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Abstract

Chemosensory receptors, including odor, taste, and vomeronasal receptors, comprise the largest group of G protein–coupled
receptors (GPCRs) in the mammalian genome. However, little is known about the molecular determinants that are critical for the
detection and discrimination of ligands by most of these receptors. This dearth of understanding is due in part to difficulties in
preparing functional receptors suitable for biochemical and biophysical analyses. Here we describe in detail two strategies for the
expression and purification of the ligand-binding domain of T1R taste receptors, which are constituents of the sweet and umami
taste receptors. These class C GPCRs contain a large extracellular N-terminal domain (NTD) that is the site of interaction withmost
ligands and that is amenable to expression as a separate polypeptide in heterologous cells. The NTD of mouse T1R3 was
expressed as two distinct fusion proteins in Escherichia coli and purified by column chromatography. Spectroscopic analysis
of the purified NTD proteins shows them to be properly folded and capable of binding ligands. This methodology should
not only facilitate the characterization of T1R ligand interactions but may also be useful for dissecting the function of other
class C GPCRs such as the large family of orphan V2R vomeronasal receptors.
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Introduction

Chemosensory receptors detect a diverse array of chemical

cues from ions and small organic molecules to peptides

and proteins. Despite their importance, however, little prog-

ress has been made toward understanding the structural ba-

sis of ligand selectivity for these proteins. Most mammalian

odor, vomeronasal, and taste receptors are members of the

superfamily of G protein–coupled receptors (GPCRs)
(Mombaerts, 2004) and share a common seven transmem-

brane domain motif. Though GPCRs represent the largest

mammalian gene family, with thousands of members, only

a relative few have been characterized in regards to the mo-

lecular determinants of ligand specificity, and crystal struc-

tures have been solved for only two, rhodopsin (Palczewski

et al., 2000) and the ligand-binding domain of metabotropic

glutamate receptor 1 (mGluR1) (Kunishima et al., 2000).

This lack of progress is largely due to the difficulty in obtain-

ing large amounts of purified receptor proteins suitable for

biochemical or structural studies. For example, receptor pro-

teins outside the hydrophobic environment of their native

lipid membrane may not maintain their normal tertiary

structure.

There have been a number of additional hurdles for the
structural study of mammalian chemosensory receptors. Iso-

lation of single chemosensory receptor isoforms from native

tissue is often infeasible. For example, olfactory, vomero-

nasal, and gustatory epithelia express dozens to hundreds

of distinct chemosensory receptors, with each individual

receptor protein expressed in relatively few cells and at low

levels. Purification of functional chemosensory receptor pro-

teins from heterologous expression systems has also been
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unsuccessful as chemosensory receptors express poorly in

heterologous cells, even in the presence of chaperone proteins

(Gimelbrant et al., 2001; Mombaerts 2004; Saito et al., 2004).

However, we have now overcome many of these difficulties

for one group of chemosensory receptors, the T1R taste
receptors.

T1R2:T1R3 heteromeric receptors function as a broadly

tuned sweet taste receptor, responding to natural sugars,

synthetic sweeteners, sweet proteins, and D-amino acids

(Nelson et al., 2001; Li et al., 2002; Xu et al., 2004). T1Rs

are homologous to other class C GPCRs, including metab-

otropic glutamate receptors, c-aminobutyric acid receptors,

and Ca2+-sensing receptors, with which they share several
structural similarities including a long extracellular N-terminal

domain (NTD) that contains the primary ligand–binding site

(e.g., Pin et al., 2003; Luu et al., 2004; Morini et al., 2005; Nie

et al., 2005). We have taken advantage of this feature to de-

sign and execute a strategy for the expression and purifica-

tion of functional T1R ligand–binding domains.

We previously reported that T1R2NTD and T1R3NTD

bind sugars and undergo ligand-dependent conformational
changes (Nie et al., 2005). Here we extend those studies to

report detailed strategies for obtaining T1R3NTD proteins

from bacterial expression systems. Using synchrotron radi-

ation circular dichroism (SRCD) spectroscopy and steady-

state fluorescence spectroscopy, we characterize the folding

and stability of the expressed proteins and demonstrate their

functional interactions with ligands. These studies offer im-

portant new analyses of experimental strategies for measur-
ing ligand interactions with chemosensory receptors that

should provide new insights into the molecular determinants

of ligand specificity and sensitivity across species and recep-

tor variants.

Materials and methods

Generation of expression constructs

We expressed a partial cDNA representing nucleotides 79–

1503 of the C57BL/6J allele of mouse T1r3 (GenBank acces-

sion no. AF337039). This partial cDNA, encoding the

amino-terminal domain of the T1R3 protein minus a putative

signal sequence and the cysteine-rich domain (e.g., Max

et al., 2001), was polymerase chain reaction amplified from
clone pCR4TOPOt1r3 (a gracious gift from Linda Buck,

Fred Hutchinson Cancer Research Center) with primers

A1 (5#-GAA TTC CAT ATG CAG CAA TTC AAG

GCA CAA GGG-3#) and A2 (5#-CTC GAG GAT CTT

ATC GTC GTC ATC CTT GTA ATC GTC GAC TGG

CAC CTG GTT GCC-3#) and inserted into the pGEMT-

Easy (Promega, Madison, WI) cloning vector for propagation

and sequence confirmation. Primer A2 also encodes an anti-
genic FLAG-tag that appears as a C-terminal fusion in the

expressed proteins but was not otherwise used in these studies.

A silent mutation was introduced to disrupt an endogenous

XhoI site (at nucleotide position 1332), using primers A3

(5#-TGA GTT TCC ATG CAC GAG ACT TGA CAC-3#)
and A4 (5#-GTG TCA AGT CTC GTG CAT GGA AAC

TCA-3#) and the QuikChange site-directed mutagenesis kit

(Stratagene, La Jolla, CA) to facilitate cloning. This T1r3

cDNA fragment (T1r3ntd) was digested with NdeI and XhoI

and ligated into the IMPACT expression vector pTXB1

(New England Biolabs, Ipswich, MA) for isopropyl-beta-

D-thiogalactopyranoside (IPTG) induced protein expres-

sion (as T1R3NTD) in BL21-CodonPlus(DE3)-RIL E. coli

(Stratagene) (Figure 1a).

A second expression construct was generated as follows. A

cDNA containing the malE gene, encoding the Escherichia

coli maltose-binding protein (MBP), was amplified from

pMYB5 vector (New England Biolabs) and cloned into

the pET21a vector (Invitrogen, Carlsbad, CA) between the

NdeI and NheI sites. Multiple stop codons were cloned be-

tween the restriction sites SalI and XhoI. A six histidine (6

· His) tag was engineered downstream to the Shine–Dalgarno

(SD) sequence, using the annealed oligonucleotides A5 (5#-
GGT GGT CCC TCT AGA AAT AAT TTT GTT TAA
C-3#) and A6 (5#-CAT ATG GTG GTG GTG GTG GTG

GTG CAT TAT ATC TCC TTC TTA AAG-3#) to replace

the SD sequence in pET21a between the XbaI and NdeI sites.

A flexible linker (encoding 16 amino acids) was cloned in

Figure 1 Expression of T1R3NTD as intein–CBD and MBP fusions. (A)
Expression construct for T1R3NTD (striped box) with a Flag-tag (black box)
and intein–CBD fusion at the 3# end. Xb, XbaI; Nd, NdeI; Sa, SalI; Xh, XhoI;
DXh, deleted XhoI; Sap, SapI. (B) Expression construct for T1R3NTD (striped
box) with a 6-histidine tag (black box) andMalE (dark gray box) fusion at the
5# end and stop codon introduced at the C-terminal (light gray box). Nh,NheI;
Ba, BamHI; Ec, EcoRI. (C) Purified T1R3NTD, separated by SDS-PAGE and
stained with Coomassie blue; M, molecular weight makers (in kDa); and
C, protein fraction eluted from chitin column. From Nie et al. (2005), with
permission. (D) Purified MBP–T1R3NTD, separated by SDS-PAGE and stained
with Coomassie blue; M, molecular weight makers (in kDa); U, uninduced cell
lysate; I, cell lysate after 3-h induction with 0.5 mM IPTG at 37�C; A, protein
fraction after elution from the amylose column; and X, protein fraction after
elution from anion exchange column.
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between sites NheI and BamHI sites. Finally, the T1r3ntd

cDNA (see above) was inserted between restriction enzyme

sites EcoRI and SalI to generate the full expression con-

struct (Figure 1b). This protein was expressed (as MBP–

T1R3NTD) after IPTG induction in BL21-CodonPlus(DE3)-
RIL E. coli (Stratagene).

Expression of T1R3NTD and MBP–T1R3NTD proteins

For T1R3NTD, a single colony of BL21-CodonPlus(DE3)-

RIL E. coli containing the expression vector was inoculated

into 50 ml of Luria–Bertani (LB) broth with 50 lg/ml ampi-

cillin and incubated at 37�C with shaking at 250 rpm over-

night. Each liter of LB medium with 50 lg/ml ampicillin was

inoculated with 10 ml of the overnight starter culture. IPTG

was added to a final concentration of 0.2 mM when the

OD600 reached 1.0. Induction was performed at 37�C for
1 h with shaking at 250 rpm. Culture was cooled on ice,

and then cells were harvested by centrifuging at 5000 · g

for 15 min at 4�C. Supernatant was decanted, and the weight

of pellet was determined (typical yields were approximately

20 g per 8 l culture). Harvested cells were frozen at �20�C for

later use. MBP–T1R3NTD was similarly expressed, with the

following changes: the culture was induced when the OD600

reached 0.6, at which point IPTG was added to a final con-
centration of 0.5 mM, and the length of induction was 3 h.

Purification of T1R3NTD and MBP–T1R3NTD proteins

T1R3NTD was purified by chitin affinity chromatography

using the IMPACT-CN system (New England Biolabs).

For 20 g of cell paste, 120 ml of ice-cold cell lysis buffer

[20 mM 4-2-hydroxyethyl-1-piperazine ethanesulfonic acid

(HEPES)-Na, pH 8.0, 500 mM NaCl, 1 mM ethylenediami-

netetraacetic acid (EDTA), 0.5% (v/v) Triton X-100, 0.2%

(v/v) Tween-20] was added to resuspend the cells. Phenylme-

thylsulfonyl fluoride (PMSF), a protease inhibitor, was
added to a final concentration of 0.5 mM. Cells were lysed

by sonicating 10 times for 40 s each at 4�C, and the lysate was

cleared by centrifugation at 5000 · g for 30 min. The super-

natant was decanted and centrifuged at 20,000 · g for 40 min.

The supernatant was saved at 4�C until loading. The column

containing 2.5 ml of chitin resin (New England Biolabs) was

pre-equilibrated with 10 ml of chitin column buffer (20 mM

HEPES-Na, pH 8.0, 500 mM NaCl, 1 mM EDTA). The clar-
ified lysate was loaded onto the chitin column at a flow rate

of 0.5 ml/min, and the resin was washed extensively with 100 ml

of chitin column wash buffer [20 mM HEPES-Na, pH 8.0,

1 M NaCl, 1 mM EDTA, 0.2% (v/v) Triton X-100] followed

by 30 ml of chitin column buffer. Chitin column buffer con-

taining 50 mM dithiothreitol (DTT) was added (7.5 ml) and

flushed quickly through the chitin column with the eluant

collected in 1 ml fractions. Flow was stopped and the chitin
resin was incubated at room temperature for 16 h to cleave

the T1R3NTD proteins from the fusion tag. T1R3NTD

proteins were eluted with additional chitin column buffer

(no DTT) and collected in 1 ml fractions. Protein-containing

fractions [as determined by sodium dodecyl sulfate–

polyacrylamide gel electrophoresis (SDS-PAGE) analysis]

were pooled, concentrated with a Centricon-YM30 (Millipore,

Billerica, MA), and dialyzed exhaustively into circular dichro-
ism (CD) buffer (10 mM sodium phosphate, pH 8.0, 150 mM

NaF). Protein concentrations were determined by Bradford

assay (BioRad, Hercules, CA), and purity was checked through

SDS-PAGEanalysis(stainedbyCoomassiebrilliantblue0.1%).

MBP–T1R3NTD was purified by amylose affinity chroma-

tography followed by anion exchange chromatography. For

each gram of cells, 3 ml of ice-cold cell lysis buffer I [50 mM

Tris–HCl, pH 8.0, 500 mM NaCl, 1 mM EDTA, 0.5% (v/v)
Triton X-100, 0.2% (v/v) Tween-20] was added to resuspend

the cells, and PMSF was added to a final concentration of

0.5 mM. Resuspended cells were sonicated 10 times for 40 s each

at 4�C. The lysate was cleared by centrifugation at 5000 · g

for 30 min and, of the resulting supernatant, at 20,000 · g for

40 min at 4�C. The final supernatant was saved at 4�C. Five

milliliters of amylose resin (New England Biolabs) was

washed with 8 column volumes of amylose column buffer
(20 mM Tris–HCl, pH 8.0, 200 mM NaCl, 1 mM EDTA)

before loading the supernatant at a flow rate of 0.5 ml/

min. The amylose column was washed with 12 column vol-

umes of amylose column buffer, and the MBP–T1R3NTD

core protein was eluted with amylose column elution buffer

(20 mM Tris–HCl, pH 8.0, 200 mM NaCl, 1 mM EDTA,

10 mM maltose). Eluant was collected in 1 ml fractions.

Protein-containing fractions were diluted fourfold with Q
column buffer (20 mM Tris–HCl, pH 8.0) to lower the salt

concentration to 50 mM NaCl. The diluted sample was

loaded onto one 5 ml HiTrap Q HP column (Amersham Bio-

sciences, Piscataway, NJ) that was pre-equilibrated with 5–10

volume of Q column start buffer A (20 mM Tris–HCl, pH

8.0, 50 mM NaCl) at a flow rate of 5 ml/min on fast protein

liquid chromatography (FPLC, ÄKTAprime FPLC system,

Amersham Biosciences). After washing with 50 ml of Q col-
umn start buffer A, the MBP–T1R3NTD was eluted with

a linear NaCl gradient (0.05–1 M NaCl) over 100 ml of

0–100% B (Q column elute buffer B: 20 mM Tris–HCl,

pH 8.0, 1M NaCl) and 2.5 ml fractions collected. The

MBP–T1R3NTD protein was eluted with 38–45% buffer

B. The purified protein was dialyzed into CD buffer, and con-

centration and purity was determined as for T1R3NTD.

SRCD spectroscopy

SRCD spectroscopy was conducted on beamline 12.1 (MBP–

T1R3NTD) at the Synchrotron Radiation Source (SRS),

Centre for Protein and Membrane Structure and Dynamics,

Daresbury Laboratories (Warrington, UK) and on beamline

U11 (T1R3NTD) at the National Synchrotron Light Source

(NSLS) at Brookhaven National Laboratory (New York,
NY). Spectra were recorded at 1–10 mg/ml protein concen-

tration. For MBP–T1R3NTD, scanning parameters were a

0.01 cm path length quartz cell, scanning wavelengths from
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260 to 180 nm, bandwidth of 0.5 nm, digital integration time

of 5 s, time constant of 1 s, step size of 1 nm, and sensitivity of

50 lV. For T1R3NTD, scanning parameters were a 0.001-cm

path length quartz cell, scanning wavelengths from 260 to

170 nm, bandwidth of 0.5 nm, digital integration time of
1 s, time constant of 200 ms, step size of 1 nm, and sensitivity

of 200 lV. SRCD data were collected as raw absorbance units

(DA) and were converted to ellipticity (H, in mdeg) and then

adjusted for sample concentration and converted to a standard

unit according to according to equations (1) and (2):

DA=
½H�

32980
; ð1Þ

½H�mrw =
H ·Mmrw

½10 · c · l� ; ð2Þ

where c is the protein concentration (in mg/ml), l is the cell

path length in centimeters, and Mmrw is the mean residue mo-

lecular weight. The dimensions of [H]mrw are deg�cm2/dmol,

and the quantity is independent of molecular weight. Each

spectrum is the average of three to six individual scans col-

lected on at least two separate samples.

The secondary structure content of the proteins was ana-
lyzed based on the Chou and Fasman protein database

(Chen et al., 1974). Spectra were deconvoluted using CDNN

software and deconvolution algorithms on DICHROWEB

(http://www.cryst.bbk.ac.uk/cdweb/html) (Lobley, 2001;

Whitmore and Wallace, 2004) to compare the obtained

SRCD spectra to those of characterized proteins.

Steady-state fluorescence measurements

The intrinsic fluorescence of MBP–T1R3NTD or T1R3NTD

was measured using a Jasco FP-6500 fluorescence spectro-
meter (Easton, MD) equipped with a stirrer and a Peltier

temperature-controlled 3 ml, 10 mm path length quartz

cuvette. Protein samples, at 200–500 nM, were held at

25�C and excited at 295 nm; emission spectra were recorded

from 300 nm (3-nm bandwidth) to 420 nm (3-nm bandwidth)

before and after denaturation with 8 M urea. For ligand titra-

tion experiments, the peak emission wavelength, which was

determined in pilot experiments, was recorded after each titra-
tion. Ligand solutions were prepared using the final dialysis

buffer. Fluorescence measurements were corrected for bleach-

ing and nonspecific buffer quenching. TheKd values of ligand–

receptor interactions were determined using equation (3):

DF
DFmax

=
½L�tot

ðKd+½L�totÞ
; ð3Þ

where Kd is the apparent dissociation constant, DF is the

magnitude of the difference between the fluorescence inten-

sity in the absence of ligand and the observed fluorescence
intensity at a given concentration of ligand, and DFmax is that

difference at infinite [L]. Best-fit curves were generated with

Origin 7.0 software. Data points were expressed as means ±

SEMs of at least three experiments conducted with separate

samples. Ligand-dependent quenching of the intrinsic tryp-

tophan fluorescence of T1R3NTD has been reported else-

where (Nie et al., 2005).

Results

Expression and purification of T1R3NTD and MBP–T1R3NTD

proteins

To quantify the interaction of sweet ligands with the NTD of

T1Rs, it was necessary to design an expression and purifica-

tion protocol that would permit the isolation of purified,

soluble T1R NTD proteins in sufficient quantities for

biochemical studies. We took advantage of two bacterial

expression strategies to accomplish this goal. In the first,

T1R3NTD was expressed as an N-terminal fusion with
a mini-intein and chitin-binding domain (CBD) using the

IMPACT vector pTXB1 (New England Biolabs) in BL21-

CodonPlus(DE3)-RIL E. coli (Stratagene) (Figure 1a). After

a 1 h induction by IPTG, the bacteria were harvested by cen-

trifugation and lyzed by sonication (optimum induction

times were empirically determined and varied for each pro-

tein). Next, cellular debris was pelleted, and the clarified

lysate was loaded onto a gravity-flow column containing
a chitin resin. The bound proteins were washed extensively,

and the T1R3NTD protein was cleaved from the bound

intein–CBD under reducing conditions. After elution, the

T1R3NTD protein was quantified by Bradford assay, and

its purity was evaluated by SDS-PAGE (Figure 1c).

T1R3NTD, which ran as a 53 kDa band, was the dominant

portion of the purified fraction. Protein yields were approx-

imately 100 lg purified T1R3NTD per liter bacterial culture.
We also expressed T1R3NTD as a C-terminal fusion with

the E. coli MBP using a modified pET21a vector (Invi-

trogen), again in BL21-CodonPlus(DE3)-RIL E. coli (Figure

1b). After a 3 h induction with IPTG, the bacteria were har-

vested by centrifugation and lyzed by sonication. Cellular de-

bris was pelleted, and the clarified lysate was loaded onto

a gravity-flow column containing amylose resin. After exten-

sive washing, the bound protein was eluted with maltose. To
remove the maltose, which could confound subsequent li-

gand interaction studies, eluate fractions containing protein

were loaded onto an anion exchange column for separation

by FPLC. After elution and dialysis of the MBP–T1R3NTD

protein, concentration was determined by Bradford assay

and its purity evaluated by SDS-PAGE (Figure 1d).

MBP–T1R3NTD, which ran as a 90-kDa band, was the

dominant portion of the purified fraction. Protein yields
were approximately 500 lg purified MBP–T1R3NTD per

liter bacterial culture.

Secondary structure of T1R3NTD and MBP–T1R3NTD

SRCD spectroscopy can be used to characterize the second-

ary structure content of chiral molecules such as proteins
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(Wallace, 2000). To determine if T1R3NTD and MBP–

T1R3NTD were properly folded, we obtained the SRCD

spectra of these proteins on NSLS beamline U11 (Brookhaven

National Laboratory) or SRS beamline 12.1 (Daresbury Lab-

oratory), respectively (Figure 2a,b). Raw absorbance units
were converted to mean residue molar ellipticity ([H]mrw)

as described in Materials and Methods. Qualitative exami-

nation of the spectra indicates that both proteins are well

folded. Differences in the spectra reflect the contribution

of the large MBP domain of MBP–T1R3NTD. We decon-

voluted the SRCD spectra of T1R3NTD (Figure 2a) using

tools available through DICHROWEB and calculated

that this protein contains an average 47% a-helix, 12%
b-sheet, 14% turn, and 22% other structures across all rele-

vant databases. This composition is consistent with that pre-

dicted from the primary protein structure and those of other

family C GPCR NTDs (Goldsmith et al., 1999; Kunishima

et al., 2000), indicating that T1R3NTD is properly folded.

Another characteristic of folded proteins is that chemical

denaturation can cause a dramatic shift in both the amount

and the peak wavelength of their intrinsic tryptophan fluo-
rescence as these parameters are subject to the microenviron-

ments of each tryptophan. For example, tryptophans within

a hydrophobic core display emission maxima at 330 nm or

less, whereas tryptophans localized in more hydrophilic

surroundings have an emission peak around 350 nm (Eftink

and Ghiron, 1981). We measured the fluorescence spectra of

both T1R3NTD and MBP–T1R3NTD upon excitation with

295 nm light. T1R3NTD exhibited an emission maximum
at 337 nm, suggesting that tryptophan residues within the

protein are localized within a number of microenvironments.

Denaturation of T1R3NTD with 8 M urea caused a red shift

of the emission maximum to 342 nm and a 13% decrease in

fluorescence intensity (Figure 2c), indicating that the protein

was folded prior to denaturation. We similarly characterized

MBP–T1R3NTD. This protein displayed an emission max-

imum at 338.5 nm. Denaturation of MBP–T1R3NTD with
8 M urea caused a red shift of the emission maximum to 344

nm and a 41% decrease in fluorescence intensity (Figure 2d),

indicating that this protein, like T1R3NTD, is folded and

thermodynamically stable in aqueous solution.

Interactions of MBP–T1R3NTD with saccharides

We previously reported that T1R3NTD and an MBP-fused

T1R2NTD each bind saccharide ligands with physiologi-

cally relevant affinities (Nie et al., 2005). To further validate

our expression strategy, we characterized the interactions of

Figure 2 Characterization of T1R3NTD protein folding. (A) SRCD spectrum of T1R3NTD. (B) SRCD spectrum of MBP–T1R3NTD. (C) Intrinsic tryptophan
fluorescence spectrum of T1R3NTD in the absence (black) and presence (gray) of 8 M urea. (D) Intrinsic tryptophan fluorescence spectrum of MBP–T1R3NTD
in the absence (black) and presence (gray) of 8 M urea.
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two sugars with MBP–T1R3NTD. First, we determined the

concentration–response relationships for the peak intrinsic

tryptophan fluorescence of the protein upon titration of glu-

cose or sucrose. Each sugar decreased the peak fluorescence

intensity of MBP–T1R3NTD (Figure 3a), exhibiting Kd

values of 8.2 ± 1.5 mM and 3.4 ± 0.5 mM for sucrose

and glucose, respectively (Figure 3b). Cyclamate, which is

perceived as sweet by humans but is not preferred by rodents

(Bachmanov et al., 2001) and has been demonstrated to in-

teract with the transmembrane domains of human T1R3

(Xu et al., 2004; Jiang et al., 2005b), had no effect on the

intrinsic fluorescence of the mouse MBP–T1R3NTD protein

(Figure 3a). These interactions are specific and were not af-
fected by the presence of the MBP fusion (Nie et al., 2005): 1)

Kd values of glucose and sucrose interactions with MBP–

T1R3NTD were nearly identical from those seen for

T1R3NTD and 2) the intrinsic tryptophan fluorescence of

MBP alone is quenched by maltose but not by sucrose.

The Kd values obtained here are consistent with behavioral

studies in mice, where thresholds for sucrose have been found

as low as 2 mM (Eylam and Spector, 2004; Glendinning et al.,
2005; Delay et al., 2006).

SRCD spectroscopy is sensitive to both the secondary and

tertiary structures of proteins (Manavalan and Johnson,

1983; Venyaminov and Vassilenko, 1994; Wallace, 2000).

Therefore, SRCD can reveal large conformational changes,

such as those that occur upon ligand binding to class C

GPCRs (Kunishima et al., 2000; Nie et al., 2005). We

obtained the SRCD spectrum of MBP–T1R3NTD in the ab-
sence or presence of 5 mM glucose or sucrose (Figure 3c).

Both sugars shifted the SRCD spectrum of MBP–T1R3NTD

equivalently and in a manner similar to that we previously

reported for T1R3NTD (Nie et al., 2005). Once again, these

effects are specific: saccharide-dependent shifts in the spectra

of MBP–T1R2NTD are distinct from those shown here, and

glucose does not cause a shift in the CD spectrum of MBP

itself (Nie et al., 2005).

Discussion

Here we describe the expression and purification of the

saccharide-binding domain of the T1R3 sweet taste receptor

as a soluble, folded, and functional protein. These studies

extend the characterization of T1R NTD proteins previously

reported (Nie et al., 2005) to more fully analyze the folding

and functionality of the T1R3NTD when heterologously

expressed in bacteria.
T1R NTDs offer a number of advantages over intact recep-

tors for dissecting the mechanisms of ligand detection and

receptor activation. In standard cell-based assays (e.g.,

Nelson et al., 2001; Jiang et al., 2004; Xu et al., 2004;

Shirokova et al., 2005; Winnig et al., 2005), the efficacy of

receptor activation is determined by the ability of the heter-

ologously expressed receptor to couple to a heterotrimeric

G protein and to elicit a change in intracellular calcium.
Therefore, cell-based assays cannot differentiate the contri-

butions of ligand binding from other aspects of receptor sig-

naling, such as ligand-dependent changes in secondary and/

or tertiary structure, intersubunit interactions, or the effi-

ciency of G protein coupling. Each of these steps is critical

in the activation of GPCRs by ligands. The NTDs of class C

GPCRs each appear to exist as a bilobed, venus flytrap

module in equilibrium between open and closed states;
ligand binding stabilizes the closed conformation and leads

to the activation of the receptor (Kunishima et al., 2000;

Pin et al., 2003). Additionally, cooperative interactions

Figure 3 MBP–T1R3NTD binds sugars. (A) Normalized maximal fluorescence intensity of MBP–T1R3NTD before and after titration of glucose (final concen-
tration 80 mM; light gray), sucrose (final concentration 80 mM; dark gray), and cyclamate (final concentration 10 mM; white) [(one-way analysis of variance,
F(3,8) = 109 (P < 0.0001); Dunnett’s multiple comparison (*P < 0.05, **P < 0.01)]. (B) The intrinsic tryptophan fluorescence intensity of MBP–T1R3NTD was
measured as a function of ligand concentration for glucose (open gray square) and sucrose (closed gray circle). The Kd values were 8.2 ± 1.5 mM (glucose) and
3.4 ± 0.5 mM (sucrose). Data from the same experiments are shown in panels (A) and (B); all data points represent means ± SEMs of six independent experi-
ments. (C) SRCD spectra of MBP–T1R3NTD in the absence (black) or presence of glucose (light gray) or sucrose (dark gray). Both ligands cause large shifts in the
SRCD spectra at 193 nm (positive shift) and 205–230 nm (negative shift). Cyclamate did not cause a shift in the SRCD spectrum (data not shown).
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between subunits of class C GPCR dimers are important for

the modulation of ligand binding (Kaupmann et al., 1998;

Suzuki et al., 2004) and for coupling the activated receptor

to the G protein (Robbins et al., 2001). Comparisons of li-

gand binding in homomeric and heteromeric mixes of T1R

NTDs should further elucidate the contribution of intersu-

bunit interaction in some of these processes. Interestingly,
the Kd values we report here and elsewhere are somewhat

lower than the EC50s for sugars obtained in behavioral or

cell activation assays (Nelson et al., 2001; Eylam and

Spector, 2004; Glendinning et al., 2005). This suggests that,

as is the case for other GPCRs, ligand affinity and receptor

efficacy are not equivalent (Colquhoun, 1998) and that co-

operative interactions between subunits along with other

processes that contribute to receptor signaling (e.g., G pro-

tein coupling) may play important roles in modulating the

efficacy of the sweet taste receptor.

Not all T1R ligands bind within the NTDs. Findings by
several groups that the sweetener cyclamate and the sweet

taste inhibitor lactisole interact with the transmembrane do-

main of T1R3 (Xu et al., 2004; Jiang et al., 2005a,b; Winnig

et al., 2005) begs the question of whether other sweeteners

may bind outside the NTDs. This may well be the case,

particularly for other synthetic sweeteners. The activation

of T1R2:T1R3 receptors by the sweet protein brazzein is

dependent on the cysteine-rich region that links the NTD

and the transmembrane domain (Jiang et al., 2004), though

it is still unclear whether this dependence is due to the pres-

ence of a brazzein binding site or to some other aspect of
receptor activation. The binding sites for sugars appear

to be restricted to the NTDs of T1R2 and T1R3 (Nie

et al., 2005).

Escherichia coli expression systems are widely used to

express mammalian proteins, displaying well-understood ge-

netics and biochemistry, ease of growth and genetic manip-

ulation, rapid doubling time, and relatively low expense in

media or equipment when compared to many eukaryotic

expression systems. Bacterial expression systems do not

perform some posttranslational modifications of eukaryotic
proteins, such as N-linked glycosylation. Glycosylation is

critical for membrane trafficking of many GPCRs, but its

absence does not appear to interfere with ligand binding

(Davidson et al., 1995; Davis et al., 1997). Native T1Rs

are likely glycosylated on their NTDs (e.g., Max et al.,

2001), though T1R2NDT and T1R3NTD still interact with

ligands in the absence of any glycosylation (Figure 3) (Nie

et al., 2005). Furthermore, potential changes in glycosylation

of T1R3 due to an amino acid change found in mice with

reduced sweet taste sensitivity (Max et al., 2001; Reed

et al., 2004) do not account for the change in the ligand af-
finity of T1R3 (Nie et al., 2005). The rarity of T1R proteins

in the gustatory epithelium has made the biochemical charac-

terization of native T1Rs extremely difficult. Refined isola-

tion techniques may someday facilitate the analysis of

posttranslational modifications of native T1Rs.

We utilized two different strategies to express and purify

T1R NTD proteins. Each offered distinct advantages and

disadvantages. For the NTD of T1R3, fusion with MBP

resulted in an average fivefold greater yield of purified pro-

tein than did fusion with the intein–CBD; the NTD of mouse

T1R2 has only been successfully expressed as an MBP fusion

(Nie et al., 2005). MBP–T1R3NTD was also somewhat more
stable in low salt than was T1R3NTD, though this was not

so for mouse MBP–T1R2NTD (Nie et al., 2005). However,

while the expression of the MBP-fused NTD of T1R3

proteins yields higher levels of expression and stability, puri-

fication is more time consuming as it requires two chroma-

tography steps. The presence of the MBP can also needlessly

complicate functional analysis of ligand interactions with

T1R NTDs as MBP is a sugar-binding protein. Control ex-

periments demonstrating that MBP alone does not interact

with the ligands of interest in either SRCD or fluorescence

assays (e.g., glucose, sucrose, or sucralose) can rule out non-
specific interactions (e.g., Nie et al., 2005) but are consuming

of time, reagents, and limited instrument access. Further-

more, the interactions of ligands such as maltose that do bind

MBP cannot be accurately determined for the T1Rs using

this system.

Fusion of T1R3NTD to the intein–CBD provided for easy

purification through a single affinity column, without the

retention of either a large fusion protein (e.g., MBP) or the

necessity of protease-mediated cleavage of the target protein.

However, the use of reducing conditions to release the target
protein likely disrupts both inter- and intramolecular disul-

fide bonds, at least temporarily. This is an important concern:

intramolecular disulfide bonds can be critical for maintain-

ing the native three-dimensional structure of proteins (e.g.,

Cook and Eidne, 1997), while intermolecular disulfide bonds

are important for the dimerization of some class C GPCR

NTDs (Kunishima et al., 2000). Based on the crystal struc-

ture of the mGluR1 NTD, three or four disulfide bonds

may exist in the homologous NTD of T1R3 (Max et al.,

2001). These disulfide bonds may reform upon dialysis into

oxidizing conditions (Zhang et al., 2002). Our SRCD and

fluorescence experiments reported here (Figures 2 and 3)
and elsewhere (Nie et al., 2005) support this interpretation:

they show T1R3NTD to be folded and capable of binding

several sweet ligands similarly to MBP–T1R3NTD.

Changes in intrinsic tryptophan fluorescence of T1R NTDs

could result from either or both of the two phenomena:

ligands may directly quench (or increase) the fluorescence

emitted by one or more tryptophan residues in the binding

pocket, or the environment of more distant tryptophans

might be altered upon ligand-dependent conformational

changes. These studies cannot differentiate these two possi-
bilities but are consistent with those for some other class C

GPCRs, such as mGluR1 (Suzuki et al., 2004), where ligand

binding can be observed through changes in intrinsic trypto-

phan fluorescence. CD has less commonly been used to mea-

sure ligand interactions (e.g., Rodi et al., 1999; Baneres et al.,
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2005) but promises to be an extremely powerful technique

for dissecting conformational changes of receptors and other

proteins (Wallace, 2000).

In conclusion, the NTDs of T1Rs can be expressed as sol-

uble proteins that retain ligand-binding functionality. These
methods may also be applicable to other class C GPCRs, in-

cluding the large family of V2R orphan vomeronasal recep-

tors that may play an important role in the detection of

MHC peptides (Leinders-Zufall et al., 2004) or other chemo-

sensory stimuli.
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