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Abstract
The design of new drugs and drug-delivery systems requires insight about how a drug interacts with the 

phospholipid bilayer. Sulfonylureas are used to treat type 2 diabetes mellitus because they stimulate insulin secretion 
from pancreatic β-cells. Two generations of Sulfonylurea drugs have been marketed to treat type II diabetes mellitus. 
Tolbutamide was chosen to represent the first generation of these drugs, whereas Glibenclamide was from the second 
generation. This study investigated how the Sulfonylureas cross the phospholipid membrane and it found that these 
drugs are transported by non-energy dependent flip-flop mechanism. A u-shaped conformation for both Tolbutamide 
and Glibenclamide is being proposed to explain the binding of these drugs to the phospholipid membrane.
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Introduction
Pancreatic β-cells synthesize insulin to maintain blood glucose 

levels within a relatively narrow range. Any change in their functioning 
has an effect on glucose homeostasis. This apparent simplicity of the 
β-cell’s role sharply contrasts with the astonishing complexity of its 
regulation, which is ensured by an array of metabolic (glucose and 
other nutrients), neural, hormonal, and pharmacological factors such 
as Sulfonylureas.

Sulfonylureas block the KATP channels of β-cell of pancreas by binding 
to Sulfonylurea receptor (SUR) which results in depolarization of the 
cell membrane. This also raises [Ca2+]i, and increases insulin secretion 
(Figure 1). In pancreatic β-cells, the ATP/ADP ratio determines 
KATP channel activity. Under normal conditions, the KATP channels in 
pancreatic β-cells are spontaneously active, allowing potassium ions to 
flow out the cell [1]. In the presence of higher glucose metabolism, and 
consequently increased levels of ATP, the KATP channels close, causing 
the membrane potential of the cell to depolarize, thus promoting insulin 
release [1]. The change from one state to the other takes place quickly 
due to multimerization at C-terminus of KATP channel molecules [2].

The KATP channel is a hetero-octameric complex of two different 
types of protein subunits: (a) an inwardly rectifying K+ channel called 
Kir6.x, and (b) a Sulfonylurea receptor (SUR) [3,4] (Figure 2). Kir6.x 
assembles as a tetramer to form the channel pore (Figure 2). Binding of 
ATP to its intracellular domains produces channel inhibition [5]. SUR 
is a member of the family of ATP-binding cassette transporters (ABC 
transporters). They typically contain 17 transmembrane helices (TMs), 
arranged as one group of 5 TMs, and two repeats each of 6 TMs and a 
cytosolic loop containing consensus sequences for nucleotide binding 
and hydrolysis (Figure 2) [6-9]. SUR makes Kir6.2 sensitive to certain 
drugs, such as the inhibition by Sulfonylureas [3,4].

SUR possesses a large drug-binding pocket that can bind many 
different kinds of compounds. The binding of Sulfonylureas to the 
cytoplasmic domains of SUR1 results in the closing of the Kir6.2 pore. 
The exact mechanism of this is unknown. However, it is believed that 
there must be a close physical association between the Glibenclamide-
binding site on SUR and the Kir6.2 subunit, since both proteins can 
be photo-affinity labeled by [125I]-Glibenclamide [10]. It has been 
shown that five residues within the first TM of Kir6.2 are essential for 
interaction with SUR [11]. Recent studies have also indicated that the 
first five TMs of SUR1 are involved [12]. 

Sulfonylureas are used to treat type 2 diabetes because they stimulate 
insulin secretion from pancreatic β-cells. They act by binding to the SUR 
subunit of the ATP-sensitive potassium (KATP) channel and inducing 
channel closure. It is also known that Tolbutamide blocks channels 
containing SUR1 (β-cell type), but not SUR2 (cardiac, smooth muscle 
types), whereas Glibenclamide can block both types of channels. This 
study investigated delivery of these compounds across the phospholipid 
membrane of small unilamellar vesicles (SUVs) by fluorimetric assays 
and proposed a model to explain the binding of these compounds to the 
phospholipid membrane. 

Materials and Methods
Both Tolbutamide and Glibenclamide were purchased from Sigma 

Chemicals (St. Louis, USA). D2O was purchased from Cambridge Isotope 
Labs (Boston, USA), Egg PC was purchased from Avanti Polar Lipids 
(Pelham, USA). Pyranine (8-Hydroxy-1,3,6-pyrenetrisulfonate) from 
Eastman Kodak Co. (USA) and the G-25 Sephadex gel was bought from 
Amersham Pharmacia Biotech Inc. (Uppsala, Sweden). The 5 mm NMR 
tubes and 3-(Trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt (TSP) 
were from Wilmad Labs (Buena, USA). Bovine Serum Albumin (BSA) 
used in the fluorimetric experiments was bought from Sigma Chemicals 
(St. Louis, USA). NMR experiments were performed on a Bruker DMX 
500 spectrometer. The fluorimetric experiments were performed using a 
FluoroMax 2 fluorimeter. The mass spectra were acquired on a Finnegan 
Electrospray Ionization Mass Spectrometer. The samples were sonicated 
by the use of a Branson 350 sonifier fitted with a micro-tip. The pH was 
measured by the use of a Beckman Φ 71 pH meter.

Control experiments

The effect of sonication on egg Phosphatidylcholine (PC) during 
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the preparation of small unilamellar vesicles (liposomes with a single 
lipid bilayer) was investigated by acquiring electrospray ionization mass 

spectra in the negative ion mode, before and after sonication of the 
sample (Figures 3 and 4). For this experiment, 2.25 mL of commercially 
available egg PC solution in chloroform (sold by Avanti) was drawn by 
a pipette. The mass of PC was estimated to be 45 mg. The chloroform 
was evaporated under nitrogen and the dried sample was lyophilized 
for one hour. The lyophilized PC was suspended in deionized water and 
was then sonicated for one hour in an ice/water bath by a Branson 350 
sonifier using a 30% duty cycle and an output of 3. The 1.8 mL solution 
was extracted with an equal amount of Chloroform. The chloroform 
solution was then analyzed by electrospray ionization mass spec (ESI) in 
the negative ion mode. A similar sample was prepared for comparison 
but it was kept un-sonicated. Both the spectra (Figures 3 and 4) were 
acquired with identical acquisition parameters. These spectra show the 
presence of endogenous fatty acid in egg yolk PC. The overall profile 
of all the molecular species present in the sample is very similar except 
for the appearance of a signal at an m/z ratio of 234.9 which can be 
regarded as a contaminant.

NMR experiments

The sample of Tolbutamide in solution was prepared by adding 3 mg 
of Tolbutamide to 1.8 mL 0.5 w/v % KCl solutions. The sample of 20 mole 
% Tolbutamide incorporated in SUVs was prepared by co-sonicating 45 

Figure 2: Schematic showing the structure of KATP channel as a hetero-octameric complex. ATP binds to the Kir6 and Sulfonyl urease bind to SURx. 

Figure 3: Electro spray ionization (ESI) mass spectrum in the negative ion mode of egg phosphatidylcholine (PC) before sonication.

Figure 1: Regulation of insulin release.
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mg egg Phosphatidylcholine (PC) with 3.0 mg Tolbutamide in 0.5 w/v 
% KCl solution. 2.25 mL of commercially available egg PC solution in 
chloroform was drawn by a pipette. 3.0 mg of Tolbutamide was added to 
it. The chloroform was evaporated under nitrogen and the sample was 
lyophilized for one hour. 1.62 mL of 0.5 w/v % KCl and 0.18 mL D2O was 
then added to the lyophilized sample and it was allowed to hydrate for 
two hours at 4°C. The solution was then sonicated in an ice/water bath 
for one hour using a Micro-tip sonicator and a 30% duty cycle.

The sample was titrated by adding 1-2 µL of 1 M KOH at a time. 
The sample of 10 mole % Glibenclamide incorporated in SUVs was 
prepared by adding 146 µL of 21 mM solution of Glibenclamide in 
Dimethyl Sulfoxide (DMSO) to 0.9 mL of 0.5 w/v % KCl solution and 
0.1 mL D2O containing 25 mg PC pre-sonicated to form SUVs. The 
SUVs were prepared by the method already described before. The pH of 
the SUV solution was 10.63. The solution turned milky on the addition 
of DMSO and its pH dropped to 7.92. The pH was raised to 10.28 and 
the solution became translucent immediately.

1-D 1H NMR experiments were performed at 20ºC in a Bruker 
DMX 500 NMR spectrometer. 3-(Trimethylsilyl)propionic-2,2,3,3-d4 
acid sodium salt (TSP) was added to the samples prior to the NMR 
experiments as an internal standard. The 1H NMR chemical shifts 
of Tolbutamide are shown in Table 1. The 1H NMR chemical shifts 
of Glibenclamide were non-rigorously assigned. The downfield 
1H chemical shift of the phenyl ring of both Tolbutamide and 
Glibenclamide was plotted against the pH of the solution. Curve-fitting 
was done using the “best fit”. The pH value corresponding to the mid-
point of the sigmoidal curve was taken as the pKa of the sample. The 
pKas of Tolbutamide were determined both in solution and as 20 mole 
% additives to small unilameller vesicles (SUVs). The pKa of 10 mole % 
Glibenclamide was determined only in SUVs because of its insolubility 
in aqueous solution. All the pKa determinations were done by plotting 
chemical shift versus bulk pH [13].

Fluorimetric experiments

Pyranine, a pH-sensitive dye (Figure 5), was trapped inside 
small unilamellar vesicles (SUVs) that were prepared by established 
methods [14] (Schematic 1). 2.25 mL of commercially available egg 

Phosphatidylcholine (PC) solution in chloroform (sold by Avanti) was 
drawn by a pipette. The mass of PC was estimated to be 45 mg. The 
chloroform was evaporated under nitrogen and the dried sample was 
lyophilized for one hour. At the end of the hour, 1.71 ml of 100 mM 
HEPES at pH 7.4 was added to it along with 90 µL of 0.5 mM Pyranine 
solution (pH 8.2). The sample was centrifuged for twenty minutes in a 
low speed centrifuge. It was then sonicated for one hour in an ice/water 

Figure 4: Electro Spray ionization (ESI) mass spectrum in the negative ion mode of egg phosphatidylcholine (PC) after sonication.

Aliphatic methyl group 0.8-0.9 ppm

Aromatic methyl group 2.3-2.4 ppm 
(solvent-dependent)

Methylene groups 1.2-1.4 ppm
Aromatics ring 1H

(ortho to SO2)
7.72-7.86 ppm

(solvent-dependent)
Aromatics ring 1H

(meta to SO2)
7.08-7.15 ppm

(solvent-dependent)
NH (adj. to SO2) exchangeable

Other NH exchangeable

Table 1: 1H Chemical shift assignments of Tolbutamide.

Figure 5: Fluorescence intensity of Pyranine as a function of pH.
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bath by a Branson 350 sonifier using a 30% duty cycle and an output of 
3. Pyranine was separated from the SUVs by the use of a G-25 Sephadex 
column containing 5 g of packing material. 

Pyranine did not come off the column by elution but the SUV 
solution eluted off with 100 mM HEPES at pH 7.4. The purified SUV 
solution was stored at 4ºC overnight before use. A 100 mL aliquot of the 
SUV solution (~2500 nanomoles) was added to 2.5 mL of SUV solution 
in 100 mM HEPES at pH 7.4. The fluorescence of the trapped Pyranine 
was observed at 509 nm by the Spectrofluorimeter. Then 30 nanomoles 
of Tolbutamide/Glibenclamide were added by a syringe to the SUV 
solution and a sharp decrease in fluorescence intensity was observed 
(Schematic 1).

Results
In literature, the pKa values of Tolbutamide and Glibenclamide are 

reported as 5.43 and 5.30 respectively [15]. The sulfonamide group itself 
has a pKa of 10.1 in solution. When this group is next to a carbonyl in 
a molecule, its pKa is further lowered to a value between 5 and 6.5. It 
is known from previous studies that the effect of the ionization state of 
the molecule can be felt by a group close to the ionizable group [13]. 
For this reason, it was decided to measure the pH-dependence of the 
phenyl ring 1H chemical shift of both Tolbutamide and Glibenclamide 
which are ortho to the sulfonamide group. Curve-fitting the pH-

Schematic 1: Experimental protocols used for fluorimetric experiments. 

Figure 6: Drop in fluorescence intensity of Pyranine-trapped SUV solution after 
addition of 30 nmoles of Tolbutamide. The fluorescence intensity shows only 
partial recovery with a single addition of Albumin.

Figure 7: Drop in fluorescence intensity of Pyranine-trapped SUV solution after 
addition of 30 nmoles of Glibenclamide. The fluorescence intensity shows only 
partial recovery with successive additions of Albumin. 

dependent chemical shift of the phenyl ring 1H ortho to the sulfonyl 
group provided sigmoidal curves in each case. The middle points of the 
sigmoidal curves were taken as the pKa values. The pKa of Tolbutamide 
was found to be 7.0 and Glibenclamide to be 6.75 when bound to SUVs. 

In these fluorescence experiments (Figures 6 and 7), 30 nanomole 
aliquots of sulfonylurea compounds were added to a buffered suspension 
of vesicles with trapped Pyranine. The observed drop in fluorescence 
intensity is due to a drop in pH inside the vesicles. When ten nanomoles 
of BSA (1/3 equivalents) was added to extract the Sulfonylureas from the 
vesicles, a partial recovery of the fluorescence intensity was observed. 
This is probably due to the fact that BSA does not have a very high 
affinity for these compounds [16]. It reportedly has three binding sites 
for Tolbutamide with a Kd of 21 µM. It is unlikely that these derivatives 
could form aggregates in solution at concentrations of 16.7 µM. 

Discussion 
Sulfonylureas are anti-diabetic drugs widely used in the management 

of type 2 diabetes mellitus [16]. The Sulfonylurea receptor is a part of 
the ATP-dependent potassium channel (KATP channel) in pancreatic 
β-cells [17]. Sulfonylurea binding leads to inhibition of the channel, 
which changes the resting potential of the cell, leading to an influx of 
calcium and insulin release. The net effect is increased responsiveness 
of β-cells to both glucose and non-glucose secretagogues, resulting in 
more insulin being released [16].

KATP channel openers, such as Sulfonylureas, which bind to 
SUR, promote ATPase activity in purified sarcolemma. At higher 
concentrations, openers reduce ATPase activity, possibly through 
stabilization of Mg-ADP complex at the channel site. K1348A and 
D1469N mutations attenuate the effect of openers on KATP channel 
activity. Sulfonylurea-induced channel activation is also inhibited by 
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the creatine kinase/creatine phosphate system that removes ADP from 
the channel complex. Mutations in the SUR1 gene or the Kir6.2 gene 
lead to the loss of ATPase activity. The cell can thus become depolarized 
resulting in calcium influx. The high cytosolic calcium concentrations 
cause the release of insulin and produce a syndrome called persistent 
hyperinsulinemic hypoglycemia of infancy [18].

Both Tolbutamide and Glibenclamide, which represent 1st and 2nd 
generation Sulfonylureas respectively, can exist in three states in solution 
(Schematic 2): (i) they can solubilize (ii) they can form aggregates (iii) 
they can become incorporated into the phopholipid bilayer or (d) they 
can form a monolayer at the air-water interface. Sulfonylureas have 
pKas ranging from 5-6.5 in solution [16]. By conducting a pH-titration 
of Tolbutamide, its pKa was determined both in solution and when 
incorporated in small unilamellar vesicles (SUVs). It was found that 
the pKa of Tolbutamide undergoes an upward shift when it is present 
in the phospholipid bilayer. The amphiphilic nature of such compounds 
is considered a pre-requisite for binding to the cell membrane. It was 
previously shown that amphiphilic compounds experience an upward 
pKa shift upon binding to the phospholipid membranes (Table 2). It 
also known that such amphiphilic compounds are preferably lipid-
soluble. Table 3 shows a comparison of partition coefficients of two 
long-chain fatty acids, Lauric acid (12:0) and Oleic acid (18:1) with 

Torasemide, which is a Sulfonylurea derivative. The comparison shows 
that Sulfonylureas can be incorporated in the phospholipid bilayer 
in such a manner that the ionizable group remains exposed to the 
lipid-water interface while the hydrophobic portion of the molecule 
remains buried in the bilayer. This information suggests a u-shaped 
conformation of Tolbutamide and Glibenclamide when bound to the 
phospholipid membrane (Figure 8).

To monitor transport of Sulfonylureas across the bilayer of the 
vesicles, 30 nanomole aliquots of Tolbutamide and Glibenclamide were 
added to a buffered suspension of liposomes with trapped Pyranine 
dye. The observed drop in fluorescence intensity can be explained to 
be due to a drop in pH inside the vesicles due to the ionization of the 
sulfonamide group. Ten nanomoles of Albumin (BSA) were then added 
to extract the Sulfonylureas from the vesicles. A partial recovery of the 
fluorescence intensity was observed. This is probably due to the fact 
that BSA does not have a very high affinity for these compounds [19]. It 
possesses three binding sites for Tolbutamide with a Kd of 21 µM. 

On the basis of these experiments it was proposed that the model 
originally proposed for transport of long chain fatty acids [14,20,21] 
can be used to explain the rapid transfer of similar hydrophobic 
compounds such as sulfonylureas across phospholipid membranes. The 
proposed mechanism is in conformity with the “Overton Rule” [22] 
which states that the ability of a molecule to cross the phospholipid 
bilayer and enter the cells depends upon its “selective solubility” in the 
phospholipid bilayer. Therefore the more hydrophobic a molecule, the 
greater is the probability that it’ll cross the cell membrane and enter 
inside the cell. 

Conclusion
The control experiments prove that the experimental protocol 

is sound. The overall profile of the molecular species present in 
the sample is very similar before and after sonication. The pKa 
measurements of Tolbutamide and Glibenclamide show that they 

Tolbutamide (co-sonicated with SUVs) 

ionized formneutral form

dissolves in solutionbinds to SUVs 

Glibenclamide (added to pre-sonicated SUVs in DMSO) 

ionized formneutral form

binds to SUVs  
precipitates 
out of solution

Schematic 2: The different states in which Tolbutamide and Glibenclamide can 
exist when they are added to solution. 

Figure 8: Model proposed for the transport of Sulfonylureas into unilamellar 
vesicle.

Amphiphilic Compound Physical State Apparent pKa
Acetic acid 3% in H2O 4.7

Propionic acid 4% in H2O 4.9
Butyric acid 4% in H2O 4.8

Octanoic acid Monomers in H2O 4.8

Decanoic acid Lamellar liq. crystals
(>CMC) 6.8

Oleic acid 5 mole % in PC
vesicles (100 mM) 7.5

Oleic acid 1.5 weight % in
PC-triolein microemulsion 7.3

Oleic acid Bound to albumin 4.2

Cholic acid 2 mM in H2O
(<CMC) 4.98

Cholic acid 100 mM in H2O
(>CMC) 5.5

Cholic acid 3 weight % in PC
vesicles

6.8 (major)
7.3 (minor)

Table 2: The apparent pKa values of amphiphilic compounds when bound to 
phospholipid membranes. 

Amphiphilic 
Compound

Solubilizing 
Medium

Partition Coefficient 
(w/w %) Reference

Lauric Acid (C12:0) membrane/water 23.0 [20]
Oleic Acid (18:1) membrane/water 11.7 [21]

Torasemide 
(Sulfonylurea) octanol/water 2.9 [22]

Table 3: The values of partition coefficients of various amphiphilic compounds. 
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can bind to the phospholipid bilayer in a u-shaped confirmation so 
that the ionizable group remains exposed to the lipid-water interface 
while the hydrophobic portion of the molecule remains buried in the 
bilayer. The fluorimetric experiments show that both Tolbutamide and 
Glibenclamide are able to flip-flop across the phospholipid membrane. 
Transport of both these compounds into the lumen of small unilamellar 
vesicles (SUVs) is accompanied by a drop in pH that results in a 
decrease in the observed fluorescence intensity of the trapped Pyranine.
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