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The G-pro tein cou pled recep tor (GPCR), rat brain neu ro ten sin recep tor type I (NTS1) is one of a small num ber 

of GPCRs that have been suc cess fully expressed in Esch e richia coli as a func tional, ligand-bind ing recep tor, 

but yields of puri fied recep tor are still low for com pre hen sive struc tural stud ies. Here, sev eral approaches 

have been exam ined to opti mize the yields of active, ligand-bind ing recep tor. Opti mi sa tion of E. coli strain 

and induc tion pro to col yielded a sig nifi  cant improve ment in expres sion of active recep tor. Expres sion of the 

recep tor in BL21(DE3) cells, in com bi na tion with au toin duc tion improved expres sion 10-fold when com pared 

with pre vi ously reported expres sion pro to cols using IPTG-med i ated induc tion in DH5a cells. Opti mi za tion of 

the puri fi ca tion pro to col revealed that sup ple men ta tion of buf fers with phos pho lip ids enhanced recov ery of 

active recep tor. The meth ods exam ined are poten tially appli ca ble to other GPCRs expressed in E. coli.

© 2008 Else vier Inc. All rights reserved.
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Au toin duc tion
Intro duc tion

G-pro tein cou pled recep tors (GPCRs)1 are inte gral mem brane 

pro teins with seven trans mem brane span ning heli ces [1]. They 

trans duce extra cel lu lar stim uli across the cell mem brane to active 

het ero tri meric G-pro teins which, in turn, act on down stream effec-

tor path ways. Over 800 mem bers of the G-pro tein cou pled recep-

tor (GPCR) super fam ily have been iden ti fied in the human genome 

[2,3]. Their crit i cal role in sen sory, neu ro mod u la to ry and homeo-

static path ways makes them a major phar ma co log i cal tar get, and 

over 30% of cur rent drugs tar get GPCRs [4]. Until recently there 

was only one exam ple of this fam ily in the Pro tein Data Bank, that 

of bovine rho dop sin—a non-ligand-bind ing, ret i nal acti vated pho-

to re cep tor [5]. The crys tal struc tures of the human b2 adren er gic 

recep tor rep re sent a major advance in this field [6,7]. How ever, low 

sequence homol ogy within this fam ily presents a bar rier to effec-

tive struc ture-based drug design [8], con se quently the struc tural 

elu ci da tion of GPCRs remains one of the most press ing goals fac ing 

struc tural biol ogy today [1].
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 1 Abbre vi a tions used: CHAPS, 3-[(3-cho lam i do pro pyl)dim eth yl am mo nio]-1-pro-

pane sulf o nate; CHS, cho les terol hemi suc ci nate; DDM, dode cyl-b-d-mal to side; 

GPCR, GTP-bind ing pro tein-cou pled recep tor; IPTG, Iso pro pyl b-d-1-thio ga lac to py-

ra no side; MBP, E. coli malt ose bind ing pro tein; NT, neu ro ten sin; NTS1, neu ro ten sin 

recep tor type 1; NTS1A, MBP-rT43NTS1-Trx-H10; NTS1B, MBP-TeV-rT43NTS1-Trx-

TeV-H10; POPE, 1-pal mi toyl-2-oleoyl-sn-gly ce ro-3-phos pho eth a nol amine; POPC, 

1-pal mi toyl-2-oleoyl-sn-gly ce ro-3-phos pho cho line; POPG, 1-pal mi toyl-2-oleoyl-

sn-gly ce ro-3-[phospho-rac-(1-glyc erol)]; TeV, tobacco etch virus; Trx, thi oro dox in. 
For struc tural stud ies of mem brane recep tors, which are 

 typ i cally expressed at a low level in their native envi ron ment, 

expres sion as a recombinant pro tein in Esch e richia coli is a pow er-

ful tool, with the potential for high yields of pro tein and straight-

for ward incor po ra tion of spe cific labelled amino acids or sta ble 

iso topes where required. For many mem brane pro teins, par tic u-

larly those of eukary otic ori gin, expres sion in such het er ol o gous 

sys tems has not been achieved, pre sent ing a major bot tle neck in 

this field of struc tural biol ogy [1].

The neu ro ten sin recep tor type I (NTS1) is one of a few exam ples 

of GPCRs that have been expressed as a func tion ally ligand-bind-

ing pro tein in E. coli [9–22]. NTS1 is expressed as a fusion pro tein 

N-ter mi nally tagged with malt ose bind ing pro tein (MBP) and C-ter-

mi nally with thi oro dox in and His10 (termed NTS1A) under the con-

trol of the of the lac oper a tor/pro moter. Expressed in DH5a cells 

at 20 °C for 40 h, yields of 0.2–0.4 mg/L of active recep tor can be 

obtained [23–25]. This exact con struct has been suc cess fully used 

to express other class A GPCRs: CB2 can nab i noid recep tor [11], M2 

mus ca rinic ace tyl cho line recep tor [13] and the human aden o sine 

A(2a) recep tor [9], as folded, ligand-bind ing mem brane pro teins.

In this work we focused on induc tion pro to col and bac te rial 

strain for the opti mi za tion of expres sion. NTS1A and NTS1B (an 

equiv a lent con struct with Tev cleav age sites [25]) have been tra-

di tion ally expressed in DH5a [10], a strain not typ i cally used for 

pro tein expres sion. A vari ety of E. coli strains have been devel oped 

for expres sion, most are derived from the lon and ompT pro te ase 

defi cient strain BL21 [26]. Strains that har bour aux il iary plas mids, 

such as those encod ing tRNAs to read rare codons (pRARE) or pro-

mote disul phide bond for ma tion (such as the Ori gami series), have 

http://www.sciencedirect.com/science/journal/10465928
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also been shown to increase the expres sion of eukary otic pro teins 

[27] and two E. coli cell lines, C41 and C43, selected from the paren-

tal cell line BL21, have been devel oped which are adapted to the 

expres sion of mem brane and toxic pro teins [28].

Over-expres sion of het er ol o gous pro teins in E. coli is usu ally 

tightly con trolled using an induc ible pro moter [26]. The major-

ity of E. coli expres sion sys tems employ the lac pro moter cou pled 

with IPTG-med i ated induc tion. In these sys tems, even when com-

bined with repres sion med i ated via the lac oper a tor sequence [29], 

some back ground expres sion may occur. Leaky expres sion of toxic 

genes, such as mem brane pro teins may, in turn, lead to lower lev-

els of pro tein expres sion upon induc tion due to plas mid insta bil ity 

or cell stress [30]. Au toin duc tion, an alter na tive to IPTG-induced 

expres sion that relies on catab o lite (glu cose) repres sion and sub-

strate (lac tose) induc tion to pro vide the off-on switch for pro tein 

expres sion, can pro vide extremely tight con trol of expres sion. 

Cou pled with the reduced need for sam ple han dling (no OD600-

depen dent induc tion win dow) and ease with which the cul ture 

size can be scaled-up, this sys tem is attrac tive for high-through put 

expres sion screen ing [31]. Fur ther more, au toin duc tion allows cells 

to grow to high den sity prior to induc tion often result ing in higher 

yields of pro tein [32]. As over-expres sion of mem brane pro teins 

into the bac te rial mem brane is often asso ci ated with host cell tox-

ic ity, au toin duc tion offers obvi ous ben e fits and an expres sion trial 

of mem brane pro teins from Myco bac te rium tuber cu lo sis in E. coli 

found that in 75% of cases expres sion was increased when com-

pared with IPTG-med i ated induc tion [33].

Deter gents can remove inte gral lip ids from mem brane pro teins 

dur ing the sol u bili sa tion and puri fi ca tion pro cess, with con com-

i tant potential for reduc tion in recep tor activ ity, pre sum ably due 

to pro tein unfold ing or partial dena tur ation [34,35]. Thus, sup ple-

ment ing the puri fi ca tion media with phos pho lip ids may help to 

sta bi lize pro teins and retain their active con for ma tion. Here, the 

way in which dif fer ent com bi na tions of deter gents and phos pho-

lip ids affect the activ ity dur ing the sol u bili sa tion and puri fi ca tion 

of NTS1 was inves ti gated.

Many struc tural genom ics pro jects have relied on eukary otic 

expres sion sys tems to pro duce authen ti cally folded GPCRs and in 

E. coli use strong pro mot ers to express GPCRs in inclu sion bodies. 

Although this strat egy can result in large amounts [36] of pro-

tein, refold ing GPCRs is a major chal lenge and only three GPCRs 

have been suc cess fully refolded from inclu sion bodies [37–39]. 

To date, 15 GPCRs have been expressed in E. coli as func tional, 

ligand-bind ing recep tors inserted into the mem brane [9–21]. 

How ever, many are expressed at low lev els (less than 0.1 mg/L 

cul ture [36]); and few, such as the can nab i noid CB2 recep tor [12] 

(1 mg/L), have achieved lev els ame na ble to com pre hen sive struc-

tural stud ies [36]. The data pre sented here shows that there is 

sig nifi  cant scope and potential for improve ment in the yield of 

func tion ally com pe tent recep tor. Such meth ods described here 

may be use ful for expres sion screen ing and pro duc tion of other 

GPCRs in E. coli.

Mate ri als and meth ods

Expres sion of NTS1B

The NTS1B fusion con struct has been described pre vi ously by 

Griss ham mer et al. [23,40]. This con structs encodes the rat NTS1 

recep tor with res i dues 1–43 trun cated, an N-ter mi nal fusion of 

the malt ose bind ing pro tein (MBP) (includ ing peri plas mic tar get-

ing sequence) and a C-ter mi nal thi oro dox in and deca-his ti dine tag 

(MBP-NTS1B-Trx-His10). TeV pro te ase sites enable the pro te o lytic 

removal of the MBP and Trx-His10 tags, which can sub se quently be 

sep a rated from the recep tor by gel fil tra tion. The pres ence of the 

TeV cleav age sites does not influ ence expres sion lev els [25].

The NTS1B plas mid was trans formed into either DH5a, 

BL21(DE3), Rosetta2 (BL21(DE3) trans formed with pRARE2) 

(Nova gen), C41(DE3), or C43(DE3) (Cam bridge Bio sci ence, Luc-

i gen). Cells were plated onto LB-agar plus 100 lg/ml ampi cil lin 

(and 34 lg/ml chlor am phen i col for Rosetta2) and 1% (w/v) glu cose 

to sup press expres sion. For the induc tion of pro tein expres sion 

with IPTG, 0.5 ml of an over night cul ture (LB sup ple mented with 

1% (w/v) glu cose and anti bi ot ics) was used to inn oc u late 50 ml of 

2xYT media sup ple mented with 0.2% (w/v) glu cose in a 250 ml 

flask and incu bated at 37 °C with shak ing at 200 rpm (Innova 4430 

shak ing incu ba tor, New Bruns wick Sci en tific). When an OD600 of 

0.35 was reached the cul tures were cooled to 20 °C and, when the 

OD600 = 0.5, induced with IPTG. Cells were har vested by cen tri fu-

ga tion 30 h after induc tion (pro tein expres sion was not found to 

increase beyond this time point, data not shown), flash fro zen in 

liquid N2 and stored at ¡80 °C.

For au toin duc tion three media for mu la tions were tested: 

 Mag ic Me dia™ (Invit ro gen; for details see Nature Appli ca tion notes 

[41], http://www.nature.com/app_notes/nmeth/2007/071707/pdf/

an2808.pdf), Over night Express™ Au toin duc tion Sys tem 2 

 (Nova gen; for details see Nova gen Inovations News let ter 21 [42], 

http://www.merck bio scienc es.co.uk/prod uct/240021) and a 

home made au toin duc tion media, ZYP-5052 rich media, based 

on the method devel oped by Stud ier [32]. For 50 ml of ZYP-5052 

rich au toin duc tion media 50 l1 1 mM MgSO4, 50 l1 1000£ trace 

 met als (50 mM FeCl3, 20 mM CaCl2, 10 mM MnCl2, 10 mM ZnSO4, 

2 mM CoCl2, 2 mM CuCl2, 2 mM NiCl2, 2 mM Na2MoO4, 2 mM 

Na2SeO3, 2 mM H3BO3), 1 ml 50 £ 5052 (25% (w/v) glyc erol, 2.5% 

(w/v) glu cose, 1% (w/v) lac tose, freshly prepared) and 2.5 ml 20£ 

NPS (0.5 M (NH4)2SO4, 1 M KH2PO4, 1 M Na2HPO4) were added to 

46.5 ml ZY (10 g tryp tone (Ox oid), 5 g yeast extract (Mel ford) per 

L). Fifty mi cro li tres of an over night cul ture was used to inn oc u late 

50 ml au toin duc tion media in a 250 ml flask. Cul tures were grown 

at 26 °C for 24 h with shak ing at 200 rpm.

Small scale sol u bili sa tion of NTS1B

NTS1B was puri fied using a pro to col based on that reported 

by Griss ham mer et al. [25]. All oper a tions were car ried out at 4 °C 

unless otherwise stated.

For expres sion tri als, 10 ml of cell cul ture was har vested by 

 cen tri fu ga tion, snap fro zen in liquid N2 and stored at ¡80 °C. The 

cell pellet was resus pended in 2£ sol u bili sa tion buffer (100 mM 

Tris pH 7.4, 400 mM NaCl, 60% glyc erol (v/v)). Two-hun dred mi cro-

li tres of 2£ sol u bili sa tion buffer was used for cul tures with a final 

OD600 below 2 and 400 ll for those greater than 2. About 120 or 

240 ll of dH2O, respec tively, was added. DNase I (1 U/ml), lyso zyme 

(1 mg/ml) and the pro te ase inhib i tors leu pep tin (1 lg/ml), apro ti-

nin (1 lg/ml) and pep sta tin A (1 lg/ml) were added and the sam ple 

incu bated on ice for 30 min. To lyse the cells and sol u bi lize mem-

brane pro teins, deter gents DDM, CHAPS and CHS were added to 

a final con cen tra tion of 1%, 0.5% and 0.1% (w/v), respec tively. The 

sam ple was placed on a rotat ing wheel at 4 °C for 1 h. Cell debris 

was pel leted by cen tri fu ga tion at 30,000g. The sol u bi lized sam ple 

was snap fro zen and stored at ¡80 °C.

Phospho lipid sup ple men ta tion

For a small-scale trial, NTS1B was expressed in BL21(DE3) for 

24 h at 26 °C in 250 ml Mag ic Me dia™ in a 2.5 L baf ed flask (Nal-

gene poly car bon ate baf ed flasks were found to pro duce the 

high est expres sion), with shak ing at 200 rpm. For recep tor sol u-

bi li za tion, 1 g of cell pellet was resus pended in 2 ml sol u bili sa tion 

buffer. DNase I, lyso zyme and the pro te ase inhib i tors were added 

(as above) and the sam ple incu bated on ice for 30 min with stir-

ring. DDM, CHAPS and CHS were added to a final con cen tra tion 

http://www.nature.com/app_notes/nmeth/2007/071707/pdf/an2808.pdf
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of 1%, 0.5% and 0.1% (w/v), respec tively. For extrac tion with only 

DDM/CHS, CHAPS was excluded. The sam ple was made up to 4 ml 

with dH2O and stirred for 1 h, fol lowed by son i ca tion for 30 s. Cell 

debris was pel leted at 60,000g for 1 h. Deter gent sol u bi lized frac-

tion was fil tered through a 0.2 lm syringe fil ter (Mil li pore) and 

imid az ole (BDH) was added to 50 mM, before load ing onto a 1 ml 

Hi sTrap col umn (GE Health care) using an ÄKTA Basic puri fi ca tion 

sys tem (GE Health care).

Dur ing puri fi ca tion, buf fers were either free of exog e nously 

added lipid or sup ple mented with phos pho lip ids (0.05 mg/ml (w/v) 

POPC or POPC/POPG/POPE in a 3:1:1 weight ratio). The col umn was 

washed with 30 col umn vol umes of NiA buffer (50 mM Tris pH 7.4, 

200 mM NaCl, 30% glyc erol (v/v), 0.1% DDM, 0.5% CHAPS, 0.1% CHS 

(w/v), 50 mM imid az ole) and the pro tein eluted by step gra di ent 

with buffer B (NiA con tain ing 350 mM imid az ole). The peak frac-

tions were pooled and diluted five fold in NT200 (50 mM Tris pH 7.4, 

200 mM NaCl, 30% glyc erol (v/v), 0.1% DDM, 0.5% CHAPS, 0.1% CHS 

(w/v), 1 mM EDTA). 0.1% DDM and 0.01% CHS (w/v) sup ple mented 

buf fers were used for puri fi ca tion in the absence of CHAPS.

For com par i son of DH5a/IPTG induc tion, BL21(DE3)/  au toin duc-

tion with or with out phos pho lip ids sup ple men ta tion, 0.5 ml of an 

over night cul ture of cells was used to inn oc u late 500 ml of 2xYT 

or Mag ic Me dia™ in 2.5 L poly car bon ate baf ed flasks. Induc tion of 

NTS1B expres sion in DH5a cells in 2xYT/0.2% glu cose (w/v) was 

induced with 0.1 mM IPTG for 30 h at 20 °C, as described above. 

Au toin duc tion was per formed as described above. Cells were har-

vested by cen tri fu ga tion, snap fro zen and stored at ¡80 °C. For puri-

fi ca tion, cells were thawed in 2£ sol u bili sa tion buffer (2 ml/g cells) 

and homog e nised. DNase I, lyso zyme and the pro te ase inhib i tors 

were added (as above) and the sam ple incu bated on ice for 30 min 

with stir ring. DDM, CHAPS and CHS were added to a final con cen-

tra tion of 1%, 0.5% and 0.1% (w/v), respec tively, and the sam ple 

stirred for 1 h. Cell debris was pel leted at 65,000g. The BL21(DE3) 

cell lysate was split into two sam ples: one for puri fi ca tion with 

buf fers con tain ing 0.05 mg/ml (w/v) POPC/POPG/POPE in a 3:1:1 

weight ratio and one with out phos pho lip ids. The DH5a lysate was 

puri fied in the absence of phos pho lip ids. Ima daz ole (50 mM) was 

added to the lysate before it was passed over a 5 ml Hi sTrap col-

umn (GE Health care) at a load ing rate of 1.5 ml/min using an ÄKTA 

Basic puri fi ca tion sys tem. The col umn was washed with 250 ml 

NiA and pro tein eluted with NiB in the pres ence or absence of 

phos pho lip ids. The elu ate was diluted five fold with NT0 (50 mM 

Tris pH7.4, 0.5%, CHAPS, 0.1% CHS, 0.1% DDM (w/v), 1 mM EDTA, 

30% (v/v) glyc erol) and incu bated with 5 ml of bio tin yl a ted neu-

ro ten sin (NT) immo bi lized on Tet ra link™ tet ra meric avi din resin 

(Promega) over night at 4 °C with shak ing. Bio tin yl a ted NT was 

syn thes ised in-house using stan dard solid phase syn the sis tech-

niques and was bound to the resin as directed by the man u fac tur-

ers’ instruc tions. NTS1B was eluted using NT1 (NT0 plus 1 M NaCl). 

Where appro pri ate, buf fers were sup ple mented with phos pho lip-

ids. For gel anal y sis, frac tions were sep a rated using a 12% Nu PAGE 

gel and MOPS run ning buffer (Invit ro gen). Broad Range pre stained 

pro tein marker was pur chased from New England Bio Labs. Total 

pro tein was assayed using DC Pro tein Assay Kit (Bio-Rad).

[3H]-neu ro ten sin bind ing assay

The amount of func tion ally active recep tor was mea sured using 

a sat u ra tion radio-ligand-bind ing assay. Sam ples were diluted in 

assay buffer (50 mM Tris pH 7.4, 1 mM EDTA, 0.1% DDM, 0.5% CHAPS, 

0.1% CHS, 0.1% BSA (w/v)) and incu bated with 8.3 nM [3H]-NT pep-

tide (spe cific activ ity of 3.33 TBq/mmol, equat ing to 63,636 cpm/

pmol, pur chased from Perk in El mer) for 1 h at 4 °C. Recep tor-bound 

ligand was sep a rated from unbound by gel fil tra tion using P30 

Tris spin col umns (Bio-Rad) and quan ti fied by scin til la tion count-

ing. The amount of active recep tor was cal cu lated assum ing one 

bind ing-site per mol e cule and a molec u lar weight of 101 kDa for 

the fusion pro tein and a sat u ra tion of 90% of total sites (Frac tional 

occu pancy = [Ligand]/[Ligand] + Kd, where recep tor Kd was deter-

mined as 0.9 ± 0.1 nM). Non-spe cific bind ing was assayed by com-

pe ti tion with excess (13 lM) unla belled pep tide. The recep tor was 

diluted so that the cpm of the total sam ple was between 500 and 

2500 cpm, and for non-spe cific (com pe ti tion sam ples) between 

50 and 300 cpm. Spe cific bind ing was deter mined by sub tract ing 

non-spe cific cpm from total cpm. All sam ples were assayed in trip-

li cate.

Results and dis cus sion

Expres sion of NT1SB in dif fer ent strains of E. coli

The over-expres sion of mem brane pro teins, espe cially those of 

eukary otic ori gin, is often toxic to E. coli, result ing in either poor 

expres sion lev els or even ham per ing trans for ma tion. The adapted 

strains C41(DE3) and C43(DE3) [28], derived from BL21(DE3), have 

allowed the expres sion of many toxic pro teins, par tic u larly mem-

brane pro teins [43]. This may be, at least in part, due to the for-

ma tion of intra cel lu lar mem branes dur ing pro tein induc tion [44]. 

To exam ine whether these spe cifi  cally devel oped strains would 

enhance the expres sion of NTS1, we com pared its expres sion in 

DH5a, C41(DE3), C43(DE3) and the paren tal cell line, BL21(DE3).

The expres sion of NTS1B was exam ined in four cell lines under 

three dif fer ent IPTG con cen tra tions and in the absence of IPTG. 

The cells were har vested after 30 h of induc tion (expres sion did 

not increase sig nifi  cantly beyond this time point, data not shown). 

Expres sion lev els were com pared by assay ing the amount of func-

tional pro tein as deter mined using sat u ra tion [3H]-NT bind ing 

assay (Table 1).

All cells lines show sig nifi  cant leaky expres sion (Table 1) in the 

absence of IPTG, despite the pres ence of the lac repres sor gene 

within the expres sion plas mid. Unin duced expres sion of NTS1B in 

DH5a and C43(DE3) cells approaches that of IPTG-med i ated induc-

tion. This, in part, may reflect the long period of expres sion and the 

growth sup pres sion seen with induc ing with IPTG.

The high est yield of NTS1B per L of cell cul ture was seen in 

BL21(DE3) cells induced with 0.25 mM IPTG (206 ± 32 lg/L), and 

show rel a tively high lev els of expres sion across all IPTG con cen-

tra tions tested (Table 1). Expres sion in C41(DE3) cells was also 

Table 1

Expres sion of func tion ally active recep tor in dif fer ent cell types. Com par i son of 

NTS1 expres sion in dif fer ent cell strains induced by var i ous con cen tra tions of IPTG. 

The amount of func tional recep tor in deter gent-sol u bi lized sam ple was assayed by 

mea sur ing sat u ra tion bind ing of [3H]-NT.

Cell Type Media IPTG (mM) OD600 Yield (lg/L)

DH5a 2xYT 0 2.8 ± 0.2 45 ± 4

DH5a 2xYT 0.1 2 ± 0.3 75 ± 11

DH5a 2xYT 0.25 1.5 ± 0.1 33 ± 6

DH5a 2xYT 0.5 1.3 ± 0.1 25 ± 2

BL21(DE3) 2xYT 0 3.9 ± 0.2 38 ± 9

BL21(DE3) 2xYT 0.1 3.7 ± 0.3 196 ± 19

BL21(DE3) 2xYT 0.25 2.2 ± 0.2 206 ± 32

BL21(DE3) 2xYT 0.5 1.9 ± 0.3 150 ± 29

C41(DE3) 2xYT 0 4.0 ± 0.2 27 ± 4

C41(DE3) 2xYT 0.1 3.9 ± 0.1 101 ± 11

C41(DE3) 2xYT 0.25 2.2 ± 0.3 160 ± 27

C41(DE3) 2xYT 0.5 2.0 ± 0.1 89 ± 6

C43(DE3) 2xYT 0 3.8 ± 0.6 53 ± 6

C43(DE3) 2xYT 0.1 2.5 ± 0.1 69 ± 2

C43(DE3) 2xYT 0.25 1.9 ± 0.3 84 ± 8

C43(DE3) 2xYT 0.5 1.5 ± 0.1 100 ± 13

C43(DE3) 2xYT 1.0 1.6 ± 0.2 65 ± 6
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 rel a tively high, with the high est yields obtained with 0.25 mM IPTG 

(160 ± 27 lg/L). DH5a cells showed the poor est per for mance, with 

the high est yield of 75 lg/L at 0.1 mM IPTG, and a fall of expres sion 

beyond this level of IPTG. Thus, by chang ing from DH5a induc tion 

at 0.1 mM IPTG to BL21(DE3) induced with 0.25 mM IPTG, a 2.7-

fold increase in active pro tein can be obtained.

Au toin duc tion of NTS1B

By care ful for ma tion of media, Stud ier [32] devel oped a  reli able 

pro to col for lac operon/pro moter-depen dent au toin duc tion of 

genes in E. coli. The media con tains three car bon sources:  glu cose, 

glyc erol and lac tose. In the ini tial phase expres sion is sup pressed 

by glu cose and cells grow to a high den sity. When glu cose is 

exhausted, lac tose-depen dent induc tion begins. Au toin duc tion 

has sev eral advan ta ges over IPTG induc tion: greater bio mass, tight 

expres sion con trol, ease of sca la bil i ty and reduced sam ple han-

dling. Sev eral com mer cial for mu la tions based on this method are 

now avail able [41,42].

A com par i son was made between sev eral E. coli strains and 

three au toin duc tion media for mu la tions: a home made media 

based on that defined by Stud ier [32] and two com mer cial for mu-

la tions: Over night Express™ Au toin duc tion Sys tem 2 from Nova-

gen [42] and Mag ic me dia™ from Invit ro gen [41].

Au toin duc tion yielded far more recep tor than IPTG-med i ated 

induc tion, giv ing a two to four fold increase over the opti mal IPTG 

con cen tra tion for each cell type (Tables 1 and 2). Again, the opti-

mal expres sion strain was BL21(DE3). The media for mu la tion that 

gave the great est yield of pro tein was Mag ic me dia™ with yields 

in BL21(DE3) cells reach ing 824 ± 22 lg/L cul ture, com pared with 

650 ± 58 lg/L in home made au toin duc tion media, 505 ± 18 lg/L 

in Over night Express Au toin duc tion Sys tem 2 (a max i mum of 

206 ± 32 lg/L was obtained with IPTG-med i ated induc tion (Table 

1)). Sup ply of rare tRNAs (Rosetta2 cells) did not enhance expres-

sion over the BL21(DE3).

The cell cul ture den si ties reached at the end of the expres sion 

period were sig nifi  cantly higher than that in 2xYT media (Tables 

1 and 2). Au toin duc tion allows cells to reach sat u ra tion prior to 

induc tion and the increased yields of recep tor may sim ply reflect 

the increase in bio mass at har vest. Allow ing cells to reach a higher 

den sity prior to induc tion may there fore lead to increased recep-

tor expres sion. How ever, when the cells were allowed to reach 

an OD600 of 1 in 2xYT media prior to IPTG induc tion, the recep tor 

yield per L was either decreased or unchanged (data not shown and 

reported in [25]), sug gest ing that the strin gent con trol of induc tion 

affor ded by au toin duc tion is also an impor tant deter mi nant in the 

increase of expres sion.

The effect of phos pho lip ids on the puri fi ca tion of NTS1B

Lipid-pro tein inter ac tions may influ ence the fold ing, activ ity, 

orga ni sa tion and sta bil ity of a mem brane pro tein [45–48]. Lip-

ids are, in gen eral, loosely asso ci ated with mem brane pro teins, 

but some may be tightly asso ci ated, form ing an inte gral part of 

the struc ture [49,50] that is essen tial for func tion al ity [51]. Dur ing 

puri fi ca tion, mem brane pro teins are exposed to a vast excess of 

deter gent and may become pro gres sively del ip i dat ed and activ ity 

may only be restored by add ing back spe cific lip ids [52]. Sup ple-

ment ing buf fers with phos pho lip ids may there fore main tain the 

recep tor in an active con for ma tion and aid recov ery of recep tor 

in ac tiv i tat ed dur ing the sol u bili sa tion pro cess.

When NTS1B was extracted and puri fied using the opti mal 

 con cen tra tion of DDM/CHS/CHAPS (Table 3), the inclu sion of 

POPC or a com bi na tion of phos pho lip ids (POPC/POPG/POPE, 3:1:1) 

 dur ing Ni-affin ity puri fi ca tion yielded larger amounts of active pro-

tein than when the lip ids were not added (Table 3). How ever, when 

CHAPS was omit ted and only DDM/CHS was used for sol u bi li za-

tion, extrac tion and puri fi ca tion (Table 3), no enhance ment in the 

yield of ligand-bind ing NTS1 obtained was observed. Pre sum ably 

the lower lev els of total deter gent, or the absence of CHAPS results 

in less loss of activ ity due to less del ip i da tion of the pro tein.

A medium-scale puri fi ca tion of NTS1 from DH5a and BL21(DE3) 

cells with and with out phos pho lip ids sup ple men ta tion was com-

pared. For expres sion in DH5a cells, a 3 L-scale expres sion was con-

ducted using induc tion with 0.1 mM ITPG at 20 °C for 30 h and for 

BL21(DE3), a 2 L-scale expres sion was per formed, using au toin duc-

tion in Mag ic Me dia™ at 26 °C for 24 h. At har vest, DH5a cells had 

reached an OD600 2.2 ± 0.1 and BL21(DE3) cells, 7 ± 0.8. Recep tor was 

extracted using deter gent-med i ated sol u bili sa tion with DDM/CHS/

CHAPS. NTS1B was puri fied using Ni-affin ity chro ma tog ra phy fol-

lowed by affin ity puri fi ca tion using bio tin yl a ted NT immo bi lized onto 

avi din resin. For BL21(DE3)/au toin duc tion, the sol u bi lized frac tion 

was spit into two equal parts. One half was puri fied with buf fers sup-

ple mented with 0.05 mg/ml POPC/POPG/POPE (3:1:1 w/w ratio) and 

the other in the absence of phos pho lip ids. NTS1B from the 3 L-scale 

expres sion from DH5a cells (a larger cul ture size was used to allow 

eas ier com par i son with the higher-express ing BL21(DE3)/au toin duc-

tion sam ple) was puri fied in the absence of phos pho lip ids. The puri-

fi ca tion of NTS1B was fol lowed using [3H]-NT bind ing, total pro tein 

quan ti fi ca tion by Lowry assay and SDS–PAGE (Table 4 and Fig. 1).

Deter gent sol u bili sa tion of NTS1B yielded 100 ± 15 lg/L of 

 cul ture active recep tor from DH5a/IPTG induc tion and 797 ± 34 lg/L 

from BL21(DE3)/au toin duc tion (Table 4). Expres sion of recep tor 

in DH5a/IPTG induc tion was slightly higher than that observed 

in the small-scale expres sion trial (Table 1, 75 ± 11 lg/L) and for 

BL21(DE3)/au toin duc tion, slightly lower (Table 1, 824 ± 22). But, 

over all, the expres sion lev els are main tained when the cul ture size 

is scaled-up. The spe cific activ ity of the Ni-affin ity puri fied  frac tion 

Table 2

Au toin duc tion of NTS1 expres sion. Three for mu la tions of au toin duc tion media 

were com pared for expres sion of active NTS1 recep tor. Where, O/N Express is Over-

night Express™ Au toin duc tion Sys tem 2 [42], Mag ic me dia is Mag ic me dia™ [41] 

and Stud ier is a home made au toin duc tion media [32]. Four cell types were tested 

for expres sion with Mag ic Me dia™. Trans for ma tion of BL21(DE3) cells with pRARE2 

plas mid, which encodes rare tRNAs, to give the Rosetta2 cell line, did not affect 

expres sion.

Cell Type Media OD600 Yield (lg/L)

DH5a Mag ic me dia 7.1 ± 1 178 ± 12

BL21 Mag ic me dia 5.6 ± 0.1 824 ± 22

C41 Mag ic me dia 6.5 ± 0.2 398 ± 14

C43 Mag ic me dia 5.2 ± 0.8 369 ± 7

Rosetta 2 Mag ic me dia 5.9 ± 0.4 704 ± 30

BL21 Stud ier 5.5 ± 0.3 650 ± 58

C41 Stud ier 6.2 ± 0.4 430 ± 62

BL21 O/N express 4.6 ± 0.2 505 ± 18

C41 O/N express 4.6 ± 0.4 395 ± 18

Table 3

The effect of sup ple men ta tion with phos pho lip ids on NTS1 puri fi ca tion. NTS1 

was sol u bi lized using deter gents and puri fied using Ni-affin ity chro ma tog ra phy. 

Ni-affin ity puri fi ca tion buf fers were sup ple mented with phos pho lip ids and the 

amount of active recep tor in the elu ate was assayed. The DDM/CHS mix yields less 

pro tein due to reduced sol u bili sa tion effi ciency [24].

Deter gent mix Phospho lipid Yield (lg/L cul ture)

DDM/CHS/CHAPS No lipid 724 ± 28

POPC 761 ± 39

POPC:POPE:POPG (3:1:1) 839 ± 46

DDM/CHS No lipid 483 ± 50

POPC 468 ± 51

POPC:POPE:POPG (3:1:1) 473 ± 31



36 H. At trill et al. / Protein Expression and Purification 64 (2009) 32–38

from BL21(DE3)/au toin duc tion, was 3.3 nmol active pro tein/mg 

total pro tein for both puri fi ca tions, regard less of the pres ence of 

phos pho lip ids and there is little appar ent difference in the level of 

purity (Fig. 1). As seen in the smaller scale puri fi ca tions, the over all 

yield of active recep tor in the pres ence of phos pho lip ids is higher, 

740 ± 10 lg/L cul ture com pared with 631 ± 26 lg/L (Table 4). This sug-

gests that the pres ence of phos pho lip ids in the puri fi ca tion buffer 

may aid sol u bili sa tion of the recep tor, rather than sta bi liz ing activ ity. 

The Ni-col umn elute from DH5a cells was slightly lower, 2.8 (±0.4) 

nmol/mg, but not to a sig nifi  cant level. An addi tional ligand-affin ity 

puri fi ca tion step using bio tin yl a ted NT resin yields a spe cific activ ity 

near the max i mum pre dicted (for NTS1B, with a molec u lar weight of 

101 kDa, the max i mum potential spe cific activ ity is 9.9 nmol/mg) for 

all puri fi ca tions (Fig. 1 and Table 4).

Yields in pres ence of phos pho lip ids were approx i mately 1.2 

times greater than with out. It may there fore be pru dent to include 

phos pho lip ids through out other puri fi ca tion steps, such as the 

pro te ase-med i ated removal of tags and gel fil tra tion, which may 

be required for some struc tural stud ies.

Con clu sions

Struc tural biol ogy stud ies gen er ally require large (mg) amounts of 

a pro tein and where label ling is required (such as NMR), higher yields 

per vol ume of cul ture is a pri or ity. Bac te rial expres sion of het er ol o-

gous pro teins is often used to accom plish this. For eukary otic mem-

brane pro teins this is par tic u larly chal leng ing, espe cially so for the 

GPCR-fam ily [53]. Here we have tested potential pro to col improve-

ments in order to max i mise the yield of E. coli expressed NTS1.

The use of alter na tive expres sion strains revealed that BL21(DE3) 

cells yielded an approx i mate 2.5-fold increase of recep tor expres-

sion when com pared with DH5a, which have been tra di tion ally 

used for its expres sion [10]: 0.2 mg/L com pared with 0.08 mg/L 

of active recep tor. As with many aspects of mem brane pro tein 

work no gen er al isa tion can be made and the effect of cell type on 

expres sion may be GPCR spe cific; the M2 Mus ca rinic is expressed 

at 1.5-fold greater lev els in BL21 cells than DH5a cells [13], but the 

expres sion of the aden o sine A2a recep tor and CB2 can nab i noid 

recep tor [9] showed no cell type pref er ence. BL21(DE3) cells dis-

played rel a tively sta ble expres sion of NTS1B over a range of IPTG 

con cen tra tions, as seen with aden o sine A2a recep tor [11]. In other 

the cell types tested opti miz ing IPTG con cen tra tion was crit i cal for 

obtain ing max i mal NTS1B expres sion.

In all cell types tested, leaky expres sion was observed in the 

absence of IPTG, which may sig nifi  cantly ham per expres sion. 

 Au toin duc tion, a method that relies on the switch from catab o lite 

repres sion to sub strate induc tion, has been shown to improve the 

expres sion of het er ol o gous pro teins in E. coli [32,33]. Com pared with 

even the high est lev els of IPTG-med i ated induc tion, au toin duc tion 

gave vastly improved expres sion lev els: up to 0.8 mg/L of cell cul ture 

[53]. Unlike cell type and IPTG con cen tra tion, it is likely that this will 

be true for most GPCRs expressed in E. coli, allow ing cell high den si-

ties with out the det ri men tal effects of leaky expres sion.

The inclu sion of phos pho lip ids dur ing the puri fi ca tion  pro cess 

enhanced the recov ery of active recep tor. A com bi na tion of 

POPC/POPG/POPE (3:1:1) gave a 14% increase in the amount of 

Table 4

Over all com par i son of NTS1 yields. Puri fi ca tion of NTS1B from DH5a and BL21(DE3) cells were com pared. A 3 L-scale cul ture of NTS1B expressed in DH5a cells using IPTG 

induc tion was com pared to a 2 L-scale cul ture of BL21(DE3) using au toin duc tion. The sol u bi lized frac tion from BL21(DE3) cells was split into two and the one puri fied in the 

absence of phos pho lip ids (No PL) and the other with sup ple men ta tion with a POPC/POPG/POPE mix (PPP). A two-step puri fi ca tion was per formed: Ni-affin ity (pre fix Ni- in 

table) and ligand-affin ity using strep ta vi din-bio tin yl a ted NT (pre fix BioNT). TF is the unbound through flow from load ing step and ND not deter mined. The spe cific activ ity is 

expressed as nmol active recep tor per mg total pro tein.

Cell type/sup ple ment Frac tion Active recep tor (lg/L cul ture) Total pro tein con cen tra tion (lg/ml) Spe cific activ ity (nmol/mg)

DH5a Sol u bi lized 100 ± 15 16981 ± 907 0.016 ± 0.01

Ni TF 3 ± 0.4 ND

Ni Elu ate 78 ± 5 98 ± 13 2.8 ± 0.4

BioNT TF 3 ± 0.4 ND

BioNT Elu ate 59 ± 14 31 ± 8 9.6 ± 2

BL21 Sol u bi lized 797 ± 43 26119 ± 461 0.002 ± 0.002

No PL Ni TF 18 ± 1 ND

Ni Elu tion 631 ± 26 207 ± 24 3.3 ± 0.4

BioNT TF 10 ± 1.7 ND

BioNT Elu ate 395 ± 20 40 ± 9 10.7 ± 1.9

PPP Ni TF 29 ± 1.4 ND

Ni Elu tion 740 ± 10 264 ± 15 3.3 ± 0.3

BioNT TF 9 ± 0.3 ND

BioNT Elu ate 464 ± 93 55 ± 2 9.2 ± 3.5

Fig. 1. Over all com par i son of puri fi ca tion. Puri fi ca tion of NTS1B from DH5a/IPTG 

(3 L cul ture) induc tion and BL21(DE3)/au toin duc tion (2 L cul ture). The sol u bi lized 

frac tion from BL21(DE3) cells was split into two and one puri fied in the absence of 

phos pho lip ids and the other with buf fers sup ple mented with a POPC/POPG/POPE 

mix (+PPP). A two-step puri fi ca tion was per formed. The sol u bi lized (Sol) frac tion 

was passed over a Ni-col umn and eluted with imid az ole (NiE). Lanes labelled NiTF 

are the unbound frac tion from col umn load ing. The elu ate was bound to bio tin-

yl a ted NT strep ta vi din-resin and eluted using a high salt buffer (NTE). Through 

flow from this resin is labelled NTTF. NTS1B migrates between the 175 and 83 kDa 

marker (molec u lar weight marker in the left-hand lane). The cor re spond ing activ ity 

and pro tein assay data is given in Table 4.
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active pro tein fol low ing Ni-affin ity puri fi ca tion when com pared to 

the omis sion of lip ids. The enhanced effects of added lip ids were 

only evi dent with DDM/CHS/CHAPS sol u bi lized recep tor. When 

only DDM/CHS was pres ent no enhance ment was observed, sug-

gest ing that del ip i da tion was the main fac tor. The spe cific activ-

ity of the recep tor is sim i lar in the pres ence or absence of lip ids. 

There fore, lipid does not appear to increase the pro por tion of active 

recep tor. The enhanced yield may there fore reflect the enhanced 

sol u bili sa tion of recep tor, either by mask ing hydro pho bic regions 

or pre vent ing dena tur ation. As the lipid mix ture was more effec-

tive than POPC alone, there may also be a lipid spe cific com po nent. 

E. coli mem branes and eukary otic mem branes dif fer sig nifi  cantly 

in com po si tion; E. coli lacks phos pha ti dyl ser ine and phos pha ti dyl-

cho line which together make up >20% of brain lip ids [54].

Pro duc ing active GPCRs in E. coli has proved chal leng ing, 

 par tic u larly in terms of achiev ing the yields required for input into 

struc tural biol ogy. Au toin duc tion is a sim ple expres sion method, 

made even eas ier by the avail abil ity of com mer cial for mu la tions 

and can be adapted for label ing pro to cols [42,55]. Indeed, au toin-

duc tion has sev eral advan ta ges, such as reduced sam ple han dling 

and when cou pled to screen ing tech niques such as fluo res cent 

pro tein label ling of GPCRs, which we have dem on strated for NTS1 

[56], could be a great ben e fit for low vol ume, high-through put 

screen ing of GPCR expres sion in E. coli [31].
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