.15 A single crystal X-ray analysis of nitro tripod 1 revealed

that its three secondary amide chains point in the same direction,

creating a binding site for anions (Fig. 1).19 Negative mode ESI-

MS showed that 1 and 2 indeed formed 1 : 1 complexes with Cl2

and NO3
2, when the tripods were mixed with tetrabutylammo-

nium (TBA) salts in CH2Cl2. ESI-MS competition experiments

revealed that nitro tripod 1 was modestly selective for binding Cl2

over NO3
2, whereas t-butyl tripod 2 had no Cl2/NO3

2selectivity.

The anion binding properties of 1 and 2 in CD2Cl2 solution

were evaluated by 1H NMR titration with TBACl and TBANO3.

No chemical shift changes occurred upon addition of TBA salts to

solutions of 2, indicating that the t-butyl tripod binds weakly to

Cl2 and NO3
2. In contrast, nitro tripod 1 coordinated Cl2 and

NO3
2 in CD2Cl2, as indicated by downfield shifts for the amide

NH that hydrogen bonds with the anions (Dd = 2.32 ppm for Cl2

and 1.37 ppm for NO3
2). In addition, the bridgehead CH near the

anion binding site also underwent a significant downfield shift in

the presence of these TBA salts. In CD2Cl2, nitro tripod 1 binds

Cl2 (Ka = 816 ¡ 108 M21) more strongly than NO3
2 (Ka =

326 ¡ 113 M21).20 Overall, the X-ray, ESI-MS and NMR data

for tripod 1 confirmed that the TPM scaffold can be used to

develop an anion receptor.

We tested whether tripods 1 and 2 could transport Cl2 or NO3
2

across EYPC vesicles.{ In these experiments we compared the
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Fig. 1 Depiction of the X-ray crystal structure of nitro tripod 1. The

n-butyl sidechains have been removed for clarity. All three amide

sidechains point in the same direction, providing a potential anion binding

pocket. Two of the NH groups are hydrogen bonded to the amide CLO

group of the third chain.
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transport properties of 1 and 2 with those for paco 3, a known Cl2

transporter.14 We first used the classical ‘‘base pulse’’ assay to

compare transmembrane transport properties for 1–3.12,21 In this

assay, activity is measured by monitoring pH changes inside a

liposome containing the HPTS dye. Addition of NaOH creates a

pH gradient across the membrane. If a compound mediates

transmembrane ion transport (via either cation influx or anion

efflux), then the intravesicular pH increases as monitored by HPTS

fluorescence. If the compound cannot transport ions there is no

change in HPTS fluorescence.

Our standard, paco 3,14 changed HPTS fluorescence in solutions

containing either NaCl or NaNO3 (Fig. 2) indicating that 3 can

transport both Cl2 and NO3
2 anions across EYPC liposomes.

Fig. 2A shows that tripods 1 and 2 (at 2 : 100 molar ratio to the

lipid) had little ability to transport Cl2, a finding confirmed in

experiments that used a chloride dye, lucigenin,22 to monitor

intravesicular Cl2 concentration (Fig. 5 in the ESI{).

Fig. 2B shows that nitro tripod 1 transports NO3
2 anions across

EYPC membranes as effectively as paco 3. The t-butyl tripod 2, on

the other hand, is not a NO3
2 transporter, as there was little

change in the intravesicular pH upon addition of 2. These base-

pulse experiments provided the first indication that nitro tripod 1

might be a transmembrane NO3
2 anion transporter.

We confirmed that nitro tripod 1 transports NO3
2 across

phospholipid membranes. As depicted in Fig. 3A we developed an

assay that uses nitrate reductase to monitor the release of NO3
2

from EYPC vesicles.23 Nitrate reductase uses the NADPH

cofactor to reduce nitrate to nitrite. NADPH has a characteristic

absorbance band at 340 nm, whereas the oxidized cofactor

NADP+ does not absorb in this region. Release of NO3
2 from

vesicles was followed by changes in the NADPH absorbance at

340 nm. Furthermore, the enzymatically generated nitrite anion,

NO2
2, was trapped to give diazo dye 4 in the Griess reaction

(Fig. 3A).23 This dye absorbs at 543 nm. Thus, a decrease in

NADPH absorbance at 340 nm and a concomitant increase in the

543 nm absorbance for 4 allowed us to monitor NO3
2 release

from phospholipid vesicles.

EYPC liposomes (100 nm) filled with 100 mM NaNO3–10 mM

sodium phosphate (pH 7.2) were eluted from a Sephadex G-25

column using a solution of 100 mM NaCl–10 mM sodium

phosphate (pH 7.2). Gel filtration was done to replace the bulk of

the extravesicular NO3
2 with Cl2. The resulting EYPC liposome

suspension (100 mL) was diluted into 1.9 mL of a 100 mM NaCl–

10 mM sodium phosphate (pH 7.2) solution containing 0.3 units of

nitrate reductase and 5 mM NADPH. Solutions of either tripod 1

or 2 in DMSO (2 : 100 molar ratio to lipid) were added to the

EYPC suspensions and the resulting mixture was incubated for 3 h

to ensure complete reduction of nitrate to nitrite. Subsequently, the

Griess reaction of the enzymatically generated NO2
2 was done by

addition of the appropriate anilines.23

The UV spectra in Fig. 3B show significant consumption of

NADPH in the presence of the NO3
2-loaded liposomes and nitro

tripod 1. In contrast, when t-butyl tripod 2 was added to the same

NO3
2-loaded liposomes there was little change in NADPH

absorbance. As shown in Fig. 3C, the 543 nm absorbance for

diazo 4 formed in the Griess reaction confirmed that significantly

more nitrate was released from EYPC liposomes in the presence of

nitro tripod 1, as compared to t-butyl tripod 2. These two assays,

based on nitrate reduction and subsequent trapping of the

extravesicular nitrite, confirm that nitro tripod 1 transports

NO3
2 across EYPC vesicles.

The data in Fig. 2 and 3 suggested that nitro tripod 1 might

control the selective release of nitrate from phospholipid vesicles.

As such, we utilized the significant NO3
2/Cl2 transmembrane

transport selectivity shown by nitro tripod 1 to alter the pH within

phospholipid vesicles experiencing a NO3
2/Cl2 gradient. Thus,

EYPC liposomes containing the pH sensitive HPTS dye in 100 mM

NaNO3–10 mM sodium phosphate buffer (pH 6.4) were

suspended in a solution of 100 mM NaCl–10 mM sodium

phosphate buffer (pH 6.4). Then, DMSO solutions of either

tripods 1 or 2, or paco 3, were added to the EYPC suspension. As

Fig. 2 Base-pulse experiments. (A) Chloride containing EYPC liposomes

(pH 6.4) in Cl2 solution (pH 7.4). (B) Nitrate containing EYPC liposomes

(pH 6.4) in NO3
2 solution (pH 7.4). At t = 0 s, DMSO solutions of 1–3

were added and the intravesicular pH was determined by monitoring

changes in HPTS fluorescence ratios.

Fig. 3 Transmembrane transport of NO3
2. (A) Tripod 1 transports

NO3
2 out of EYPC vesicles suspended in NaCl solution. Nitrate reductase

reduces extravesicular NO3
2 to NO2

2. The resulting NO2
2 is then trapped

to give diazo dye 4. (B) UV spectrum of EYPC vesicle suspension after

addition of 1, 2 or a DMSO blank. The arrow indicates a decrease in

NADPH absorbance at 340 nm in the presence of 1. (C) UV spectrum of 4

after Griess reaction of enzymatically produced NO2
2. Arrow indicates

increase in absorbance for diazo dye 4 in the presence of nitro tripod 1.
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shown in Fig. 4, addition of nitro tripod 1 resulted in a rapid

increase in the intravesicular pH (D pH = 0.7), whereas addition of

t-butyl tripod 2 or paco 3 caused little change in the internal pH.

The constant pH in a system experiencing a significant

transmembrane NO3
2/Cl2 gradient indicates that paco 3, which

can transport Cl2 and NO3
2 (Fig. 2 and ref. 14), operates via a

NO3
2–Cl2 anion exchange process. The nitro tripod 1, on the

other hand, readily moves NO3
2 out of the liposome along the

NO3
2/Cl2 gradient, but is unable to compensate by transporting

Cl2 from the extravesicular buffer into the liposome. To maintain

electroneutrality nitro tripod 1 facilitates H+–NO3
2 co-transport

(or the equivalent OH2–NO3
2 counter-transport) across the

vesicular membrane.

In summary, nitro tripod 1 selectively transports NO3
2 across

liposomal membranes in what is effectively a H+–NO3
2 co-

transport process. This is, to our knowledge, the first report of a

synthetic compound with such a marked selectivity for transport of

NO3
2 over Cl2. As we continue to establish structure–function

relationships for synthetic anion transporters, we hope to use

tripod 1 and analogs, to induce pH changes in cells experiencing a

NO3
2/Cl2 gradient.24

This research was supported by the US Department of Energy

(BES, Separations and Analysis Program). PVS thanks the Univ.

of Maryland’s HHMI Program for support as a ‘‘Teacher-

Scholar’’ Post-Doctoral Fellow. We thank Prof. Volker Böhmer
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Fig. 4 Change in intravesicular pH. (A) Nitro tripod 1 functions as a

H+–NO3
2 co-transporter whereas paco 3 functions as a NO3

2–Cl2 anion

exchanger. (B) A plot of intravesicular pH vs. time in experiments where

NO3
2 loaded EYPC liposomes (pH 6.4) suspended in a NaCl solution

(pH 6.4) were treated with compounds 1–3.

3248 | Chem. Commun., 2006, 3246–3248 This journal is � The Royal Society of Chemistry 2006


