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ABSTRACT 
 
Aims: The aim of the study was to determine whether and to what extent any of a family of 
amphiphilic heptapeptide synthetic anion transporters (SATs) affected the growth or root 
morphology of Arabidopsis thaliana.  
Study Design:  A. thaliana plants were grown from seedlings in PNS media in the absence or 
presence of one of 21 SATs.  
Place and Duration of Study: Departments of Chemistry & Biochemistry, University of Missouri – 
St. Louis, 1 University Blvd., St. Louis, MO 63121 U. S. A. The study was conducted 2017-2018. 
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Methodology: Twenty one compounds of the form R2N-COCH2YCH2CO-(Aaa)3Pro(Aaa)3-
O(CH2)6CH3 were prepared and studied. The amino acids included Ala, Gly, and Ser. R was normal 
alkyl having 6, 10, 12, or 18 carbons. Y was methylene, oxygen, sulfur, or absent. The PNS media 
was infused with various concentrations of the SAT and 21 plants in each group were allowed to 
grow for 11 days. Overall plant growth and root morphology were visualized and/or measured and 
the results recorded. 
Results: A comparison of primary root length and lateral root number revealed that the greatest 
alterations in lateral root densities were observed for peptide sequences of the type GGGPSGS, 
whether or not serine was protected by t-butyl. Differences were also observed for these peptide 
sequences according to the identity of Y in the ~COCH2YCH2CO~ chain. 
Conclusion: The presence of serine’s oxygen atoms on the C-terminal side of the heptapeptide 
interact with Cl¯ leading to a change in ion concentrations and alterations in primary root lengths 
and lateral root densities. 

 
 
Keywords: Amphiphile; Arabidopsis thaliana; heptapeptide; lateral root density; synthetic anion 

transporter; synthetic ion channel. 
 

1. INTRODUCTION  
 
During recent decades, extensive study has 
been reported of biological effects of ion binders 
and transporters, particularly of cation 
complexers on bacteria and fungi. [1-2] Within 
the crown ether class of ion binders and 
transporters, biological effects have been 
reported involving microbes, [3-15] tissues, [16-
22] plants, [23-27] and animals. [16-22] Although 
several reports relate to studies of whole plants, 
this remains a poorly explored area.  

 
We recently reported the effect of hydraphile and 
lariat ether synthetic cation transporters on the 
growth of Arabidopsis thaliana. [28-30] These 
cation binders and transporters showed 
significant effects on A. thaliana root morphology. 
The effect mimicked the action of the growth 
hormone indoleacetic acid, albeit at a much 
higher concentration than observed with the 
natural hormone. More detailed study revealed 
that the transporters were not true growth 
hormone mimics. Our surmise was that the 
observed behavior related to changes in ion 
balance mediated to greater or lesser extents by 
the efficacy of the transporter.  
 
Although only limited studies have been reported 
of interactions between alkali metal ion carriers 
and/or transporters, factors affecting root 
morphology has been an area of interest for 
some time. This includes studies of root 
alterations caused by chemical excesses or 
deficiencies in maize, [31] in Medicago sativa L., 
[32] and the Brazilian medicinal plant Pfaffia 
glomerata. [33] In the latter case, the presence of 
zinc metal was the focus of study. 

Notwithstanding, research on the interactions of 
alkali metal ion binders such as cryptands and 
crown ethers with vital plants are almost 
unknown. Other recent studies include 
examinations of copper toxicity to grapevine [34] 
and cation effects on banana root segments. [35] 
The effect of the polyamine cadaverine on              
A. thaliana has recently been reported [36]. 

 
The class of compounds we have called 
synthetic anion transporters (SATs) [37] were 
designed and confirmed to transport Cl¯ through 
phospholipid bilayer membranes. [38] The SATs 
were designed based on the putative chloride 
selectivity sequence of the ClC family of proteins. 
This led to the selection of G3PG3 peptide 
sequence. [39] Since the peptide must insert in 
membranes, an anchoring module was added to 
the N-terminal end of the peptide. The initial 
module was [CH3(CH2)17]2N. Reaction of the 
secondary amine with diglycolic anhydride 
produced the entire anchor module, 
(C18H37)2NCOCH2OCH2COOH in a single step. 
This module corresponds in dimension and 
polarity to the corresponding segment of 
distearoylphosphatidylcholine. Heptanol was 
determined by experiment to be the most 
effective C-terminal secondary anchor that would 
also block the unlinked glycine carboxyl [40].  

 
The SATs show Cl¯-selective release from 
liposomes and open-close behavior 
characteristic of protein chloride channels. [41] 
When the anchor chains were C18, Cl¯ ion 
selectivity was high, but it diminished as the 
primary anchor chains were shortened. [42] The 
original diglycolic acid module was replaced by 
glutaric acid, succinic acid, and thiodiglycolic acid. 
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[43] Surprisingly, SATs containing succinic acid 
proved to be the most active ion transporters. 
Biophysical studies confirmed membrane 
insertion and the formation of a dimeric pore [44].  
 
To our knowledge, previous studies of effects on 
plants by ion binding agents [4,25] focused on 
the complexation and/or transport of cations, 
specifically sodium and potassium, that could 
affect plant growth dynamics. The investigation 
reported here was initiated to discover if and to 
what extent altering anion balance, in particular 
Cl¯, would affect root morphology or any other 
plant phenotype. The results of those studies 
follow.  
 

2. MATERIALS AND METHODS  
 
2.1 General 
 
1H-NMR were recorded at 300 MHz in CDCl3 
solvents and are reported in ppm (delta) 
downfield from internal (CH3)3Si. 13C-NMR were 
recorded at corresponding frequencies in CDCl3 
unless otherwise stated. Melting points were 
determined on a Thomas Hoover apparatus in 
open capillaries and are uncorrected. Thin layer 
chromatographic (TLC) analyses were performed 
on aluminum oxide 60 F-254 neutral (Type E) 
with a 0.2 mm layer thickness or on silica gel 60 
F-254 with a 0.2 mm layer thickness. Preparative 
chromatography columns were packed with 
activated aluminum oxide (MCB 80-325 mesh, 
chromatographic grade, AX 611) or with 
Kieselgel 60 (70-230 mesh). All reactions were 
conducted under dry N2 unless otherwise stated. 
All reagents were the best (non-LC) grade 
commercially available and were distilled, 
recrystallized, or used without further purification, 
as appropriate.  
 

2.2 Preparation of 
(C6H13)2NCOCH2CH2CO(Gly)3Pro(Gly)3-
OC7H15, 1 

  
(C6H13)2NCOCH2CH2CO(Gly)3OH (160 mg, 
0.350 mmol) was dissolved in DMF (5 mL) in a 
25 mL rb flask. The mixture was cooled to 0 °C 
and 2,4,6-trimethylpyridine (140 µL) and HBTU 
(140 mg) were added. The mixture was stirred 
for 30 min and H-Pro(Gly)3-OC7H15 (150 mg) was 
added. The mixture was stirred at rt for 16 h. The 
mixture was diluted with CH2Cl2 (250 mL) and 
washed with 250 mL each of the following: H2O, 
1M NaHSO4, H2O × 3, 5% NaHCO3, and H2O. 
The CH2Cl2 solution was filtered through a 1:1 

celite/MgSO4 mixture. The solution was 
evaporated and chromatographed over a column 
of SiO2 (eluent: 0%-20% MeOH in CHCl3). 
Evaporation of the solvent followed by high 
vacuum for 16 h afforded 1 as a white solid (243 
mg, 84% yield). MP: 85-90ºC. 

1
H NMR: 0.8 (t, 

9H); 1.19 (m, 20H); 1.37 (bs, 3H); 1.61 (bs, 3H); 
2.37 (t, 2H); 2.74 (t, 2H); 3.14 (t, 4H); 3.89 (m, 
8H); 4.08 (m, 2H); 6.48 (s, 1H); 7.02 (s, 1H); 8.12 
(s, 1H) ppm.  
 

2.3 Preparation of 
(C10H21)2NCOCH2CH2CO(Gly)3Pro(Gly)3

-OC7H15, 2 
 
(C10H21)2NCOCH2CH2CO(Gly)3OH (300 mg, 
0.527 mmol) was dissolved in DMF (5 mL) in a 
25 mL rb flask. The mixture was cooled to 0 °C 
and 2,4,6-trimethylpyridine (210 µL) and HBTU 
(210 mg) were added. The mixture was stirred 
for 30 min and H-Pro(Gly)3-OC7H15 (222 mg) was 
added. The mixture was stirred at rt for 16 h. The 
mixture was diluted with CH2Cl2 (250 mL) and 
washed with 250 mL each of the following: H2O, 
1M NaHSO4, H2O × 3, 5% NaHCO3, and H2O. 
The CH2Cl2 solution was filtered through a 1:1 
celite/MgSO4 mixture. The solution was 
evaporated and chromatographed over a column 
of SiO2 (eluent: 0%-20% MeOH in CHCl3). 
Evaporation of the solvent  followed by high 
vacuum for 16 h afforded 2 as a white solid (433 
mg, 88% yield). MP: 147-152ºC. 

1
H NMR: 0.81 (t, 

9H); 1.17 (bs, 36H); 1.36 (bs, 2H); 1.55 (bs, 4H); 
1.93-2.14 (m, 4H); 2.33 (m, 1H); 2.57 (m, 2H); 
2.75 (m, 1H); 3.13 (bs, 4H); 3.62 (m, 6H); 3.85 (d, 
1H); 4.16 (m, 8H); 7.35 (bs, 2H); 7.46 (bs, 1H); 
7.89 (bs, 1H); 8.17 (bs, 1H) ppm. 
 

2.4 Preparation of 
(C12H23)2NCOCH2CH2CO(Gly)3Pro(Gly)3

-OC7H15, 3 
 
(C12H23)2NCOCH2CH2CO(Gly)3OH (300 mg, 
0.480 mmol) was dissolved in DMF (5 mL) in a 
25 mL rb flask. The mixture was cooled to 0ºC 
and 2,4,6-trimethylpyridine (190 µL) and HBTU 
(191 mg) were added. The mixture was stirred 
for 30 min and H-Pro(Gly)3-OC7H15 (202 mg) was 
added. The mixture was stirred at rt for 16 h. The 
mixture was diluted with CH2Cl2 (250 mL) and 
washed with 250 mL each of the following: H2O, 
1M NaHSO4, H2O × 3, 5% NaHCO3, and H2O. 
The CH2Cl2 solution was filtered through a 1:1 
celite/MgSO4 mixture. The solution was 
evaporated and chromatographed over a column 
of SiO2 (eluent: 0%-20% MeOH in CHCl3). 
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Evaporation of the solvent followed by high 
vacuum for 16 h afforded 3 as a white solid (412 
mg, 86% yield). MP: 147-151ºC. 1H NMR: 0.92 (t, 
9H); 1.29 (bs, 44H); 1.47 (bs, 2H); 1.65 (bs, 4H); 
2.04 (s, 2H); 2.25 (m, 2H); 2.39 (m, 2H); 2.44 (m, 
1H); 2.60-2.80 (m, 2H); 2.90 (m, 1H); 3.24 (bs, 
4H); 3.62 (m, 6H); 3.97 (d, 1H); 4.14 (m, 8H); 
7.44 (bs, 3H); 8.03 (bs, 1H); 8.29 (bs, 1H) ppm. 
 

2.5 Preparation of 
(C18H37)2NCOCH2CH2CO(Gly)3Pro(Gly)3

-OC7H15, 4 
 

(C18H37)2NCOCH2CH2CO(Gly)3OH (309 mg, 
0.390 mmol) and 184 mg H-Pro(Gly)3-OC7H15 
were dissolved in CH2Cl2 (5 mL containing 64 mg 
n-butanol) in a 25 mL rb flask. The mixture was 
cooled to 0ºC and EDCI (81 mg) and 
triethylamine (0.21 mL) were added. The mixture 
was stirred at rt under argon for 16 h. The 
mixture was diluted with CH2Cl2 (100 mL) and 
washed with 100 mL each of the following: H2O, 
1M NaHSO4, H2O, 5% NaHCO3, and H2O. The 
CH2Cl2 solution was filtered through a 1:1 
celite/MgSO4 mixture. The solution was 
evaporated and chromatographed over a column 
of SiO2 (eluent: 5%-15% MeOH in CHCl3. 
Evaporation followed by high vacuum for 16 h 
afforded 4 as a white solid (356 mg, 79% yield). 
MP: 148-152ºC. 

1
H NMR: 0.87 (m, 12H), 1.25 (m, 

72H), 1.42 (br s, 2H), 1.55 (br s, 2H), 1.80–2.40 
(m, 4H), 2.40–2.80 (m, 4H), 3.22 (br s, 4H), 
3.25–4.40 (m, 15H), 7.45 (br s, 2H), 7.73 (br s, 
1H), 8.14 (s, 2H). 
 

2.6 Preparation of 
(C6H13)2NCOCH2OCH2CO(Gly)3Pro(Gly)

3-OC7H15, 5 
 

Preparation of 
(C6H13)2NCOCH2OCH2CO(Gly)3Pro(Gly)3-
OC7H15, 5 was prepared as previously reported 
[38]. 
 

2.7 Preparation of (C18H37)2NCOCH2OCH2 

CO(Gly)3Pro(Gly)3-OC7H15, 6 
 

Preparation of 
(C18H37)2NCOCH2OCH2CO(Gly)3Pro(Gly)3-
OC7H15, 6 was prepared as previously reported 
[40]. 
 

2.8 Preparation of 
(C12H23)2NCOCH2CH2CO(Ala)3Pro(Gly)3

-OC7H15, 7  
 

(C12H23)2NCOCH2CH2CO(Ala)3OH (62 mg, 0.093 
mmol) and 82 mg H-Pro(Gly)3-OC7H15 were 

dissolved in DMF (5 mL) in a 25 mL rb flask. The 
mixture was cooled to 0ºC and 2,4,6-
trimethylpyridine (55 µL) and HBTU (55 mg) 
were added. The mixture was stirred at rt for 16 h. 
The mixture was diluted with CH2Cl2 (150 mL) 
and washed with 150 mL each of the following: 
H2O, 1M NaHSO4, H2O × 3, 5% NaHCO3, and 
H2O. The CH2Cl2 solution was filtered through a 
1:1 celite/MgSO4 mixture. The solution was 
evaporated and chromatographed over a column 
of SiO2 (eluent: 0%-10% MeOH in CHCl3. 
Evaporation of the solvent followed by high 
vacuum for 16 h afforded 7 as a white solid (101 
mg, 71% yield). MP: 130-135ºC. 

1
H NMR: 0.81 (t, 

13H); 1.19 (bs, 73H); 1.40 (bs, 15H); 1.84-2.16 
(m, 6H); 2.34 (s, 2H); 2.61 (m, 3H); 2.80-3.16  (m, 
7H); 3.57 (m, 3H); 3.90 (m, 9H); 4.28 (m, 5H); 
6.15 (d, 1H); 7.50 (t, 1H); 7.68 (d, 1H); 7.86 (t, 
1H) ppm. 
 

2.9 Preparation of 
(C18H37)2NCOCH2CH2CO(Ala)3Pro(Gly)3

-OC7H15, 8 
  

(C18H37)2NCOCH2CH2CO(Ala)3OH (62 mg, 0.102 
mmol) and 82 mg H-Pro(Gly)3-OC7H15 were 
dissolved in DMF (5 mL) in a 25 mL rb flask. The 
mixture was cooled to 0ºC and 2,4,6-
trimethylpyridine (55 µL) and HBTU (55 mg) 
were added. The mixture was stirred at rt for 16 h. 
The mixture was diluted with CH2Cl2 (150 mL) 
and washed with 150 mL each of the following: 
H2O, 1M NaHSO4, H2O × 3, 5% NaHCO3, and 
H2O. The CH2Cl2 solution was filtered through a 
1:1 celite/MgSO4 mixture. The solution was 
evaporated and chromatographed over a column 
of SiO2 (eluent: 0%-10% MeOH in CHCl3. 
Evaporation of the solvent followed by high 
vacuum for 16 h afforded 8 as a white solid (120 
mg, 73% yield). MP: 153-157ºC. 

1
H NMR: 0.92 (t, 

12H); 1.31 (bs, 96H); 1.49 (bs, 14H); 1.94-2.26 
(m, 7H); 2.45 (s, 2H); 2.71 (m, 2H); 3.25-3.33 (m, 
7H); 3.71 (m, 3H); 4.39-4.54 (m, 14H); 6.37 (d, 
1H); 7.31 (t, 2H); 7.75 (d, 2H); 8.00 (t, 1H) ppm. 
 

2.10 Preparation of 
(C12H23)2NCOCH2OCH2CO(Ala)3Pro(G
ly)3-OC7H15, 9 

  

(C12H23)2NCOCH2OCH2CO(Ala)3OH (186 mg, 
0.272 mmol) and 237 mg H-Pro(Gly)3-OC7H15 
were dissolved in DMF (5 mL) in a 25 mL rb flask. 
The mixture was cooled to 0ºC and 2,4,6-
trimethylpyridine (160 µL) and HBTU (160 mg) 
were added. The mixture was stirred at rt for 16 h. 
The mixture was diluted with CH2Cl2 (150 mL) 
and washed with 150 mL each of the following: 
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H2O, 1M NaHSO4, H2O × 3, 5% NaHCO3, and 
H2O. The CH2Cl2 solution was filtered through a 
1:1 celite/MgSO4 mixture. The solution was 
evaporated and chromatographed over a column 
of SiO2 (eluent: 0%-10% MeOH in CHCl3. 
Evaporation of the solvent followed by high 
vacuum for 16 h afforded 9 as a white solid (101 
mg, 71% yield). MP: 128-134ºC. 1H NMR: 0.92 (t, 
9H); 1.29 (bs, 54H); 1.50 (m, 10H); 2.16 (m, 6H); 
3.11-3.82 (m, 6H); 4.11 (m, 8H); 4.51 (m, 7H); 
7.31 (m, 2H); 7.66 (d, 2H); 7.85 (d, 1H); 7.99 (t, 
1H) ppm. 
 

2.11 Preparation of 
(C18H37)2NCOCH2OCH2CO(Ala)3Pro(G
ly)3-OC7H15, 10 

 
(C18H37)2NCOCH2OCH2CO(Ala)3OH (253 mg, 
0.297 mmol) and 237 mg H-Pro(Gly)3-OC7H15 
were dissolved in DMF (5 mL) in a 25 mL rb flask. 
The mixture was cooled to 0 °C and 2,4,6-
trimethylpyridine (160 µL) and HBTU (160 mg) 
were added. The mixture was stirred at rt for 16 h. 
The mixture was diluted with CH2Cl2 (150 mL) 
and washed with 150 mL each of the following: 
H2O, 1M NaHSO4, H2O × 3, 5% NaHCO3, and 
H2O. The CH2Cl2 solution was filtered through a 
1:1 celite/MgSO4 mixture. The solution was 
evaporated and chromatographed over a column 
of SiO2 (eluent: 0%-10% MeOH in CHCl3. 
Evaporation of the solvent followed by high 
vacuum for 16 h afforded 10 as a white solid 
(409 mg, 85% yield). MP: 126-130ºC. 

1
H NMR: 

0.80 (t, 10H); 1.18 (bs, 85H); 1.38 (bs, 10H); 1.87 
(m, 2H); 2.06 (bs, 7H); 2.99 (m, 4H); 3.53 (m, 
2H); 3.81 (m, 10H); 4.23 (m, 8H); 7.20 (m, 2H); 
7.57 (d, 1H); 7.67 (t, 1H); 7.75 (d,1H); 7.90 (t, 1H) 
ppm. 
 

2.12 Preparation of 
(C18H37)2NCOCH2SCH2CO(Ala)3Pro(G
ly)3-OC7H15, 11 

 
(C18H37)2NCOCH2SCH2CO(Ala)3OH (127 mg, 
0.297 mmol) and 116 mg H-Pro(Gly)3-OC7H15 
were dissolved in DMF (5 mL) in a 25 mL rb flask. 
The mixture was cooled to 0ºC and 2,4,6-
trimethylpyridine (50 µL) and HBTU (77 mg) 
were added. The mixture was stirred at rt for 16 h. 
The mixture was diluted with CH2Cl2 (150 mL) 
and washed with 150 mL each of the following: 
H2O, 1M NaHSO4, H2O × 3, 5% NaHCO3, and 
H2O. The CH2Cl2 solution was filtered through a 
1:1 celite/MgSO4 mixture. The solution was 
evaporated and chromatographed over a column 
of SiO2 (eluent: 0%-10% MeOH in CHCl3. 
Evaporation of the solvent followed by high 

vacuum for 16 h afforded 11 as a white solid 
(183 mg, 76% yield). MP: 154-158ºC. 

1
HNMR: 

0.88 (t, 9H); 1.28 (bs, 68H); 1.39 (bs, 2H); 1.65 
(bs, 4H); 1.97-2.17 (s, 4H); 2.95-4.10 (m, 18H); 
4.38 (m, 3H); 4.66 (m, 1H); 7.48 (bs, 2H); 7.65 
(bs, 1H); 8.01 (bs, 1H); 8.14 (bs, 2H) ppm. 
 
2.13 Preparation of 

(C12H23)2NCOCH2CH2CO(Gly)3ProSer
GlySer-OC7H15, 12 

 
(C12H23)2NCOCH2CH2CO(Gly)3ProGlySer(t-
Bu)Gly-OC7H15 (205 mg,  0.195 mmol) was 
dissolved in dioxane (2 mL). The mixture was 
cooled and stirred to 0ºC and 4M HCl in dioxane 
(1 mL) was added. The mixture was stirred at 
0 °C for 2 h. The solvent was evaporated 
followed by high vacuum for 16 h afforded 12 as 
a white solid (160 mg, 80% yield).  MP: 129-
134 °C.  1H NMR: 0.80 (t, 10H); 1.07 (s, 4H); 
1.21 (bs, 68H); 1.36 (bs, 6H); 1.91-2.43 (m, 10H); 
3.13 (bs, 4H); 3.48-4.10 (m, 17H); 4.53 (m, 1H); 
7.40-8.40 (m, 6H) ppm. 
 

2.14 Preparation of 
(C18H37)2NCOCH2CH2CO(Gly)3ProSer
GlySer-OC7H15, 13 

 

(C18H37)2NCOCH2CH2CO(Gly)3ProSer(t 
Bu)GlySer(t-Bu)-OC7H15 (200 mg,  0.164 mmol) 
was dissolved in Dioxane (2 mL). The mixture 
was cooled and stirred to 0ºC and 4M HCl in 
dioxane (1 mL) was added. The mixture was 
stirred at 0ºC for 2 h. The solvent was 
evaporated followed by high vacuum for 16 h 
afforded 13 as a white solid (146 mg, 75%). MP: 
145-150ºC. 

1
H NMR: 0.80 (t, 10H); 1.07 (s, 4H); 

1.21 (bs, 68H); 1.36 (bs, 6H); 1.91-2.43 (m, 10H); 
3.13 (bs, 4H); 3.48-4.10 (m, 17H); 4.53 (m, 1H); 
7.40-8.40 (m, 6H) ppm. 
 

2.15 Preparation of 
(C18H37)2NCOCH2OCH2CO(Gly)3ProS
erGlySer-OC7H15, 14 

 

(C18H37)2NCOCH2OCH2CO(Gly)3ProSer(t-
Bu)GlySer(t-Bu)-OC7H15 (200 mg,  0.162 mmol) 
was dissolved in dioxane (2 mL). The mixture 
was cooled and stirred to 0ºC and 4M HCl in 
dioxane (1 mL) was added. The mixture was 
stirred at 0ºC for 2 h. The solvent was 
evaporated, followed by high vacuum for 16 h 
afforded 14 as a white solid (165 mg, 85%). MP: 
74-78ºC. 

1
H NMR: 0.80 (t, 10H); 1.08 (s, 4H); 

1.18 (bs, 68H); 1.44 (d, 6H); 1.96 (bs, 10H); 3.00 
(m, 2H); 3.20 (bs, 2H); 3.46 (bs, 1H); 3.91 (m, 
10H); 4.22 (m, 4H); 7.40-8.49 (m, 6H) ppm. 
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2.16 Preparation of 
(C12H23)2NCOCH2CH2CO(Gly)3ProSer
(t-Bu)GlySer(t-Bu)-OC7H15, 15 

  
(C12H23)2NCOCH2CH2CO(Gly)3OH (224 mg, 
0.358 mmol) and 200 mg H-ProSer(t-
Bu)GlySer(t-Bu)-OC7H15 were dissolved in DMF 
(10 mL) in a 25 mL rb flask. The mixture was 
cooled to 0ºC and 2,4,6-trimethylpyridine (140 µL) 
and HBTU (143 mg) were added. The mixture 
was stirred at rt for 16 h. The mixture was diluted 
with CH2Cl2 (150 mL) and washed with 150 mL 
each of the following: H2O, 1M NaHSO4, H2O × 3, 
5% NaHCO3, and H2O. The CH2Cl2 solution was 
filtered through a 1:1 celite/MgSO4 mixture. The 
solution was evaporated and chromatographed 
over a column of SiO2 (eluent: 0%-10% MeOH in 
CHCl3). Evaporation of the solvent followed by 
high vacuum for 16 h afforded 15 as a white solid 
(375 mg, 90% yield). MP: 109-111ºC. 

1
H NMR: 

0.88 (t, 9H); 1.16 (d, 24H); 1.26 (bs, 44H); 1.45 
(bs, 2H); 1.60 (bs, 4H); 2.08 (s, 4H); 2.57 (m, 4H); 
3.23 (bs, 4H); 3.57-4.19 (m, 17H); 7.49 (bs, 1H); 
7.61 (bs, 1H); 7.75 (bs, 1H); 7.87 (bs, 2H); 8.17 
(bs, 1H) ppm. 

 
2.17 Preparation of 

(C18H37)2NCOCH2CH2CO(Gly)3ProSer
(t-Bu)GlySer(t-Bu)-OC7H15, 16 

  
(C18H37)2NCOCH2CH2CO(Gly)3OH (278 mg, 
0.350 mmol) and 193 mg H-ProSer(t-
Bu)GlySer(t-Bu)-OC7H15 were dissolved in DMF 
(10 mL) in a 25 mL rb flask. The mixture was 
cooled to 0 °C and 2,4,6-trimethylpyridine (140 
µL) and HBTU (138 mg) were added. The 
mixture was stirred at rt for 16 h. The mixture 
was diluted with CH2Cl2 (150 mL) and washed 
with 150 mL each of the following: H2O, 1M 
NaHSO4, H2O × 3, 5% NaHCO3, and H2O.               
The dichloromethane solution was filtered 
through a 1:1 celite/MgSO4 mixture. The solution 
was evaporated and chromatographed over a 
column of SiO2 (eluent: 0%-10% MeOH in 
CHCl3). Evaporation of the solvent followed by 
high vacuum for 16 h afforded 16 as a                   
white   solid (406 mg, 88% yield). MP: 108-110ºC. 
1
H NMR: 0.80 (t, 11H); 1.07 (d, 20H); 1.18 (bs, 

82H); 1.35 (bs, 3H); 1.50 (m, 5H); 1.94 (m, 7H); 
2.37-2.80 (m, 4H); 3.12 (m, 5H); 3.44-4.26 (m, 
20H); 4.49 (m, 1H); 6.92 (d, 1H);  7.12 (d, 1H); 
7.25 (t, 1H); 7.72 (t, 1H); 7.78 (t, 1H); 8.14 (t, 1H) 
ppm. 
 

 

2.18 Preparation of 
(C12H23)2NCOCH2OCH2CO(Gly)3ProS
er(t-Bu)GlySer(t-Bu)-OC7H15, 17 

  

(C12H23)2NCOCH2OCH2CO(Gly)3OH (230 mg, 
0.359 mmol) and 200 mg H-ProSer(t-
Bu)GlySer(t-Bu)-OC7H15 were dissolved in DMF 
(10 mL) in a 25 mL rb flask. The mixture was 
cooled to 0 °C and 2,4,6-trimethylpyridine (140 
µL) and HBTU (143 mg) were added. The 
mixture was stirred at rt for 16 h. The mixture 
was diluted with CH2Cl2 (150 mL) and washed 
with 150 mL each of the following: H2O, 1M 
NaHSO4, H2O × 3, 5% NaHCO3, and H2O. The 
CH2Cl2 solution was filtered through a 1:1 
celite/MgSO4 mixture. The solution was 
evaporated and chromatographed over a column 
of SiO2 (eluent: 0%-10% MeOH in CHCl3). 
Evaporation of the solvent followed by high 
vacuum for 16 h afforded 17 as a white solid 
(333 mg, 79% yield). MP: 125-128ºC. 1H NMR: 
0.88 (t, 9H); 1.16 (d, 18H); 1.26 (bs, 44H); 1.60 
(bs, 6H); 2.11 (s, 4H); 3.11 (bs, 2H); 3.28 (bs, 
2H); 3.57 (bs, 4H); 3.69 (m, 3H); 4.07 (m, 11H); 
4.30 (s, 2H); 4.44 (m, 2H); 4.63 (m, 1H); 7.42 (bs, 
2H); 7.71 (bs, 2H); 7.98 (bs, 1H); 8.26 (bs, 1H) 
ppm. 
 

2.19 Preparation of 
(C18H37)2NCOCH2OCH2CO(Gly)3ProS
er(t-Bu)GlySer(t-Bu)-OC7H15, 18 

  
(C18H37)2NCOCH2OCH2CO(Gly)3OH (281 mg, 
0.347 mmol) and 193 mg H-ProSer(t-
Bu)GlySer(t-Bu)-OC7H15 were dissolved in DMF 
(10 mL) in a 25 mL rb flask. The mixture was 
cooled to 0 °C and 2,4,6-trimethylpyridine (140 
µL) and HBTU (138 mg) were added. The 
mixture was stirred at rt for 16 h. The mixture 
was diluted with CH2Cl2 (150 mL) and washed 
with 150 mL each of the following: H2O, 1M 
NaHSO4, H2O × 3, 5% NaHCO3, and H2O. The 
CH2Cl2 solution was filtered through a 1:1 
celite/MgSO4 mixture. The solution was 
evaporated and chromatographed over a column 
of SiO2 (eluent: 0%-10% MeOH in CHCl3). 
Evaporation of the solvent followed by high 
vacuum for 16 h afforded 18 as a white solid 
(399 mg, 85% yield). MP: 127-129ºC. 

1
H NMR: 

0.88 (t, 9H); 1.17 (d, 18H); 1.26 (bs, 65H); 1.60 
(bs, 6H); 2.08 (bs, 4H); 3.09 (m, 2H); 3.27 (bs, 
2H); 3.56-4.62 (m, 25H); 7.41 (m, 1H); 7.63 (bs, 
1H); 7.74 (bs, 1H); 7.84 (bs, 1H); 8.09 (bs, 1H); 
8.47 (bs, 1H) ppm. 
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2.20 Preparation of (C12H23)2NCOCH2 

CH2CO(Gly)3ProGlySer(t-Bu)Gly-
OC7H15, 19 

  

(C12H23)2NCOCH2CH2CO(Gly)3OH (531 mg, 
0.850 mmol) was dissolved in DMF (10 mL) in a 
25 mL rb flask. The mixture was cooled to 0 °C 
and 2,4,6-trimethylpyridine (337 µL) and HBTU 
(338 mg) were added. The mixture was stirred 
for 30 min and H-ProGlySer(t-Bu)Gly-OC7H15 

(400 mg) was added. The mixture was stirred at 
rt for 16 h. The mixture was diluted with CH2Cl2 
(250 mL) and washed with 250 mL each of the 
following: H2O, 1M NaHSO4, H2O × 3, 5% 
NaHCO3, and H2O. The CH2Cl2 solution was 
filtered through a 1:1 celite/MgSO4 mixture. The 
solution was evaporated and chromatographed 
over a column of SiO2 (eluent: 5%-30% MeOH in 
CHCl3). Evaporation of the solvent followed by 
high vacuum for 16 h afforded 19 as a white solid 
(811 mg, 88% yield). MP: 158-160ºC. 1H NMR: 
0.81 (t, 9H); 1.17 (bs, 54H); 1.53 (m, 8H); 1.85 
(m, 8H);2.10 (m, 7H); 2.45 (m, 4H); 3.13 (bs, 4H); 
3.38-4.05 (m, 17H); 4.39 (m, 2H); 7.07  (d, 1H); 
7.31 (bs, 2H); 7.44 (m, 2H); 7.88 (m, 2H) ppm. 
 

2.21 Preparation of (C18H37)2NCOCH2 

CH2CO(Gly)3ProGlySer(t-Bu)Gly-
OC7H15, 20 

 

(C18H37)2NCOCH2CH2CO(Gly)3OH (674 mg, 
0.850 mmol) was dissolved in DMF (10 mL) in a 
25 mL rb flask. The mixture was cooled to 0 °C 
and 2,4,6-trimethylpyridine (337 µL) and HBTU 
(338 mg) were added. The mixture was stirred 
for 30 min and H-ProGlySer(t-Bu)Gly-OC7H15 

(400 mg) was added. The mixture was stirred at 
rt for 16 h. The mixture was diluted with CH2Cl2 
(250 mL) and washed with 250 mL each of the 
following: H2O, 1M NaHSO4, H2O × 3, 5% 
NaHCO3, and H2O. The CH2Cl2 solution was 
filtered through a 1:1 celite/MgSO4 mixture. The 
solution was evaporated and chromatographed 
over a column of SiO2 (eluent: 5%-30% MeOH in 
CHCl3). Evaporation of the solvent followed by 
high vacuum for 16 h afforded 20 as a white solid 
(892 mg, 84% yield). MP: 155-158ºC. 

1
H NMR: 

0.88 (t, 11H); 1.16 (s, 13H); 1.26 (bs, 74H); 1.60 
(d, 6H); 2.12 (s, 4H); 2.63 (d, 4H); 3.22 (bs, 4H); 
3.49-4.15 (m, 18H); 4.50 (bs, 2H); 7.33 (bs, 1H); 
7.70 (bs, 3H); 8.12 (bs, 2H) ppm. 
 

2.22 Preparation of (C18H37)2NCOCH2 

OCH2CO(Gly)3ProGlySer(t-Bu)Gly-
OC7H15, 21 

 
(C18H37)2NCOCH2OCH2CO(Gly)3OH (515 mg, 
0.636 mmol) was dissolved in DMF (10 mL) in a 

25 mL rb flask. The mixture was cooled to 0ºC 
and 2,4,6-trimethylpyridine (337 µL) and HBTU 
(338 mg) were added. The mixture was stirred 
for 30 min and H-ProGlySer(t-Bu)Gly-OC7H15 

(400 mg) was added. The mixture was stirred at 
rt for 16 h. The mixture was diluted with CH2Cl2 
(250 mL) and washed with 250 mL each of the 
following: H2O, 1M NaHSO4, H2O × 3, 5% 
NaHCO3, and H2O. The CH2Cl2 solution was 
filtered through a 1:1 celite/MgSO4 mixture. The 
solution was evaporated and chromatographed 
over a column of SiO2 (eluent: 5%-30% MeOH in 
CHCl3). Evaporation of the solvent followed by 
high vacuum for 16 h afforded 21 as a white solid 
(712 mg, 88% yield). MP: 87-90ºC. 1H NMR: 0.88 
(t, 11H); 1.17 (s, 10H); 1.26 (bs, 74H); 1.60 (d, 
7H); 3.09-4.47 (m, 29H); 7.15 (bs, 1H); 7.67 (bs, 
2H); 8.02 (bs, 3H) ppm. 
 

2.23 Preparation of Phospholipid 
Vesicles and Chloride Release 
Experiments 

 
1,2-Dioleoyl-sn-glycero-3-phosphocholine 
(DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphate 
(DOPA) were obtained from Avanti Polar Lipids® 
as 25 mg in 2.5 mL CHCl3 solutions. For each 
vesicle preparation, a dry film sample of 
DOPC:DOPA (15 mg, 7:3 w/w) was dissolved in 
375 μL Et2O and then 375 μL internal buffer (600 
mM KCl, 10 mM N-2-hydroxyethylpiperazine-N’-
2-ethanesulfonic acid (HEPES), pH adjusted to 
7.00) was added. The mixture was sonicated for 
30 s yielding an opalescent suspension. The 
diethyl ether was removed under low vacuum 
conditions at 30ºC for 2 hours. The resulting 
mixed micellar aqueous suspension was filtered 
through a 200 nm pore-size membrane filter 9 
times using a small extruder to obtain a uniform 
size of vesicles. The filtered suspension was 
passed through a Sephadex G25 size exclusion 
column that had been equilibrated with external 
buffer (400 mM K2SO4, 10 mM HEPES, adjusted 
to pH 7.00) in order to eliminate the extra-
vesicular chloride ions. The vesicles were 
collected and subsequently characterized by 
using dynamic light scattering. The size of the 
resulting purified vesicles was confirmed to be 
~200 nm. The final lipid concentration was 
obtained by using a colorimetric determination of 
the phospholipid-ammonium ferrothiocyanate 
complex. 
 
The chloride release from liposomes was 
assayed by using a chloride sensitive electrode 
(Accumet Chloride Combination Electrode). The 
electrode was immersed in the vesicle solution 
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(0.31 mM) and allowed to equilibrate. After 5 
minutes an aliquot of the compound solution was 
added to the vesicle suspension to a 
concentration of 65 µM. The solution of 
compounds were prepared usually in a 
concentration of 9 mM to minimize the amount of 
2-propanol and hence its effect on the liposomes. 
At the end of each experiment the 100 mL of a   
2% Triton X-100 solution was added to the 
vesicle suspension to induce vesicular lysis and 
to obtain the total chloride concentration. The 
data collected (DigiData 1322A series interface 
and Axoscope 9.0 software) were then 
normalized to this value. 
 

3. RESULTS AND DISCUSSION 
 
3.1 The Heptapeptide SATs 
 
As noted in the introduction, the essential 
elements of the SAT amphiphiles comprise four 
modules. These are illustrated in Fig. 1. The twin 
hydrocarbon tails were designed to function as 
membrane anchors that mimic the fatty acid 
chains of phospholipids. [45] The diacid, shown 
in the Figure as ~COCH2YCH2CO~ is a linker 
intended to join the anchor groups with the 
heptapeptide and to mimic the glyceryl regime of 
phospholipids. [43] The heptapeptide sequence 
was initially modeled on the putative selectivity 
filter of the ClC chloride-transporting protein. [39] 
The C-terminal end of the heptapeptide is 
esterified with a n-heptyl group that prevents 
carboxyl ionization [46] and serves as a 
“secondary” membrane anchor. 

3.2 Compounds Used 
 
All of the compounds used in the present study 
are heptapeptides. In previous work, we 
surveyed the effects of varying the N-terminal 
twin anchor chain, the linker, and the C-terminal 
“secondary” anchor. [41] Likewise, we have 
examined the effect of changes in the peptide 
sequence while keeping the other variables 
constant. For the present study, the C-terminal 
anchor chain was always n-heptyl and the 
peptide always contained seven amino acids in 
the form (Aaa)3Pro(Aaa)3. Early work showed 
that when proline at position 4 was replaced 
either by leucine or other cyclic amino acids, Cl¯ 
ion release from liposomes was significantly 
reduced [47]. 
 
The compounds studied were typically prepared 
by reaction of a diamine (the N-terminal anchor) 
with a diacid anhydride to form the anchor and 
linker modules, R2NCOCH2YCH2COOH in one 
step. In much of the early work and in the 
present report, diglycolic acid (Y = O) was the 
linker of choice. Alternately, thiadiglycolic acid 
(HOOCCH2SCH2COOH) anhydride or succinic 
anhydride (Y is absent) comprised the diacid 
linker element. A study of linker elements 
suggested that these three units were among the 
best to foster Cl¯ ion release from liposomes. [48] 
The diamines were di-n-hexylamine, di-n-
dodecylamine, or di-n-octadecylamine. Previous 
studies showed that shorter anchor chains 
afforded greater Cl¯ ion release from liposomes, 
but at a cost of anion vs. cation selectivity [49].  

 

 
 

Fig. 1. General structure for synthetic anion transporter (SAT) amphiphiles 
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Scheme 1. Synthesis of SATs (1-21). The abbreviations An and Aaan represent amino acids. Y 
may represent O, S, or be absent 

 
The assembly of the SATs reported herein was 
accomplished in a straightforward and modular 
manner. As noted above, the incipient linker was 
a diacid converted into its anhydride. This was 
treated with a diamine to form the 
R2NCOCH2YCH2COOH module. Commercially 
available triglycine or trialanine was coupled to 
proline using a standard HBTU protocol. 
Triglycine or other tripeptide was esterified with 
n-heptanol and the two fragments coupled to 
give R2NCOCH2YCH2CON(Aaa)7OC7H15. Where 
peptide protection was required, standard 
methods were employed. [50] The synthesis                  
is illustrated in Scheme 1. The product SATs              
are shown in Table 1 with reference to  Scheme 
1.  
 

3.3 Anion Transport 
 
Anion release from liposomes was studied in 
various ways. The anion most commonly 
assessed was Cl¯, which was detected as 
egress from DOPC:DOPA (7:3) liposomes (0.31 
mM) mediated by SATs (65 µM at pH 7), using a 
Cl¯-selective electrode. Alternately, the chloride 
selective dye lucigenin was used to detect Cl¯ 
transport. [38] Fluorescein transport was studied 
as well. Fluorescein is often used as a surrogate 
for Cl¯ because it can readily be detected at low 
concentrations.  

An example of how the anchor chain (R) length 
in R2NCOCH2YCH2CO-G3PG3-OCH2Ph affects 
carboxyfluorescein (CF) release is shown in Fig. 
2. This is a convenient experiment because CF 
within vesicles is self-quenched. The highly 
fluorescent dye that emerges is readily 
detectable by fluorimetry. The di-n-alkyl chains 
that comprise the N-terminal anchors for the SAT 
ranged in length in this experiment from n-octyl 
to n-octadecyl. The experiment was arbitrarily 
terminated at 300 s, by which time the shortest 
chain compounds had released all of the dye. 
The 100% release value was determined by 
using Triton X-100 detergent to lyse the vesicles. 
The total dye was set to a value of 100% and 
compared to the amount released prior to lysis. 
Release is then expressed as a percentage. Fig. 
2 shows the length dependence of the “R” N-
terminal anchor chains in 
R2NCOCH2OCH2COG3PG3OCH2Ph.  Although 
the graph shows CF release, generally similar 
behavior has been observed for Cl¯ release from 
liposomes [38] when using Cl¯-selective 
electrodes or lucigenin [51]. 

 
It should be noted that the compounds recorded 
in Table 1 and the compounds used in the CF 
release-rate study shown in Fig. 2 differ from 1-
21 in the C-terminal anchor. A study of the effect 
of variations in the C- and N-terminal chains N-
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terminal chains (R1) and C-terminal (R2) anchors 
in R

1
2NCOCH2OCH2COG3PG3OR

2
 has 

previously been reported. [52] The C-terminal 
anchors (R

2
) included O-Et, O-n-heptyl, O-benzyl, 

O-methylenecyclohexyl, and O-n-octadecyl. The 
two most favorable for ion transport were O-n-

heptyl and O-benzyl. Similar, although not 
identical, behavior was observed for these two 
seven-carbon C-termini.  Thus, the comparison 
of Cl¯ release data shown in Table 1 and the CF 
release data plotted in Fig. 2 are relevant to each 
other and to the results presented here.  

 
Table 1. Structures of Compounds 1-21a 

 
No. Twin N-anchors Linker

b
 Peptide % Cl¯ release

c 

1 n-C6H13 ~COCH2CH2CO~ GGGPGGG 60 
2 n-C10H21 ~COCH2CH2CO~ GGGPGGG NDd 

3 n-C12H25 ~COCH2CH2CO~ GGGPGGG ND 
4 n-C18H37 ~COCH2CH2CO~ GGGPGGG 70 
5 n-C6H13 ~COCH2OCH2CO~ GGGPGGG ND 
6 n-C18H37 ~COCH2OCH2CO~ GGGPGGG 60 
7 n-C12H25 ~COCH2CH2CO~ AAAPGGG 11 
8 n-C18H37 ~COCH2CH2CO~ AAAPGGG 11 
9 n-C12H25 ~COCH2OCH2CO~ AAAPGGG 28 
10 n-C18H37 ~COCH2OCH2CO~ AAAPGGG 20 
11 n-C18H37 ~COCH2SCH2CO~ AAAPGGG 20 
12 n-C12H25 ~COCH2CH2CO~ GGGPSGS 13 
13 n-C18H37 ~COCH2CH2CO~ GGGPSGS 10 
14 n-C18H37 ~COCH2OCH2CO~ GGGPSGS 13 
15 n-C12H25 ~COCH2CH2CO~ GGGPS(t-Bu)GS(t-Bu) 28 
16 n-C18H37 ~COCH2CH2CO~ GGGPS(t-Bu)GS(t-Bu) 24 
17 n-C12H25 ~COCH2OCH2CO~ GGGPS(t-Bu)GS(t-Bu) 30 
18 n-C18H37 ~COCH2OCH2CO~ GGGPS(t-Bu)GS(t-Bu) 27 
19 n-C12H25 ~COCH2CH2CO~ GGGPGS(t-Bu)G ND 
20 n-C18H37 ~COCH2CH2CO~ GGGPGS(t-Bu)G ND 
21 n-C18H37 ~COCH2OCH2CO~ GGGPGS(t-Bu)G ND 

a. All compounds have a C-terminal n-heptyl anchor (see Fig. 1). b. Linker heteroatoms are in bold type for clarity. 
c. Chloride release from DOPC:DOPA (7:3) liposomes mediated by SATs (see Experimental section for details). 

d. ND means not determined under these conditions 
 

 
 

Fig. 2. Carboxyfluorescein release from DOPC:DOPA (7:3) liposomes (0.31 mM) mediated by 
R2NCOCH2OCH2COG3PG3OCH2Ph (65 µM at pH 7) in which the twin N-terminal anchor chains 

(R2) range from n-octyl to n-octadecyl. The values reflect release at 300 s 
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3.4 Experimental Plant Studies 
 
 Arabidopsis thaliana is the best known and most 
widely studied experimental plant. The most 
commonly used strain, “Col-0,” for which the 
entire genome is known, was used in the present 
study. [29] The growth medium was sterilized 
agar containing plant nutrient plus sucrose or 
“PNS” as described in the experimental section. 
Approximately 20 seeds were germinated on 
each plate and each experiment was conducted 
in at least triplicate. This resulted in each data 
point representing 60 or more observations.  
Plants were allowed to grow under continuous 
white light for 11 days, at which time the root 
properties were determined by visual analysis 
using a dissecting microscope.  

 
The data reported are the primary root length, 
measured in millimeters, and the number of 
lateral roots, assessed visually. The lateral root 
density is an arbitrarily defined, unit-less value 
obtained by dividing the number of lateral roots 
by the length of the primary root in millimeters. 
Thus, if the average length for 60 plants of the 
primary root is 35 mm and the average number 
of lateral roots counted is 5.25, then the lateral 
root density would be (5.25/35 =) 0.15. Similarly, 
if the average primary root length is 45 mm and 
the average number of lateral roots is 6.75, the 
lateral root density would be (6.75/45 =) 0.15. 

The numbers shown were deliberately chosen to 
illustrate the possibility of accidental coincidence.   
 

3.4.1 Controls 
 

 Approximately 60 plants were grown on PNS 
media (no additives). Root lengths and the 
number of lateral roots were recorded for each 
plant. The data points were averaged to obtain 
the following baseline values: primary root length 
= 40.4 ± 3.8 mm and number of lateral roots = 
6.1 ± 0.8, respectively. The experimentally 
determined lateral root density determined as the 
control value based on these observations is 
(6.1/40.6 =) 0.15. 
 

The test compounds were added to the growth 
medium using an amount of DMSO equal to  0.2% 
of the final solution volume. A control (60 plants) 
for DMSO at this concentration[53] showed no 
effect on germination, growth, or on root 
morphology compared to the PNS control absent 
DMSO (data not shown). This step was critical as 
DMSO is known to affect membrane 
permeability[54] and, as a consequence, 
biological activity if the concentration is 
sufficiently high.[55] Each SAT was added to a 
concentration of 50 µM in the PNS/agar growth 
medium. This value was chosen so that the 
effect of SATs, if any, on A. thaliana could be 
compared with results previously obtained with 
hydraphiles.[6] 

 

 
 

Fig. 3. Plot of calculated lateral root density for compounds 1-21. The data for 22 (PNS) and 23 
(2,4-D) are controls (see text) 
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Fig. 4. Plot of primary root length (in mm) for compounds 1-21. The data for 22 are for the 
control plants (see text) 

 
2,4-Dichlorophenoxyacetic acid (2,4-D) is a well-
known broad leaf herbicide. It mimics the action 
of the natural growth hormone indoleacetic acid. 
2,4-D acts by overstimulating growth with an 
ultimately toxic effect. It was used as a positive 
control in the present study. Based on the 
extreme difference in structure between 2,4-D 
and SATs, any effect of the latter seems likely to 
occur by a different mechanism. 2,4-D was 
present in the PNS medium at a concentration of 
100 nM and plants were grown as noted above. 
This synthetic hormone significantly decreased 
both primary root length and lateral root number 
to 3.9 ± 0.6 mm and 3.4 ± 0.6, respectively. The 
calculated lateral root density in this case is 
(3.4/3.9=) 0.85 (control = 0.15).  
 
The results obtained for the 21 compounds 
included in this study are shown in the graph of 
Fig. 3. The SATs are identified by number (see 
Table 1). The designation 22 refers to the plant 
growth controls (average of ~60 plants). The 
designation 23 refers to (~60) plants grown 
under the same conditions as controls with the 
toxin (2,4-D) added to the growth media at the 
100 nM level.  
 
A similar plot is shown in Fig. 4, in which the 
ordinate is primary root length. In this case, the 
effect of 2,4-D is not included, but position 22 
again corresponds to control. The 
correspondence in shortened primary root length 
and higher lateral root density for compound 12 
is apparent. Other points deserve note and are 

discussed below in terms of heptapeptide 
sequence. 
 
3.4.2 SATs having a (Gly)3Pro(Gly)3 

heptapeptide sequence 
 
The SAT compounds that we have studied most 
extensively in the past have a (Gly)3Pro(Gly)3 
heptapeptide sequence. [37] These compounds 
were designed to be chloride ion transporters 
and planar bilayer conductance data obtained by 
others confirmed this function. [56] Compounds 
1-6 all have the G3PG3 peptide sequence and C-
terminal n-heptyl esters, but differ both in the N-
terminal anchor and linker chains. The primary 
root length and the number of lateral roots for 6 
is within experimental error of the PNS control. 
The average primary root length for 1-5 is 30 mm, 
which compares with 40.4 mm for the PNS 
control. there is thus a mild growth retardation, 
which we infer is a modest toxic effect. 
 
The shortest average root length for A. thaliana 
in the 1-5 series is exhibited by 5, 
(C6)2NCOCH2OCH2COG3PG3OC7. It is 28.4 ± 
5.4 mm. This is significantly shorter than the 
control value of 40 mm. The average number of 
lateral roots observed for 1-5 is 4.7. This 
compares to a control of 6.1 ± 0.8, a difference of 
nearly 30%. The calculated lateral root density 
for 1-5 is (4.7/28.4 =) 0.165. This appears to 
differ little from the control value of 0.15, but this 
is a consequence of fewer lateral roots being 
divided by a shorter primary root. Thus, the 
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behavior of 1-5 is statistically, if not remarkably 
different from control, or attributable to a specific 
cause. This is especially apparent for 5, for which 
the lateral root density is (6.6/28.4 =) 0.23. Like 5, 
1 has n-hexyl side chains. Its structure is 
(C6)2NCOCH2CH2COG3PG3OC7, and its lateral 
root density is 0.16. Compound 6 in this family 
(C18 anchors, diglycolic) fits within control 
parameters. We conclude that the biological 
effect is greater for succinyl spacers and/or 
shorter anchor chains. This comports with the 
results of a study using planar bilayer 
conductance showing that succinyl linkers 
generally foster greater conductance than do 
diglycoyl linkers. We infer that the Cl¯ imbalance 
affects root morphology.  
 
3.4.3 SATs having the (Ala)3Pro(Gly)3 

heptapeptide sequence 
 
The heptapeptide sequence in compounds 7-11 
is (Ala)3Pro(Gly)3. The peptide sequence in this 
group of compounds was of interest because 
earlier studies showed that the strongest 
interactions with the peptide involved hydrogen 
bond donation to Cl¯ from to 

5
Gly and 

7
Gly. [57] 

No previous study explored variations in the 
peptide sequence on the N-terminal side of 
proline. Compounds 7 and 8 have succinyl 
linkers and 9 and 10 are linked by diglycolic acid 
diamide. A different linker is present in 11, which 
has the structure (C18)2NCOCH2SCH2CO-A3PG3-
OC7. The linker here is thiodiglycolic acid (Fig. 1, 
Y = S). In short, no significant deviation from 

control was observed with 8-11 despite variations 
in linker and anchor chain lengths. Compound 6 
may be compared directly to 10. Their structures 
(C18 anchors, diglycoyl linkers) are identical 
except for the G3PG3 (6) vs. A3PG3 (10) peptide 
sequences. Neither compound differs 
significantly from the control in its biological 
effect on A. thaliana. As noted above, binding 
favored interactions on the C-terminal side of 
proline. Thus, the G3→A3 alteration was not 
expected to show a significant difference in root 
development. 
 
Compound 7, however, which has the structure 
(C12)2NCOCH2CH2CO-A3PG3-OC7, showed 
reduced primary root length (28.4 mm) 
comparable to that observed for 1-5, but an even 
smaller number of lateral roots (3.4). SATs 7 and 
8 are identical except for the N-terminal anchor 
chains, which are n-dodecyl in 7 and n-octadecyl 
in 8. In an earlier study, we found that Cl¯ 
transport was greater for (Cn)2NCOCH2OCH2CO-
GGGPGGG-OCH2Ph when Cn was n-dodecyl 
compared to n-octadecyl. It was concluded that 
the octadecyl compound was more selective, but 
less efficient, and that the dodecyl compound 
likely was transporting both Na+ and Cl¯ ions. [58] 
If a similar effect on ion transport occurs in the 
case of 7, it would explain the difference between 
the activities of 7 and 8. Of course, this cannot 
be the only effect as the anchor chain difference 
is present in 9 and 10, which are otherwise 
comparable, and their root profiles are similar to 
each other and to controls.  

 

 
 

Fig. 5. Fractional release of Cl¯ from DOPC:DOPA (7:3) liposomes (0.31 mM) mediated by 
succinic acid linked SATs 1, 7, and 8 
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We also note that 10 and 11 (C18 anchors, A3PG3 
peptide) behave in a fashion similar to each other 
and to controls despite the difference in diglycolic 
(10) and thiadiglycolic (11) linkers. Taken 
together, some statistically significant differences 
in plant response to all glycine or alanine-glycine 
heptapeptides are observed, but these effects 
were minor.   
 

3.4.4 SATs containing one or more serine 
residues in the heptapeptide sequence 

 

Table 2, which shows details for compounds 12-
21, reveals a number of effects manifested by 
the presence of serine in the heptapeptide chain. 
The serines occur on the C-terminal side of 
proline and the hydroxyl group(s) are either 
protected (t-butylated) or free.  
 

Ten of the compounds reported here incorporate 
one or more serines into the heptapeptide 
sequence. The lateral root densities and the 
primary root lengths for 1-21 are plotted in Figs.3 
and 4, respectively (above). Table 2 shows the 
compounds in three groups and includes the 
numerical information upon which the graph of 
Fig. 4 is based. The peptides were prepared by 
coupling a G3P fragment to either an SGS or 
GSG segment in which the serine hydroxyl 
groups were protected as the t-butyl ethers. As a 
result, we obtained 12-14 with free hydroxyl 
groups and 15-21 in their protected forms. 
 

The simplest compounds in this group of three 
are 19-21, in which the single serine in the 
G3PGSG sequence is protected by t-butyl. 
Compounds 20 and 21 differ in having succinyl 
and diglycoyl linkers, but are otherwise identical. 

Compound 19 has the succinyl linker chain of 20, 
but has twin dodecyl anchor chains rather than 
the octadecyl chains present in both 20 and 21. 
The average primary root length measured for 
19-21 was 47.7 mm and the variation in this 
value was small. The length is significantly longer 
(~20%) than the control value of 40.4 mm. 
Likewise, the average number of lateral roots 
(7.6) is about 25% greater than control. Since the 
lateral root density is higher and the primary root 
length is longer, the calculated lateral root 
density is similar to the control value. Overall, it 
appears that this group of SATs stimulates the 
growth of A. thaliana without significantly altering 
its growth characteristics of the whole plant. The 
results observed for the bis(serinyl) di-t-buyl 
ethers in 15-18 approximately parallel those 
observed for 1-5 and seem to exhibit the 
opposite of the effect observed for 19-21.  
 
3.4.5 Comparisons of heptapeptide sequence 

effects 
 
Two sets of compounds have identical N- and C-
terminal anchor chains and succinyl linkers. They 
are 3, 7, 12, 15, and 19 vs. 4, 8, 13, 16, and 20. 
Direct comparisons can be made between the 
following pairs: 3,4; 7,8; 12,13; 15,16; and 19,20. 
These pairs have C12 and C18 N-terminal anchor 
chains, respectively, but otherwise are identical. 
The pairs differ from one another in the 
heptapeptide sequences. Fig. 6 shows the effect 
of peptide sequence on primary root length (left) 
and lateral root density (right). Plants grown 
under control conditions have a primary root 
length of 40.4 mm, as indicated in the graph by 
the dashed line.  

 
Table 2. Root Morphology Data for 12-21 

 
Compound Number 
 (50 µM) 

Primary root length (mm) Number of 
lateral roots 

Lateral root 
density 

PNS (±0.2% DMSO) 40.4 ± 3.8 6.1 ± 0.8 0.15 ± 0.01 
2,4-D (100 nM) 3.9 ± 0.6 3.4 ± 0.6 0.85 ± 0.12 
GGGPSGS    
Compound 12 9.0 ± 1.2 4.5 ± 0.4 0.51 ± 0.03 
Compound 13 46.0 ± 12.0 8.7 ± 4.9 0.17 ± 0.06 
Compound 14 40.9 ± 10.8 6.2 ± 2.4 0.15 ± 0.02 
GGGPS(tBu)GS(tBu)    
Compound 15 30.2 ± 7.3 5.8 ± 0.7 0.20 ± 0.03 
Compound 16 28.3 5.9 0.15 
Compound 17 35.5 ± 2.5 5.9 ± 0.2 0.17 ± 0.02 
Compound 18 29.3 ± 5.9 5.2 ± 0.3 0.21 ± 0.05 
GGGPGS(tBu)G    
Compound 19 47.3 ± 0.5 7.9 ± 0.5 0.17 ± 0.01 
Compound 20 48.2 ± 0.7 8.2 0.17 
Compound 21 47.7 ± 1.7 6.8 0.15 ± 0.01 
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Fig. 6. Left panel: Comparison of primary root lengths in pairs of compounds having C12 and 
C18 N-terminal anchors and succinyl linkers. The pairs have the following heptapeptide 

sequences:  3,4 (GGGPGGG); 7,8 (AAAPGGG); 12,13 (GGGPSGS); 15,16; [GGGPS(t-Bu)GS(t-
Bu)];and 19,20 [GGGPGS(t-Bu)G]. The dashed line indicates the primary root length of the 

controls. Right panel: Comparison of the number of lateral roots observed in pairs of 
compounds having C12 and C18 N-terminal anchors and succinyl linkers. The dashed line 

indicates the lateral root number of the controls. The symbol “S*” indicates a serine having a t-
butylated hydroxyl group. Error bars have been omitted for clarity 

 

Three compounds show primary root lengths 
significantly greater than controls. They are 13 
(C18, GGGPSGS), 19 and 20 [C12 and C18 
GGGPGS(t-Bu)G]. All three contain serine and 
all three stimulate primary root length to about 
the same extent (see Table 2). The C18 SAT 
incorporating the AAAPGGG peptide (8) shows 
no effect on primary root length. Compounds 3, 4, 
7, 15, and 16 all affect A. thaliana growth by 
diminishing primary root length. That the 3,4 and 
15,16 pairs behave the same suggests that it is 
the peptide sequence that is important rather 
than the N-terminal chain length. However, 
compound 7 reduces primary root length while its 
partner, 8, shows no effect, suggesting that the 
peptide sequence alone cannot account for the 
difference. It is noted that this difference is 
relatively small when the error bars (not shown 
on graph) are taken into account. 
 

The most striking results are observed with the 
12,13 pair. In both cases, the heptapeptide 
sequence is GGGPSGS. The N-terminal anchor 
chains are C12 in 12 and C18 in 13. The former 
shows a dramatic reduction in primary root length 
and the latter an increase outside of 
experimental error relative to control. In a 
previous study, it was found that the amide 
hydrogens of amino acids 

5
G and 

7
G were the 

key Cl¯-binding donors when studied by NMR in 
a micellar matrix. [57] At present, we have no 
direct evidence that Cl¯ – or any ion – binding is 
critical to the effect these compounds have on 
plants. Notwithstanding, the difference in effect 

on A. thaliana by 12 and 13 is dramatic and 
striking. 
 

The results shown in Fig. 6 parallel those of Fig. 
2. They show the effect of the same compounds 
on the number of lateral roots observed when 
administered to A. thaliana. As with primary root 
length, compounds 13, 19, and 20 show 
enhancements relative to controls. As with 
primary root length, 8 shows no effect on lateral 
root number. In contrast, compounds 3, 4,  15, 
and 16 showed similar, reduced primary root 
length, but the number of lateral roots is 
unaltered by the presence of 15 and 16. The 
lateral root number is diminished by the presence 
of 4 and 7 by an approximately equal amount 
and 12 does not show such a dramatic effect as 
is apparent in primary root length.  
 

3.4.6 The activity of the GGGPSGS 
compounds, 12 and 13 

  

The most striking observation made in this study 
is the effect of 12 and 13 on A. thaliana. Their 
structures are (C12 or 18)2NCOCH2CH2CO-
G3PSGS-OC7. Four observations are remarkable 
about the SAT’s biological activity. First, these 
compounds dramatically reduce the primary root 
length of the test plants. Second, the number of 
lateral roots are statistically below control, but not 
dramatically different from other, less active, 
heptapeptides. Third, the potent biological 
activity of 12 is lost by protecting the two serine 
hydroxyl groups. Fourth, the longer N-terminal 
anchor chains essentially void the effects 
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observed in 12. Indeed, longer-chained 13 shows 
a slightly longer primary root and significantly 
more lateral roots than its shorter-chained 
congener. 
 

The NMR study noted above showed that the 
glycines in the G3PG3 peptide’s 5 and 7 positions 
were most intimately involved with Cl¯. The 
hydrogen atoms were not located in this NMR 
structure, but the conformation strongly 
suggested >N—H hydrogen bond interactions. 
These may persist in 12 and be augmented by 
the two serine hydroxyls that are in the 5 and 7 
positions. This explanation would lead one to 
conclude that 12 and 13 would behave similarly. 
Although their ability to release Cl¯ from 
phospholipid liposomes is similar (12: 13%; 13: 
10%), both exhibit poor Cl¯ transport. Compound 
4, in contrast, is identical to 13 except its 
heptapeptide is G3PG3 and its Cl¯ release in 300 
s is 70%.  
 

Earlier studies showed that when otherwise 
identical SATs were compared, the compound 
with the C12 anchors showed greater transport 
efficacy and poorer selectivity than the analog 
with C18 anchors. In addition, selectivity for Cl¯ 
was lost by the C12 compound suggesting that 
Na

+
 and Cl¯ were both being transported. The 

presence of cations and anions within the 
channel could account for a difference in 
biological activity, but the loss of selectivity 
observed in that study was accompanied by 
higher overall transport that is not observed           
here. It remains unclear why several of the 
serine-containing SATs show both longer  
primary roots and an increased number of lateral 
roots.  
 
3.4.7 Comparison of SAT antibacterial 

activity with the action on A. thaliana 
 
Compounds 1-21 were studied to determine if 
they exhibited toxicity to the K-12 strain of 
Escherichia coli. In these experiments, the 
minimum inhibitory concentration was 
determined by using the Clinical and Laboratory 
Standards Institute M07-A9 protocol. [59] None 
of the SATs reported here showed any toxicity to 
E. coli at concentrations below 256 µM (data not 
shown). Of course, A. thaliana and E. coli are 
classified in different biological domains so this 
difference in activity may be expected. 
Notwithstanding, our previous observation that 
hydraphile pore-formers, which transport cations 
rather than anions, are toxic to bacteria and 
show a significant effect on A. thaliana led us to 
anticipate a different outcome.  

3.4.8 Comparison of SATs with Lariat Ethers 
and Hydraphiles 

 

Previous work evaluated the ability of lariat 
ethers10 or hydraphiles6 to affect root morphology 
in A. thaliana. Hydraphiles showed a general 
correlation between cation transport efficacy and 
increased lateral root development. Several of 
the lariat ethers tested were known transporters, 
but were found to show clear evidence (planar 
bilayer conductance) for pore formation. It was 
inferred in both cases that ion transport was 
affected leading to root alterations by a 
mechanism different from that controlled by 
auxins. The SATs were designed to conduct Cl¯ 
and considerable evidence confirms that. In 
terms of activity in the development of A. thaliana, 
we conclude that the compounds that exhibit the 
greatest effect are those that can also transport 
cations (short N-anchors) or interact effectively 
with endogenous cations (serine containing 
peptides).   
 

4. CONCLUSIONS 
 
The SATs are Cl¯-selective pore-formers that 
generally have little effect on the root morphology 
of A. thaliana. The exceptions are notable, 
however. These fall into three categories. First, 
the G3PG3 peptides all inhibit both primary root 
growth and the number of lateral roots that form. 
The fact that root length is compromised without 
compensatory lateral root development suggests 
a toxic effect. Second, the placement of two 
serines having pendant hydroxyl groups on the 
C-terminal side of proline seems ideal to interact 
with cations as well as anions and exhibits the 
most dramatic effect on root development. The 
third observation is that when the serine  
hydroxyl groups are protected, plant growth is 
stimulated. We conclude that the SATs are 
generally biologically active in this context, but 
that the greatest effects are apparent when 
interactions with cations, rather than anions, are 
possible.  
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