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ABSTRACT. The yeasSaccharomyces carsiae a-factor pheromone receptor (Ste2p) was used as a model

G protein-coupled receptor (GPCR). A 73-mer multidomain fragment of Ste2p (residues32®)/
containing the third extracellular loop, the seventh transmembrane domain, and 40 residues of the cytosolic
tail (E3-M7-24-T40) was biosynthesized fused to a carrier protein. The multidomain fusion protein
(designated M7FP) was purified to near homogeneity as judged by HPLC and characterized by mass
spectrometry. In minimal medium, 3@0 mg of M7FP were obtained per liter of culture. The 73-residue
peptide was released from its carrier by CNBr and obtained in wild-t#g,and3C/A5N forms. The
E3-M7-24-T40 peptide integrated into 1-palmitoyl-2-hydrestyglycero-3-[phosphaac-(1-glycerol)] and
dodecylphosphocholine micelles at concentrations (B30 «M) suitable for NMR investigations. HSQC
experiments performed in organic solvents and detergent micell®ddabeled E3-M7-24-T40 showed

a clear dispersion of the nitrogen-amide proton correlation cross-peaks indicative of a pure, uniformly
labeled molecule that assumed a partially ordered structure. NOE connectivities, chemical shift indices,
J-coupling analysis, and structural modeling suggested that in trifluoroethanol/water (1:1) helical subdomains
existed in both the transmembrane and cytoslic tail of the multidomain peptide. Similar conclusions were
reached in chloroform/methanol/water (4:4:1). As the cytosolic tail participates in down-regulation of
Ste2p, the helical regions in the Ste2p tail may play a role in prefgiatein interactions involved in
endocytosis.

Membrane proteins currently constitute approximately organism, that of bovine rhodopsin, elucidated at 2.8 A
30% of the proteins encoded by the human genof)e ( resolution, has appeared in the literatuse (

Despite their large number and physiological significance, GPCRs are integral membrane proteins whose amino acid
relatively little is known about their three-dimensional sequences are characterized by seven hydrophobic segments
structures. To date, less than 1% of this group of biomol- that are predicted to form transmembrane (Tdvhelices,
ecules, mostly membrane channels and transporters, has beetbnnected by intracellular and extracellular loogy (vith
successfully studied at the atomic leva).(The structure of  the amino and carboxy-termini being located extracellularly
the extracellular portions of some membrane receptors hasand cytoplasmically, respectivelB,(5—11). GPCRs have
been determined, but knowledge of the structure of entire been found in a wide range of organisms and mediate cellular
membrane receptors is very limited. Among membrane responses to a wide variety of physical and chemical
receptors, the largest family is that of G protein-coupled extracellular signals@) by activating G proteins, which
receptors (GPCRsB(4).! Currently, it is estimated that there
are about 1000 GPCRs encoded by the human genome, yet * Abbreviations: GPCRs, G protein-coupled receptors; CD, circular
only one high-resolution structure of a GPCR from any dichroism; DHPC, 1,2-dihexanogkglycero-3-phosphocholine; DMPC,
1,2-dimyristoylsnglycero-3-phosphocholine; DMPG, 1,2-dimyristoyl-
snglycero-3-[phosphaac-(1-glycerol)]; DPC, dodecylphosphocholine;
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Ficure 1: Cartoon of thex-factor receptor (Ste2p). Domains are indicated by the following: E, extracellular loops; I, intracellular loops;
M, transmembrane domains. Four of the Asn residues are represented as glycosylation positions. The E3-M7-24-T40 region targeted in this
study is indicated by hashed residues.

initiate signal transduction pathways ultimately leading to responses2(0), studies on the structure of M6 and M7 and,
transcriptional activation of specific gene% (2). Under- in particular, on M6 interacting with M7 would have
standing the structure of GPCRs and the mechanism bysignificant ramifications on elucidating Ste2p function. Such
which they activate downstream signaling can help to studies have been stymied due to difficulties in determining
determine the cause of many pathological states and therebythe structural features of membrane proteins by X-ray
result in possible treatments3). crystallography%). Moreover, the size of integral membrane
To gain a better understanding of receptor structure andproteins and the requirement of membrane-like vesicles for
ligand—receptor interactions, the yegaccharomyces cer-  solubilization and stabilization of these proteins prohibit the
evisiae has been used as a model system because of theiirect determination of their structure by solution NMR at
abundant biochemical and genetic knowledge and tools thatthis time. To overcome difficulties in conducting X-ray and
are available4). Thea-factor pheromone receptor (Ste2p) NMR studies on intact receptors, many scientists have begun
encoded by th&TE2gene ofS. cereisiae (14, 15) (Figure studying fragments of these molecules to generate atomic
1) is involved inS. cereisiae mating and belongs to Class o6 models of domain@, 24). Since the stabilization of
D (fungal pheromone receptors) of the GPCR famil)( gocondary structures is highly dependent on local interactions,
erltgl?/tsjgsr}rfgil(sta(tzleasstsh; tﬂ?;c?otfréﬂzgif;ﬁgﬁ'&%ﬁg%@m itis expected that the conformational feat_ures 01_‘ the receptor
domains and of the complementary amino acid sequences

are structurally and functionally similarlt—19). The in the intact receptor will be similar. Experimental evidence
transmembrane segments and the extracellular loops of Ste2 P nifar. £xp
hat supports this approach is provided by the fact that

are thought to form a pocket that acts as the ligand-bindin ' :
g P g g reconstituted or coexpressed fragments of Ste2p, bacterio-

domain @Q0), whereas the intracellular receptor surface is X . X ;
known to be involved in G-protein recognition and activation 'hodopsin, and rhodopsin assemble into noncovalently linked

(21). GPCR activation involves rearrangement of the intra- domains maintaining functions of the full protei2X-29).
cellular receptor surface, caused by ligand-induced changeg®lthough there is some evidence that long-range effects may
in the relative orientation of individual TM helices, that have an influence on local secondary structuBg), (most
enables the G-protein to interact with previously inaccessible studies support the idea that studies on GPCR fragments can
residues on the receptor proteiil). provide insights into the structure of the intact molec@i#®) (

Given the absence of biophysical data on conformational The 3D structure of rhodopsin, calculated from the NMR
changes in GPCRs that occur upon activation by ligands, Structures of individual transmembrane regions, was in
studies on structural aspects of Ste2p may provide anreasonable agreement with the crystal structure of the full
understanding of the mechanism of signal transduction by GPCR @2—34). Biophysical studies on single domains of
Ste2p and other GPCR family members. Since transmem-Ste2p 85—38) and NMR analysis of the seven transmem-
brane domains 6 and 7 (M6 and M7) of GPCRs inter&8f (  brane domains of this receptor indicated significant confor-
22) and are likely involved in the stimulation of cellular mational diversity for these regions of the proted4,(39).
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Table 1: Summary of the Names of the Various Constructs, the Amino Acid Sequence of the Expressed Proteins of the Ste2p Target Regions,
and Their Molecular Weights

expression molecular
name of fusion protein plasmid amino acid sequerice weight (Da¥
TrpALE-E3-M7-24-T40 pREJO2M TrALE-WMSLKPNQGTDVLTTVATLLAVLSLPLSSLWATAANN 21234
or M7FP (Met294Leu) ASKTNTITSDFTTSTDRFYPGTLSSFQTDSINNDAKSS
Trx-Tag thioredoxin- pKLS01 TrxTag thioredoxin-SLKPNQGTDVLTTVATLLAVLSLPLS@WA 26 022
E3-M7-24-T40 TAANNASKTNTITSDFTTSTDRFYPGTLSSFQTDSINNDAKSS
(Met294Ala) LEHHHHHH
Trx-Tag thioredoxin- pKLS01-1 TrxTag thioredoxin-SLKPNQGTDVLTTVATLLAVLSLPLSE WA 26 064
E3-M7-24-T40 TAANNASKTNTITSDFTTSTDRFYPGTLSSFQTDSINNDAKSS
(Met294Leu) LEHHHHHH
Trx-Tag thioredoxin- pKLS01-2 TrxTag thioredoxin-SLKPNQGTDVLTTVATLLAVLSLPLSEWA 24999
E3-M7-24-T40 TAANNASKTNTITSDFTTSTDRFYPGTLSSFQTDSINNDAKSS

(Met294Leu)

2 The solid underlined sequences correspond to E3-M7-24-T40 fragment of Ste2p. The LEHHHHHH sequence indicated in italic font is not in
the native Ste2p sequence. Bolded residues were M in the native sequiBtmecular weight of the fusion protein.

Virtually all of the previous biophysical investigations on [University of Rochester]45). The plasmid pMMHa, which
fragments of GPCRs have been limited to fragments contain-was used to construct plasmid pREJ02, was obtained as a
ing 30-40 residues, and even for these relatively short gift from Dr. Peter Kim [Massachusetts Institute of Technol-
peptides, few high-resolution structures in detergent haveogy] (44). Vector pREJO2 was constructed as previously
been published. The reason for the dearth of information on described 45). This vector utilizes a T7 expression system
longer regions of GPCRs and for the lack of high-resolution and expresses a polypeptide fused to a portion of the
studies in micelles has been due largely to difficulties histidine-tagged TraLE1413 polypeptide4l, 42, 44) at the
encountered in obtaining multimilligram quantities of iso- N-terminus. The vector pREJ02 contained the DNA sequence
topically labeled peptides containing one or more transmem- of E3-M7-24-T40 [residues Ser26Ber339 of Ste2p com-
brane domains. Recently, we chemically synthesized a 64-prising the third extracellular loop (E3), the 24-residue
residue multidomain peptide containing the seventh transmem-seventh transmembrane domain (M7), and 40 residues of the
brane domain and 40 residues of the cytosolic terminus of cytoplasmic tail (T40)]. The pKLSO01 plasmid was con-
Ste2p and showed that this peptide retained distinct structuralstructed by polymerase chain reaction amplifying the E3-
characteristics for each of these domains in orgaagueous M7-24-T40 region of th&&TE2gene from the pGA314.Cys-
medium and various detergents using circular dichroism less Ste2p.FTHT plasmid{) and inserting it into the vector
analyses. Moreover, CD patterns in detergents were nearlypET-32b(t+) (Novagen, Madison, WI) between thieol and
identical at peptide concentrations from 50 to 50M Xhol restriction sites. The resulting clone contained a-Trx
indicating that NMR analyses were feasibi) Tag, HisTag, and STag followed by the E3-M7-24-T40

Numerous synthetic attempts to increase the size of thisDNA sequence of Ste2p. The correct insertion was confirmed
fragment to include the third extracellular loop failed. by DNA sequence analysis. The pET-32f(vector was
Therefore, as part of our program to study fragments of Ste2pdesigned for cloning and high-level expression of peptide
of increasing size, we turned to biosynthesis. In this sequences fused with the 109aa-Tag thioredoxin protein
communication, we discuss approaches to prepéid-aand 47).
1%C/**N-labeled multiple domain 73-residue peptides from  The plasmids pREJO2M, pKLS01, pKLS01-1, and pKL-
Ste2p in 10 mg quantities. For expression purposes, com-S01-2 contained small sequence variations in the DNA
parison was made of the TALE fusion protein expression  sequence of E3-M7-24-T40 of Ste2p and mutations Met294-
system 41, 42) and a thioredoxin fusion protein expression Leu, Met294Ala, Met294Leu, Met294Leu, respectively
system that had been proposed as an efficient method to(Table 1). All plasmids were created through site-directed
biosynthesize transmembrane doma#8.(The biosynthetic  mutagenesis as previously describd8)(
peptide was examined using circular dichroism in organic Strains.The A232 yeast strain (MAZ ste2AcryIR ade2-1
agqueous media, detergents, and vesicles. NMR analyses wergis4-580 lys2. tyrlo SUP4-% leu2 ura3 barl-1 FUSL:
carried out in trifluoroethanol/water (TFE/8), chloroform/ p[FUS1-lacz TRP1]) transformed with the plasmid DNA
methanol/water (CDGICD;OH/H;0), and in detergents.  harboring the wild-type and mutant receptors was obtained
High-quality NMR spectra were obtained for the 73-residue as a courtesy from Mark Dumong%). Escherichia coli
multidomain fragment of Ste2p in the presence of a large expression strains BL21(DE3)pLysS and BL&B(DE3)
excess of detergent. Detailed NMR analyses in TREYH  were purchased as competent cells from Promega (Madison,
indicated that the transmembrane region within the 73-residue\y|) and Novagen, respectivel. coli DH5a cells used to

peptlde was helical and that regions of the tail also had helical amp“fy the engineered p|asmids were purchased from Gibco

tendencies. Similar conclusions were reached from an NMR BRL Life Technologies (Grand Island, NY).

analysis in CDGCD;OH/H0. Media, Buffers, and Seénts.M9 minimal medium was

made as in re!9. The *N-labeled minimal medium was

MATERIALS AND METHODS made by substituting ammonium chloride wifiN-labeled
Vectors.The parent plasmid pMD194 containing the wild- ammonium chloride (Spectra Stable Isotopes, Columbia,

type STE2gene used to generate Ste2p mutant plasmid MD) in M9 medium. The!>N- and*3C-labeled M9 minimal

pMD602 (Met250Ala) was obtained from Mark Dumont medium was made by substituting ammonium chloride with



11798 Biochemistry, Vol. 44, No. 35, 2005 Estephan et al.

15N-labeled ammonium chloride and glucose with uniformly (44). All of the following steps were carried out at °C.
labeled °C bp-glucose (Cambridge Isotope Laboratories, After growing and inducing the expression cells with IPTG
Andover, MA). in rich medium or eithet>N- or 13C/*N-labeled M9 mimimal
Lysis solution contained lysis buffer (50 mM Tris-HClI medium, for expressing unlabeledN- or 3C/*°N-labeled
and 1 mM ethylenediaminetetracetic acid), 1 mM phenyl- polypeptides, respectively, cells were harvested by centrifu-
methylsulfonyl fluoride, and 30@g/mL lysozyme, pH 8.7. gation at 8000 rpm for 20 min. The wet cell pellet was
Inclusion body washing buffer contained 1% igepal Ca-630 weighed and then resuspended in lysis solution at a ratio of
and 1% deoxycholic acid in lysis buffer. Guanidinium buffer 5 mL of solution/gram of wet cells. Cell suspension was
was made D6 M guanidinium hydrochloride (GuHCI), 10  sonicated for £3 min and then the lysate was centrifuged
mM Na&PQ,, 138 mM NaCl, and 2.7 mM KCI, pH 7.4. at 18000 rpm for 20 min. The resulting pellet was
Phosphate-buffered saline X1PBS) contained 137 mM  sequentially resuspended by sonication in 3 mL of lysis
NaCl, 2.7 mM KCI, 10.1 mM NgPQ,, and 1.8 mM KH- buffer, 3 mL of inclusion body washing buffer, and then 3
PO, pH 7.4. mL of distilled H,O. After each resuspension and sonication,
Solvents used for HPLC purification such as acetonitrile the resuspended pellet was centrifuged as specified above.
and water were purchased from VWR International, Inc. Finally, the inclusion body pellet was weighed and resus-
(Bridgeport, NJ). TFA and TFE were purchased from Sigma pended by sonication in 4 mL of guanidinium buffer.
(St. Louis, MO). Lipids used in CD such as DMPC and HPLC purification was carried out using a Hewlett-
DMPG and detergents such as PPG and DPC were purchaseBackard/Agilent instruments equipped with a quaternary
from Avanti Polar Lipids (Alabaster, AL). Phosphate buffer gradient solvent system. Chromatograms were monitored at
contained 10 mM Na1PQO, /NaH,PO, and 0.02% Nak| pH 220 nm. Fusion protein purification was carried out using a
6.4. Deuterated solvents used in NMR suchda3FE was Vydac 259VHP82215 preparative reversed-phase polymer
purchased from Cambridge Isotope Laboratories (Andover, column (22 mmx 150 mm; 8um; 300 A) with a water
MA), and CDCk and CB;OH were purchased from Sigma jacket at 50°C and a wateracetonitrile (0.1% TFA) gradient
(St. Louis, MO). Deuterated detergents used in NMR such from 30—-60% acetonitrile in 80 min at a flow rate of 4 mL/
asdsg-DPC ord;,-DHPC andd,s-SDS were purchased from  min. Cleaved peptides were purified using a WateBsnd-
Avanti Polar Lipids (Alabaster, AL) and Cambridge Isotope pak preparative C18 reversed-phase column (19xn800

Laboratories (Andover, MA), respectively. mm; 10 um; 125 A) with a water jacket at 50C and a
Cloning and Protein ExpressiorCloning into pMMHa water—acetonitrile (0.1% TFA) gradient from 480%
was performed following published procedurets,(50). acetonitrile in 80 min at a flow rate of 4 mL/min. Fusion

Cloning into pET-32b¢) vector was performed following  proteins and cleaved peptides were analyzed using a Vydac
the manufacturer’s procedures (Novagen). Protein expressior259VHP54 reversed-phase polymer column (4.6 mitb0
using the pREJO2M plasmid was based on a previously mm; 5xm; 300 A) and a Waters Delta Pak C18 reversed-
published expression procedurd5). Protein expression phase column (3.9 mmx 150 mm; 5um; 100 A),
using pKLS01, pKLS01-1, and pKLS01-2 plasmids was respectively, at 50C and water-acetonitrile (0.1% TFA)
based on the manufacturer’s procedures (Novagen). Westerrgradient from 36-60% acetonitrile in 20 min at a flow rate

blot was performed following published procedurg$)(His- of 1 mL/min. All peptides were purified to over 98%
tag detection was carried out following the manufacturer's homogeneity as judged by RP-HPLC. The final products
procedures (Pierce Biotechnology, Inc., Rockford, IL). were assessed by ESI-MS. MS measurements were per-
Comparison of the Expression of pKLS01, pKLS01-1, formed at Hunter College, City University of New York.
pKLS01-2, and pREJO2Mwo colonies ofE. coli BL21- 2. Small CultureThe 1 mL aliquots of the TIALE fusion
(DE3)pLysS transformed with pREJO2M and. coli proteins, which were collected for SB®AGE analysis,

BL21trxB(DE3) transformed with pKLS01, pKLS01-1, or were centrifuged at 8000 rpm for 5 min, and the pellets were
pKLS01-2 were inoculated into 5 mL LB medium with the resuspended completely in 104 of lysis solution. Cell
appropriate antibiotics (ampicillin for both cell strains, suspensions were sonicated for-ZAD s ,and then the lysate
kanamycin for the BL2ttxB(DES3) strain, and chlorampheni-  solution was centrifuged at 14 000 rpm for 5 min. The
col for the BL21(DE3)pLysS strain). The cells were then resulting pellet was resuspended by sonication in/200f
grown with shaking at 225 rpm and 3C to late log phase, inclusion body washing buffer and then centrifuged as
ODggo0f 0.6—1 and stored at 4C overnight. Two milliliters specified above. All of the above steps were perforemed at
of each culture were harvested by centrifugation at 5000 rpm 4 °C. Finally, the inclusion body pellet was resuspended by
for 2 min and 14 000 rpm for 30 s, respectively. Cell pellets sonication in 10QL of 4x SDS sample buffer. The samples
were resuspended into 50 mL cultures and incubated to latewere stored at-20 °C and then boiled for 42 min just

log phase, Ok of 0.6—1, for 3—6 h. Cells were induced  before running in SDSPAGE.

with IPTG (1 mM) for 3-6 h. One-milliliter aliquots were Total Cell Protein Fraction.The 1 mL aliquots, which
collected every hour for SDSPAGE analysis of induction ~ were collected for SDSPAGE analysis of the induction of
of protein expressianA 1 mL aliquot of the BL21(DE3)- protein expression as 109aa 7Fag thioredoxin fusion

pLysS containing pREJO2M and the BLRIB(DE3) con- proteins, were centrifuged at 8000 rpm for 5 min. The pellets

taining pKLSO01, pKLS01-1, or pKLS01-2 were prepared were resuspended completely in 1d0of 1x PBS to yield

using the inclusion body isolation protocol and the total cell a concentration factor of 20 Then 100uL of 4x SDS

protein fraction protocol, respectively. sample buffer was added. The samples were sonicated and
Inclusion Body Isolation and Protein Purification. 1. Large then boiled for +2 min and stored at20 °C.

Culture. The isolation of inclusion bodies was performed Protein Clea/age. Cyanogen bromide (CNBr) was used

using a modification of a previously published procedure to release the 73-residue transmembrane peptide from the
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N-terminal leader peptide5(, 52). The lyophilized pure  water suppression in the NMR spectra. We have found that,
fusion protein was cleaved with 1M CNBr. Approximately in the case of the CD@ICD;OH/H,O solvent, sealing the

a 500-fold molar excess of CNBr was added to the M7FP NMR tube with the torch is essential to maintain the solvent
solution. The lyophilized pure M7FP fusion protein and the composition during long 3D NMR experiments. The peptide
CNBr were dissolved in 50% TFA. The CNBr was dissolved concentrations were based on the measured weights of the
separately in TFA and was then added to the fusion protein. samples.

The cleavage reaction of M7FP was carried out in the dark, 2. NMR Samples in Detergents. 2.1. NMR Samples at Low
at room temperature for 4.5 h. To stop the cleavage reaction,Peptide Concentrations (0.+0.2 mM) in SDS, DPC,
the reaction mixture was lyophilized. The lyophilized E3- DHPC, and PPG at High Detergent/Peptide Ratiesig0
M7-24-T40 peptide was resuspended in a mixture of 10% 1). [*N]-E3-M7-24-T40 (1.6 mg) was dissolved in TFR®!
TFA, 40% acetonitrile, and 50%2J9 and then purified using  (1:1), then divided into three vials and lyophilized. To each
a preparative C18 reverse-phase column. vial (containing 0.53 mg of*fN]-E3-M7-24-T40) was added

CD Spectroscopyror CD analysis of E3-M7-24-T40 in 350 uL of dxs-SDS, dsgDPC, or d;-DHPC (86 mM)
organic-aqueous solvents, micelles and vesicles solutions, detergents in KD/D,O (9:1), containing 0.02% NajNthe
stock solutions were first prepared in 95% TFE, and then pH was adjusted to 4.0 using TFA to yield a final peptide
aliquotes of the stock solutions were diluted with the concentration of 194M and a peptide/detergent ratio of
appropriate amount of TFE and,® to obtain the final 1:440. In a separate experiment, 380 of PPG (86 mM)
peptide concentration of intered(d). The final concentration  in H,O/D,O (9:1), containing 0.02% NajNpH 4, was added
of the peptides was determined by UV spectroscopy at 280to [**N]-E3-M7-24-T40 (0.46 mg) to yield a peptide con-
nm using an extinction coefficient of 6890 Mcm™? (40). centration of 17«M and a peptide/detergent ratio of 1:500.
Samples in vesicle-containing media were made by adding The peptide/detergent mixtures were sonicated &Gor
solutions of the lipids in chloroform to the stock solution of 10 min and then transferred to an NMR Shigemi tube
the peptide and drying the resulting mixture under nitrogen, (Shigemi, Inc., Allison Park, PA).
then resuspended in phosphate buffer, and sonicated for 60 2.2 NMR Sample at a High Peptide Concentration (0.5
min at 50°C using a W-385 unit (Misonix, Inc., Farmingdale, mM) in PPG at High Detergent/Peptide Ratie400:1).A
NY) equipped with a 2.5 in. Cup Horn sonicator operated at total of 1.14 mg of I°N]-E3-M7-24-T40 was dissolved in
40% output power{200 W). Samples in detergent micelle- 350 uL of 200 mM dze-DPC (27.3 mg) in HO/D,O (9:1)
containing media were made by aliquoting the TFE solution containing 0.02% Nap the pH was adjusted to 4.0 using
into vials, adding water, lyophilizing, adding detergent in TFA to yield a peptide concentration of 478V and a
phosphate buffer, and sonicating for 15 min. The final solu- peptide/detergent ratio of 1:420. The peptidietergent
tions were either~50 or~400uM in peptide, and the deter-  mixture was sonicated at 50C for 10 min and then
gent/lipid-to-peptide ratios were between 100:1 and 200:1. transferred to an NMR Shigemi tube.

The circular dichroism (CD) spectra of the peptides were  NMR SpectroscopyH NMR spectra were recorded on a
recorded on an AVIV model 62-DS CD instrument (AVIV  three-channel Varian UNITY INOVA 600 MHz NMR
Associates, Lakewood, NJ). Quartz cuvettes with path lengthspectrometer (Varian NMR Instrument, Palo Alto, CA)
of 1 and 0.2 mm were used for peptides in TFE solution equipped with az-axis pulsed-field-gradient and a Varian
and vesicles, respectively. In both cases, the peptide con-5-mm H/*3C/*N triple resonance probe. In the case of the
centration was 5@M. Cuvettes with path length of 0.2 and [**N]-E3-M7-24-T40 peptide in TFEL/HO (1:1 Vi),

0.1 mm were used for peptides in detergents (15 or 100 mM) CDCIly/CD,OH/H,O (4:4:1 vIV), dx5-SDS, d3g-DPC, dyr

with concentration of 50 and 408M, respectively. All DHPC, and PPG, heteronuclear single quantum correlation
spectra were the average of B scans between 280 and 185 (HSQC), HSQC-nuclear Overhauser effect spectroscopy
nm at an interval of 1 nm with a-35 s integration time at  (NOESY), and HSQC-total correlation spectroscopy (TOC-
each wavelength. The bandwidth for each measurement wasSY) experimentsg5s, 56) were used. Identification of specific
set to 2 nm. CD spectra on blanks, corresponding to the amino acid signals was made using three-dimensional HSQC-
different media except that no protein was dissolved, were TOCSY spectra with contact times of 70 ms to identify spin
collected and subtracted from the spectra containing thesystems. Sequential assignments of amino acids were de-
protein. Protein concentrations were obtained by UV spec- termined using three-dimensional HSQROESY spectra.
troscopy. CD intensities are expressed as mean residueTwo-dimensional TOCSY and NOESY spectra were also

ellipticities (deg crd dmolt). The percentage af-helicity recorded and were helpful in identifying cross-peaks or
was calculated using the method of Wu et 8B)(and Chen connections belonging to proline residues in 3D NOESY.
et al. 64). All NOESY experiments were performed with a 300 ms

NMR Sample Preparation. 1. NMR Samples in TFEJH  mixing time, and the results were used in modeling calcula-
or CDCly/CD3sOH/H,0. [**N]-E3-M7-24-T40 (1.9 mg) was  tions.

first dissolved in 250uL TFE-d;, and then 25Q:L H,O Structure Refinementlolecular modeling was performed
(+0.1% TFA) was added to give 500 of TFE-d,/H,O using the DYANA program7), and all calculations were
(1:1 v/v) solution with peptide concentration of 4a8/. performed on a Linux workstation. All necessary file

Similarly, [*°N]J-E3-M7-24-T40 (1.9 mg) was first suspended conversions from the Varian format and further data process-
in 222 uL of CDCls, then 222ul of CD3OH and, finally, ing to the NMRView format were performed using the
55 uL of H,0 (0.1% TFA) were added to give 500 of NMRPipe software §8). NOESY cross-peak assignments,
CDCIy/CDsOH/H,0 (4:4:1 v/v) solution with peptide con- integration of cross-peak volumes, and creation of distance
centration of 488(M. The solution clarified upon addition  restriction files in the DYANA input format were aided by
of the aqueous component. Acidic water was used to aid inthe NMRView program %9). The upper NOE distance
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Ficure 2: Comparison of the expression of E3-M7-24-T40 asAltR and thioredoxin fusion proteins. SB®AGE of E3-M7-24-T40
fusion proteins biosynthesized in rich (LB) or minimal medium (MM). Cells were induced with 1 mM IPTG in LB or M9 MM for up to
6 h, and the fraction containing the target fusion protein was isolated as per Materials and Methad& -TE3-M7-24-T40 (Met294Leu)

(A and C) and TrxTag thioredoxin-E3-M7-24-T40 (Met294Ala) (B and D) have molecular weights of 21 and 26 kDa, respectively.
SDS-PAGE gels were stained with Coomassie dye. Panel A was taken froAb.ref

constraints were calculated by the NMRView program using solubility of the M7 domain 40). A previous study found
the median peak intensity calibration method; all lower that a construct coding for expression of transmembrane
distance constraints were set to 1.8 A. Dihedral angle seven and nearly all of the cytosolic tail had no biological
constraints were generated f@rtorsion angles using NH activity (25). On the basis of this precedent, it is unlikely
CHa coupling constants. The DYANA modeling starts by that E3-M7-24-T40 would be biologically active. The peptide
generating 56100 molecules with random conformations. was expressed as a fusion protein using histidine-tagged
We used the standard DYANA protocol that includes TrpALE as the N-terminus. The TALE directs the produc-
simulated annealing for every initial random conformation tion of the fusion protein into inclusion bodies, which protects
molecule with 4000 torsion angle dynamics steps. The first the cell from potential protein toxicity and facilitates isolation
800 of these steps were performed at an initial high of a fusion protein. The peptide was fused to the C-terminus
temperature that is software-determined, followed by slow- of TrpALE through a methionine so that it could be released
cooling of the molecule. One-half of the refined structures by cyanogen bromide cleavage. This necessitated the muta-
representing those molecules in the ensemble with the lowesttion of Met294Leu in the M7 domain. This mutation did
target function (lowest sum of NMR distance constraint not impair the function of Ste2[5().
violations) was selected for generating the output protein  gypression of unlabeled and isotopically labeled fusion
databas_e files gnd _for_ further analysis, including rsmd proteins was induced with 1mM IPTG for up 6 h in LB-
calculation and visualization by the MOLMOL progra6oy. rich medium and M9 minimal medium which containée-
labeled glucose and/ofN-labeled ammonium chloride.
Inclusion bodies expressed from the induced cells were
Biosynthesis, Isolation, and Purification of Fusion Proteins iSolated, and the expression dfN]-M7FP or [*C/*N]-
Corresponding to Domains of Ste2n important require- ~ M7FP in M9 minimal medium (data not shown) and
ment of NMR studies on peptides corresponding to domains Unlabeled peptide in rich medium (Figure 2A) and minimal
of GPCRs is the availability of milligram quantities of Medium (Figure 2C) were analyzed via SBBAGE.
isotopically labeled molecules. To achieve this goal, we Western blotting using ahexa-hlstldlne probe confirmed the
constructed a plasmid coding for a fusion protein containing Presence of the fusion proteins (data not shown). The M7FP
a 73 amino acid residue multidomain peptide (E3-M7-24- fusion protein containing the E3-M7-24-T40 region of Ste2p

RESULTS

T40) consisting of the third extracellular loop (26275),  €xhibited excellent expression (Figure 2A,C). Maximal
transmembrane domain 7 (27899), and 40 amino acid €XPression was observed-8 h after induction.
residues of the carboxyl terminus (36839) of Ste2p (Figure A thioredoxin fusion system has been used in the biosyn-

1). Since the carboxyl terminus of Ste2p is highly hydro- thesis of transmembrane domains of the CFTR pro#sh (
philic, these 40 residues were expected to increase theTo evaluate the efficiency of the thioredoxin and Atde
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expression systems, we compared the biosynthesis of M7FH mau; A w28

by the pREJO2M and pKLS01 plasmids. pPREJO2M encodes| 2 "C/"N-M7FP

the E3-M7-24-T40 region of Ste2p with the Met294Leu | soo; /

mutation, fused with the TypLE peptide (TrALE—E3-M7- o g

24-T40 or M7FP), a 21 kDa peptide, whereas the pKLS01 | 200 8 s S

plasmid encodes the E3-M7-24-T40 region of Ste2p with a | '3 A S

Met294Ala mutation and an additional eight amino acids at [ 2 e = = e
the C-terminus of the peptide fused with the Trag ao{ B °7° TrpALE "C/*N-M7FP

thioredoxin (TrxTag thioredoxir-E3-M7-24-T40), a 26 kDa e . / “C/N-E3-M7-24-T40
peptide (Table 1). Both expression systems were tested in| ,so! S § /

rich and minimal media. Expression of the TvpE—E3- 1004 j 1

M7-24-T40 fusion protein driven by pREJO2M was signifi- > M_L___,'
cantly higher than the expression of the ‘Tlixg thioredoxir- — = 1o 12 20 o
E3-M7-24-T40 fusion protein driven by pKLSO1 in rich 20l € BCNLE3-MT24-T40 1o
medium (Figure 2A,B). Moreover, the TALE fusion 100

protein represented a much higher fraction of the proteins| °°7

as judged by SDSPAGE chromatography. Strikingly, the 404

expression of M7FP by pREJO2M remained high in minimal | 2°3

medium (Figure 2C), whereas no expression of fusion protein .~ 5 10 15 20 min

was driven by pKLSO01 in minimal medium (Figure 2D). Two FiGurRe 3: HPLC monitoring of the CNBr cleavage products from
other plasmids, pKLS01-1 and pKLS01-2 coding for varia- the [*C/AN]-M7FP fusion protein. ThefC/A*N]-M7FP fusion

. ey . ; . . protein was cleaved wit1 M CNBr in 50% TFA for 4.5 h in the
tions of the E3-M7-24-T40 domain, one virtually identical . "3 yoom temperature. The cleavage reaction was analyzed at

to that coded for by pREJO2M (Table 1), were tested and g h (A) and 4.5 h (B) by HPLC as described in Materials and
gave similar results to that of pKLS01 (data not shown). On Methods. After 4.5 h, the cleavage was stopped as described in

the basis of this observation, in large scale expressions, theMaterials and Methods, the cleave#’q/°N]-E3-M7—-24-T40
system that expressed proteins fused to a portion of thePeptide was purified via HPLC, and fractions were analyzed on an

. analytical C18 reversed-phase column. (C) Purifié€/[°N]-E3-
TrpALE1413 polypeptide4l, 42, 44 was used to prepare  \17.54.749 peptide is observed at a retention time of around 21

the M7 region of Ste2p. min. Retention time of the puré3C/ASN]-E3-M7-24-T40 peptide
After the expression and isolation of the M7FP inclusion in C is different from A and B because this sample was run on a

bodies, the final pellet was resuspended by sonication in 6M different HPLC instrument.
GuHCI and then purified via HPLC (see Materials and _ _
Methods). The crude inclusion bodies were highly enriched Tab"?dz fsumma%.o‘( Reco‘f’te”es ?”d M?'ecu'a’ Weights of
in the target peptide that was readily isolated to yield a pure E?cﬁtéir?ss Virgrgﬁg':'gggsggae er Release from AE Fusion
fusion protein of greater than 95% homogeneity as judged

by reversed phase HPLC, SBBAGE, and mass spectrom-

recovery calculated
per liter of molecular  experimental

etry (data not shown). Biosynthesis of unlabeléd;labeled, fermentation  weight molecular
and/or'3C/**N-labeled M7FP yielded about 100 mg and-30 peptides (mg) (Da) weight (Day
35 mg (=95% homogeneous) of fusion protein/liter of 15\ zpeled 3.0 7759 7757
bacterial culture in rich and minimal media, respectively. E3-M7-24-T40

The molecular weight of all fusion proteins was measured unlabeled 15 7671 7671

by ESI-MS and determined to be consistent with the 13C'§l35”'\|'\f'|252e‘|‘ég40 - 8003 8079

calculated values (21 234 kDa calculated and 21 235 kDa  "£3.\17-24-T40 '

exlg(éll’lergggt;! l{/cl)(;n,:/lbizrljélPeptides Using CNBr To X aFermen.tati(.)n jn minimal media (gee Materials and Methods).
o . . Clepe. Fermentation in rich media (see Materials and Methotisjolecular

optimize release of the 73-residue peptide from M7FP, the weights were determined by ESI-MS.

time course of cleavage by CNBr was followed using HPLC.

Optimal cleavage of a single transmembrane domain from

the fusion protein had been previously found to occur with Biophysical Studies. 1.' Circular Dlghr0|srﬁreV|oust,
1 M CNBr in 70% TFA for 24 h §2). For M7FP, maximal we had conducted detailed CD studies on M7-24-T40, a

yields occurred at about 4.5 h in both 50% TFA and 70% synthetic 64-residue .peptide that. contained the sgventh
TFA (Figure 3). Similar results were obtained using sublimed ransmembrane domain and 40 residues of the cytosolic loop
CNBr or newly purchased reagent. Interestingly, the HPLC Of Ste2p (276-339) in organie-aqueous media and various
monitoring indicated that maximum product was obtained detérgents40). CD studies on E3-M7-24-T40[Ste2p(267

for E3-M7-24-T40 at about 4.5 h despite the fact that 339)] in TFE/HO mixtures, SDS, DPC, and PPG micelles
significant fusion protein remained at this time. Further and DMPC/DMPG (4:1) vesicles provided data with sig-
incubation apparently resulted in degradation of the product. nificant similarities to the slightly smaller homologue. Both
We were able to isolate about 4 mg/liter’8i-labeled E3-  peptides assumed a partially helical structure in many of the
M7-24-T40, 2 mglliter of'3C/°N-labeled E3-M7-24-T40, above media (data not shown). Most significantly, at peptide
and nearly 15 mg/liter of this unlabeled peptide from rich concentrations near 0.5 mM, the 73-residue peptide main-
medium (Table 2). All final peptides were95% homoge- tained its helicity in organieaqueous media and detergent
neous as judged by analytical HPLC and had molecular solutions. This suggested that high-resolution NMR studies
weights consistent with expected values (Table 2, Figure 3C).on this GPCR fragment could be carried out.
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Ficure 4. CD of E3-M7-24-T40 in TFE/KO (1:1) at different

270
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temperatures (10110°C). The peptide concentration was 281.

The CD of E3-M7-24-T40 in TFE/ED (1:1) was mea-
sured at various temperatures (Figure 4). Over the range 10
110 °C, a significant decrease in the ellipticity at 208 and
222 nm was observed. However, even at 1@0this peptide
exhibited a discernible — s* transition at 222 nm, and a
o — 7* minimum that had shifted from 208 nm at 2C to
203 nm at 110C was observed. The ellipticity at 222 nm
at 110°C (—10 070 deg crhdmol™) indicated 23% helix

as compared to 43% measured at°Z5(Figure 4).

2. NMR Spectroscopyo evaluate the feasibility of three-

Estephan et al.

observed for thesd,s-SDS, d,-DHPC, d3s-DPC, and PPG
samples, respectively. Using significantly lower detergent
excess £20:1) we observed very poorly resolved HSQC
spectra which were only slightly improved when measured
using a TROSY-HSQC pulse sequencéd) in place of the
standard HSQC pulse sequence (data not shown).

The pattern of HSQC cross-peaks was slightly different
in each detergent preparation using high lipeptide ratios
and 0.2 mM peptide. As judged by HSQC NMR spectra,
preparations of E3-M7-24-T40 in SDS and DPC were found
to be more stable with time, whereas those measured in PPG
and DHPC were less stable.

An attempt was made to increase peptide concentration
in the detergent preparations to 0.5 mM to make 3D NMR
measurements possible using our 600 MHz instrument. DPC
was chosen based on the sample stability observed at 0.2
mM peptide concentration and to avoid using SDS which
often denatures proteins and peptidés)( The HSQC
spectrum obtained for a fresh solution of 0.5 mM 73-residue
peptide in 200 mM DPC (Figure 6E) was similar in
resolution to that of the 0.2 mM peptide in the same detergent
(Figure 6B). However, the 0.5 mM sample was not stable
and became turbid and gel-like after one week atG0OThe
HSQC spectrum of this sample lost about 40% of peak
intensity, some peaks broadened and some extra peaks
appeared in the spectrum. Similar instability of other peptides
in lipid-like environments also has been reportéd)( In
contrast, the lower concentration sample in DPC was stable

dimensional NMR studies on E3-M7-24-T40 in membrane for several weeks at the same temperature.

mimetic environmentstH—N HSQC spectra were mea-

sured in TFE/HO (1:1), CDCYCD;OH/H,O (4:4:1), dos-

SDS, d3sDPC, d,DHPC, and PPG. In both organic

Analysis of E3-M7-24-T40 in OrganicAqueous Media.
15N-edited TOCSY and NOESY spectra were used to make
complete assignments of backbone and side-chain protons

aqueous solvents, HSQC spectra measured on 0.5 mMof the®N-labeled E3-M7-24-T40 peptide in TFE/& (1:1)

concentrations oflfN]-E3-M7-24-T40 at 25°C were well-

and CDCY/CD3;OH/H,0 (4:4:1) at 25°C (for chemical shifts

resolved (Figure 5). In these media, out of 69 expected cross-in TFE/H,O and chloroform/methanol/water see Supporting
peaks corresponding to the backbone NHs (73 minus aminelnformation).
terminal serine and three prolines) between 65 and 70 cross- In TFE/H,O, most residues in the peptide exhibited
peaks were observed. The expected number of doublets forsequential NH-NH (dyy) cross-peaks with a notable break
the side-chain amides of Asn and GIn were also observed.at residues 2224. Blocks of long-range Céd—NH

To screen the detergents for NMR experiments, a set of [dun(i,i+3)] cross-peaks were observed for residuedd,
HSQC spectra was measured using low peptide concentratiorB8—52, and 66-70 (Figure 7B), and these regions also

(~0.2 mM) in ~80—90 mM d,5-SDS, d3-DPC, d,-DHPC,
or PPG at 50°C (Figure 6A-D). At such high (406-500-

exhibited numerous.g(i,i+2) and d (i,i+2) cross-peaks.
Several dn(i,i+4) could be detected for residues in these

fold) detergent excess 67, 64, 65, and 62 cross-peaks weressame regions of E3-M7-24-T40. The long-range NOE
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Ficure 5: 'H-1N HSQC spectra of!pN]-E3-M7-24-T40 in organie-aqueous media. (A) CDgLCD;OH/H,0 (4:4:1); (B) TFE/HO (1:1).
Backbone NH portion of the spectra are shown. The peptide concentration was 0.5 mM.
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Ficure 6: 1H-15N HSQC spectra of!pN]-E3-M7—24-T40 in detergents at high detergent/peptide ratios (A) d25-SDS micelles, (B) d38-
DPC micelles, (C) d22-DHPC micelles and (D) PPG micelles. The peptide-to-detergent ratio was 1:44Q & @,a8d 1:500 in D. The
peptide concentration was approximately 0.2 mM. (E) 0.5 MM]FE3-M7—24-T40 in 200 mM d38-DPC micelles (1:400 peptide-to-
detergent ratio).

connectivity pattern in CDGICD3;OH/H,O (Figure 7A) was
similar to the one observed in TFEM (Figure 7B). Low 70 have helical tendencies in both solvents. If one considers
coupling constants®Jun,) from 3 to 5 Hz were measured the magnitude of the deviation as indicative of the stability
for 6—23 and 25-43 residues, and most residues between of the helix, domain 822 forms the most stable helix
56 and 65 hadlyn, values below 6 Hz in TFE/RO (Figure followed by less stable 2552 and 59-70. This conclusion
7C). The NOE connectivities and low coupling constants is in a good agreement with the NOE long range connec-
support the presence of three helical segments in the 73-tivities and the coupling constant analysis.
residue peptide. Determination of the NMR Structure of E3-M7-24-T40 in
The dCHa chemical shifts for E3-M7-24-T40 in organic TFE/H,O and CDCYCD3;OH/H,O. A model of the structure
aqueous media were compared to tiéHo random coil of E3-M7-24-T40 in TFE/HO (1:1) at 25°C was determined
values 65, 66 and plotted versus position in the peptide using a combination of NOE and dihedral angle constraints
(Figure 8A). Using a deviation of more that0.1 ppm from following the procedures described in Materials and Methods.
the random coil value as the criterion for possibility of regular A total of 547 NOE distance constraints (169 intraresidue,

secondary structures®), residues 822, 25-52, and 59



11804 Biochemistry, Vol. 44, No. 35, 2005 Estephan et al.

10 20 30 40 50 60 70
SLKPNQGTDVLTTVATLLAVLSLPLSSLWATAANNASKTNTITSDFTTSTDRFYPGTLSSFQTDSINNDAKSS
dNN(i!i+1) - - i - - —— E——
d N(Gi+]) w- ———— e —— — — - — . e E— = ——
Ay i+2) —_— —_— _— —_— == —_ _
d, \(5i+2) —_— — —t——
d,N(5i+3) ———
daﬁ(i,i+3)
(i) - —_
10 20 30 40 50 60 70
SLKPNQGTDVLTTVATLLAVLSLPLSSLWATAANNASKTNTITSDFTTSTDRFYPGTLSSFQTDSINNDAKSS
Az itl) - — - e E—
daN(i’H—]) — - — ———— ——— e —— - —— —
Iii1D) = —m— — —
dNGi+2) — ——— —_—— ——— ———_——
d\(Gi,i+3) ——m— — e —
dotB(i’i+3)
d N(ii+4) e — —_— —_—

<o

J NH-CHox (Hz)
[}
|

S
5_
4_
3_
I I I I I I I I T I I T I I

5 10 15 20 25 30 35 40 45 50 55 60 65 70
Residue #

FiGure 7: Summary of connectivities and coupling constants for E3-M7-24-T40 in gDB}OH/H,0 (4:4:1) and TFE/HO (1:1). (A)
Sequential and medium-range NOEs in CBCD;0OH/H,0 (4:4:1). (B) Sequential and medium-range NOEs in TREYKL:1). (C)J-coupling
values of NH to Ch (3June) in TFE/HO (1:1).

243 sequential, and 135 long range) andib@ihedral angle regions of a protein combined with spectroscopic analysis
constraints were input into the structure calculation for the in membrane mimetic solvents. It is possible to question the
peptide in TFE/HO. Modeling of the peptide structure in  use of peptide fragments to learn about the structural
CDCIy/CD3sOH/H,0 was done using only NOE constraints. tendencies of an intact protein. Nevertheless, extensive
A total of 488 NOE distance constraints (157 intraresidues, analysis has indicated that localized interactions often
237 sequential, and 94 long range) were input into the determine the secondary structure of domains of proteins.
calculation for the peptide in CD&CDs;OH/H,O. The model Moreover, in the case of bacteriorhodops?8)(and rhodop-
of E3-M7-24-T40 in TFE/HO indicated three helical sin (29), the structures of peptides corresponding to single
domains comprising residues-24, 30-52, and 55-70. transmembrane domains and loops were superimposed to
When the 10 structures with the minimum NOE distance assemble the entire protein and the good agreement obtained
violations were overlaid separately for each of these helical with crystal structures of the intact proteins would seem to
domains, region | (residues-24) had a backbone rmsd of  yajidate the approach. Finally, both in vitro and in vivo
1.9 A, region Il (residues 3652) had a backbone rmsd of  reconstitution studies show that biologically inactive frag-
1.86 A, and region lll (residues 550) had a backbone rmsd  ments of a GPCR reassemble to form biologically active
of 1.5 A (Figure 9). The backbone rmsd calculated for the receptor p5—-27). Together, the above results suggest that,
entire peptide was very large-0 A). although one must be cautious in making absolute conclu-
Using the same approaches, the model obtained for thesjons, it is reasonable to assume that structural information
structure of E3-M7-24-T40 dissolved in CID:0H/H,O on a peptide fragment (E3-M7-24-T40) corresponding to
(Supporting Information Figure SI-3) exhibited features nearly one-sixth of the residues of Ste2p will be relevant to
similar to those found in TFEAD having helical residues  the intact GPCR.
near the N-terminus and in the cytosolic tail. However, in
general, the cytoplasmic section of the peptide was less
ordered and the rmsd values for the two helical regions-(30
52 and 55-70) were>4 A and >3 A, respectively.

Although CD has been extensively used in evaluations of
membrane peptide structure, NMR is the preferred method
to obtain high-resolution information at the residue level.
To carry out such NMR investigations on larger fragments
DISCUSSION of membrane peptides, especially in the presence of deter-

gents, efficient methods to obtain isotopically labeled pep-

The determination of high-resolution structures of mem- tides are required and conditions must be optimized for
brane proteins remains an elusive goal. One approach tomeasurement of well-resolved NMR spectra under membrane
realize this goal utilizes fragments corresponding to different mimetic conditions.
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04 higher expression of Ste2p fusions than the thioredoxin
system. This was true when three different thioredoxin
constructs were prepared, one coding for additional residues
at the C-terminus and the other engineered to code for the
identical peptide fused to TALE. Both the level of
expression and the percentage of the target protein appeared
higher using the TraLE vector (pREJO2M) as compared
with pKLS01 and its variants. The expression of the
presumed target protein by the thioredoxin system virtually
disappeared in minimal medium, whereas in minimal me-

3CHa - 8RC (ppm)
. 55

0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70

£ . dium, good-to-excellent expression of the Ste2p fusions were
£ 120 " obtained using the pREJ vectors.
) An expression system using GB-1 fusion protein<in
3 coli has also been used to biosynthesize a 26-residue peptide
§ 110 4 predicted to be a transmembrane region of the human sodium
; 105 S proton exchanger, and loss of expression of GB-1 fusion
® 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 protein constructs was also noted in minimal medi&®).(
T 86 This difficulty was overcome by adding about 5% isotopi-
8 aalii} cally labeled rich medium to the culture. Our experiments
£ g2d b indicate that some optimization will be required in determin-
% 8.0 1 ing which system to choose for the expression of membrane
E 7.8 peptides and that the thioredoxin system cannot be considered
§ 7.6 1 to be a general vector for all membrane peptides as suggested
T 74 —_——— previously @3). Since the expression levels of E3-M7-24-

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 T40 fusions were consistently higher than those for the M6

Sequence # fusions (unpublished results) it is likely that none of the

FIGURE 8: Comparison oBCHa values, nitrogen chemical shifts  expression systems will prove optimal for all membrane
[**N], and amide NH chemical shifts for the E3-M7-24-T40 peptide peptides.

at 25°C in both TFE/HO [1:1] (represented by a solid line) and :
CDCIy/CD3OH/H,0 [4:4:1] (represented by a dotted line). (A) The The release of the membrane peptides from theALE

dCHa. values plotted are the difference between the experimental fusion proteins using CNBr was reasonably efficient. Inter-
CHa chemical shifts and the random coil (RC) values as per ref estingly, different conditions proved optimal for a single TM
66. (B) **N chemical shifts and (C) amide NH chemical shifts. The domain fusion peptide5@) and the multidomain peptide we
ggigrrﬁitngﬁ%nag?;hoélcﬁgngigflsrﬁﬂﬁgzégg) cutoffs used in the  ayamined. As judged by HPLC monitoring, maximal yields
: of E3-M7-24-T40 were obtained after 3:8.5 h of cleavage,

whereas release of the single transmembrane (M6) domain
peptides required 24 52). When the cleavage of E3-M7-
24-T40 proceeded for 24 h, very little product was isolated.

In this communication, we report the successful biosyn-
thesis and isolation of 100 mg quantities of isotopically
labeled fusion protein containing a 73-residue multidomain In contrast, when the fusion protein containing the M6

. . 0 )
peptlde of a GPCR with more than 95% homogeneity. The domain was cleaved for only 3 h, most of the fusion protein
fusion protein was processed by CNBr to release the receptor

domain (Figure 3B), which could then be isolated by reversed remained unprocessed. Thus, it is advisable to optimize the

. S .~ CNBr cleavage conditions when one seeks to produce
phase chromatography (Figure 3C). The peptide, isolated Inisotopically labeled product. We found that the percent acid

10 mg quantities sufficient for a complete structural analysis (50% or 70%) used for the CNBr cleavage had a small

gjtlggolli\(l:l\tﬂsil Zﬁfgﬁ;ﬁﬂgﬁaﬁggiﬁgﬂdzg dtgn gi{:ag;lg;zrinﬂuence on the cleavage rate but did not affect the ultimate
' P . yield. Similarly, we did not see significant improvements
Ilc;g?lsl(\lE3'M7'24'T4o) and was labeled with eitheN or i 5 plimed CNBr. We do not sublime this reagent when
: newly purchased material is available because of the inherent

The biosynthesis of membrane peptides is complicated by danger of putting CNBr into the vapor phase. Overall, we
their poor water solubility, tendency to aggregate, and obtained 36-42% yields of 73-residue peptide with95%
toxicity to the host cell. Few reports have appeared for homogeneity for the combination of the cleavage and
preparation of membrane peptides containing more than 30 purification steps. When fractions containing product of
40 residues. In one elegant study, peptides corresponding tdower homogeneity were taken into account, the yield was
two predicted transmembrane domains of the cystic fibrosis between 50% and 60%. Mass spectrometry analysis con-
transmembrane conductance regulator were expressed, refirmed the molecular weight of the product. In the case of
leased from the thioredoxin carrier, and purified in milligram isotopically labeled E3-M7-24-T40, percent labeling for the
guantities 43). In the present report, we compared the 15N and 13C/**N isomers was calculated to be 98% and
expression levels of E3-M7-24-T40 as driven by plasmids 96.7%, respectively. The above experiments indicated that
coding for TrALE or thioredoxin fusion proteins. A plasmid  approximately +3 L of culture sufficed to obtain 10 mg
coding for the TrpALE carrier was originally used to express quantities of labeled E3-M7-24-T40 peptide. Thus, to obtain
bovine pancreatic trypsin inhibitor and very recently was used >N-labeled product required between $100 and $206\f
to express a single transmembrane domain of the CB2labeled starting material. In the case BC/°N double
receptor 44, 67). We observed that the TiALE system gave  labeling, we found that approximately a 25% decrease in
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Ficure 9: NMR-based molecular model of E3-M7-24-T40 in TFEOH(1:1), 25°C. (A) Representative NMR-derived model of the peptide
indicating three helical domains. (B) Overlay of region | (residue24) of 10 minimum NOE distance violation structures with backbone
rmsd= 1.9 A. (C) Overlay of region Il (residues 3@%2) with backbone rmsek 1.86 A. (D) Overlay of region Il (residues 550) with
backbone rmse= 1.5 A.

yield occurred when 0.2% glucose was used as compareds) and 0.2 mM or 0.5 mM peptide (Figure 6) in the presence
with the 0.4% glucose normally supplemented. However, this of 400-fold molar excess of detergent were well-resolved
reduction was cost-effective and allowed us to obtain the and showed a dispersity consistent with the existence of
desired product for an expenditure of about $700 in labeled secondary structure. In contrast, when a 20-fold molar excess
ammonium sulfate and glucose. of detergent at peptide concentration of 0.5 mM was used,
We have previously carried out CD studies to evaluate poorly resolved spectra with extensive line broadening were
the secondary structure of peptides corresponding to the sixthobtained (data not shown). Opella and co-workers previously
and seventh transmembrane domains of St8Zp40. The showed that the peptide/detergent ratio is the critical
CD studies on E3-M7-24-T40 indicated that both in TFE/ parameter in getting well-resolved spectra in deterg&@s (
H,O environments and in the presence of various detergentsin their study, poor resolution and, in some cases, especially
and lipid vesicles this peptide maintained high helicity. Most with SDS, peak doubling were observed at low detergent
importantly, the CD studies provided clear evidence that there concentrations.
is no significant difference in CD spectra of this peptide A recent report screened 25 detergents for suitability in
measured at low (50 mM) and high (500 mM) concentrations determining structural information on membrane proteins and
(data not shown). Therefore, using isotopically labeled E3- concluded that PPG was most fit as judged using five proteins
M7-24-T40 high-resolution NMR studies could be conducted (64). Our results indicated that, for the E3-M7-24-T40
in both organie-aqueous media and the presence of various domain of Ste2p, DHPC and PPG were superior to SDS and
detergents allowing us to compare structural findings under DPC as judged by line width and peak separation; unfortu-
different membrane-mimetic conditions. nately, in these detergents, sample stability was insufficient
HSQC spectra of°N labeled peptides are useful to obtain for long NMR experiments. As indicated in Results, we were
a preliminary assessment concerning the presence of secondalso unable to prepare a stable peptide solution in detergent
ary or tertiary structure in a peptide/protein, information at peptide concentrations high enough to perform 3D NMR
about the behavior of a peptide in solution, and its suitability measurements using our 600 MHz NMR instrument. We
for a further NMR investigation'H—*N HSQC spectra of  intend to pursue the structure of E3-M7-24-T40 in detergent
[*°N]-E3-M7-24-T40 were measured in organimqueous and  on an 800 MHz spectrometer equipped with a cryoprobe
detergent media. Spectra measured on 0.5 mM concentrationsising 0.2 mM=C/**N-labeled peptide in the presence of DPC
of [**N]-E3-M7-24-T40 in organie-aqueous media (Figure  micelles.
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On the basis of the fact that stable solutions with 0.5 mM the end of the peptide have a small but clear tendency to
peptide concentrations could be readily obtained in TFE/ form helices.
H.O (1:1) and in CDGYCDsOH/H,0 (4:4:1) and that similar The helical tendency in the cytosolic tail was confirmed
CD spectra40) and similar overall peak spreadingiN— by the NMR derived model of the E3-M7-24-T40 peptide
HSQC spectra were observed in all media examined (Figuresthat indicated three helical domains [residues?28, 30—
5 and 6), a complete NMR analysis on E3-M7-24-T40 in 52, and 55-70] (Figure 9 and Supporting Information). The
organic/water media was undertaken. We chose 50% aqueoudackbone rmsd calculated for the entire peptide was very
TFE because the CD results indicated very similar secondarylarge ¢~10 A). This is likely due to the fact that significant
structures in both 75% and 50% TFE (data not shown) and segmental mobility is available in the complete 73-residue
we wanted to minimize the concentration of the organic peptide in organicagueous solvents and that this peptide
cosolvent. Chloroform/methanol/water has also been useddoes not assume one 3D structure in these membrane
as a membrane mimetic solvent, and the EmrE membranemimetics. However, when 10 structures modeled for the TFE/
transport protein could be reconstituted in biologically active H.O solution with the minimum NOE distance violations
form from this medium 70). Therefore, we also carried out  were overlaid separately for each of the three helical domains,
a detailed NMR analysis in chloroform/methanol/water. much smaller backbone rmsd values were calculated for these

Initial insights into the structural tendencies of E3-M7- r€gions of the multidomain peptide (Figure 9). The poorer
24-T40 came from analysis of thCHa values for the E3-  Convergence observed in the model derived from GDCI
M7-24-T40 peptide in TFE/KO (1:1) and in CDGYCDsOH/ CDsOH/H;0 data is likely due to the availability of fewer
H,O (4:4:1) at 25°C (Figure 8A). One might question the long-range constraints for use in the calculation. Neverthe-
use of random coil values obtained in water in the determi- €SS, the similar outcomes from studies in two quite different
nation of chemical shift indices in organic aqueous medium. media suggests that the essential structural features may be

In comparing the chemical shifts in TFE/water with those 20 inherent characteristic of this domain of Ste2p.

in chloroform/methanol/water, we observed that despite the 'N€ conclusion that the multidomain E3-M7-24-T40
differences in these solvents the Gishifts are very close receptor peptide has helices with differential stabilities is

and, in~80% of the residues, differed by less than 0.1 ppm supported by the CD studies at different temperatures (Figure

(Tables SI-1 and SI-2; Supporting Information). This suggests 4)- About one-third of the helical residues appear to

that the local conformation of the residue is more determining "andomize as the temperature is raised to 100 The
for the CHx chemical shift than the solvent. Moreover, even '€maining residues likely correspond to the transmembrane

in a protein, the local dielectric constant of residues in the M€9ion of this peptide and form an extraordinarily stable

same helix varies significantly depending on whether these S€condary structure.

residues are buried or exposed. Others have used chemical A Previous CD investigation from our laboratory con-
shift indexing to assess structure of membrane peptides included that a 40-residue peptide corresponding to Ste2p-

organic aqueous media and in detergerité—73). We [300—339]'had_a p_artial heliqal structure in TFEIB!(3:1)
believe that, provided that the conclusions reached are inPut was primarily dlsorQered in TFEMD (1.:1) @0). Sl'mllar
agreement with those from other NMR parameters, chemical CP results were obtained on a 23-residue peptide corre-

i g provie 3 et vay o andyze econdary A0 SRS B9, ik esorn
structural tendencies of domains of long peptides. A -

. . g pep i .. H>O (36). In contrast to the previous CD and NMR data
We observed three regions of uninterrupted chemical shift (35, 36, 40 of the tail fragments alone, the present NMR

indices of—1. When the criterion that a helical region should roqts on the multidomain fragment show that when attached
_haye at least four consecutive re_S|dues with chemical shift { tne transmembrane domain many residues in the tail of
indices of—1 (65, 6 is used, residues®2, 25-52, and  gte2p from position 300 to 372 have helical tendencies. Our
59-70 have helical tendencies. On the basis of thexCH  yyothesis is that in the context of the transmembrane domain
chemical shift data, 55 of 73 residues (75%) of the peptide here js some constraint on the conformational freedom of

are helical. This approach overestimates the percent heliCityiha 4 residues resulting in an increased propensity to
compared to that determined from the CD data (43%) in TFE/ 3ssume helical conformations. If this is true, the subtraction

H,O (1:1).
When the long rangd,(i+3) NOE connectvities is used

method previously usedlQ) to determine the helicity of the
transmembrane domain must be reevaluated. More insights

as the criterion, three segments of E3-M7-24-T40 have into this question will come after the structure of E3-M7-

helical tendencies: -520, 38-52, and 66-70 in both CDCY
CD3;OH/H,O and TFE/HO solutions (Figure 7A,B). Fur-
thermore, in TFE/KO, Jyni-cHe COupling constants of-35

24-T40 in detergents is determined.
It is known that the cytosolic tail of Ste2p plays an
essential role in desensitization of this GPCR by endocytosis

Hz are also found for many residues in these same regions(74). Many studies have shown that GPCR endocytosis

with the J values drifting up near the carboxyl terminus
(Figure 7C). Thus, on the basis of three independent criteria
chemical shift indices, Overhauser connectivities, dnd
coupling values-we can conclude that for E3-M7-24-T40
in TFE/H,O and on chemical shift indices and NOE
connectivities in CDGICD;OH/H,0O the putative transmem-
brane region (residues 4@33) is helical with a break at the
proline-24 residue, that the region following this domain also

requires phosphorylation by kinases and additional pretein
protein interactionsAb). Since protein-protein interactions
often involve helical surfaces’§, 77), it is reasonable to
hypothesize that the helical tendencies found for domains
of the cytosolic tail of Ste2p reflect the biologically relevant
structure of these regions of the receptor. It is also noteworthy
that the X-ray structure of rhodopsin indicated that residues
following the seventh transmembrane domain of this GPCR

has significant helical tendencies, and that the residues neaare helical ). This X-ray structure was determined for
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crystals in a mixed detergent/lipid medium. Our results SUPPORTING INFORMATION AVAILABLE

represent the first NMR data suggesting that a cytosolic tail
region of Ste2p has some preferred secondary structure.

Information relating to the nitrogen-15 and proton NMR
chemical shifts of the E3-M7-24-T40 peptide in TFEH

The relevance of structures determined in aqueous trif- (1:1) [Table SI-1] and CDGICD;OH/H,0 (4:4:1) [Table
luoroethanol (TFE) to the biological state of a protein has Sj-2] and an NMR-based molecular model of E3-M7-24-
been discussed almost since the introduction of this solventT40 in CDCK/CDs;OH/H,O (Figure SI-3). This material is

in conformational analysis of peptidegd( 79). Many studies
on peptides and protein fragments indicate a reasonably good

available free of charge via the Internet at http://pubs.acs.org.

correlation between the TFE-induced structure of the peptidesREFERENCES

and the protein structure8@Q). Our experience with trans-
membrane peptides from Ste2p is that titration of TFE
solutions of these peptides with water resulted in CD spectra
that correlated well with those measured in detergents or lipid
bilayers. It is significant that, although the HSQC spectra of

E3-M7-24-T40 in TFE/HO and CDCYCDsOH/H,0O appear 3.

different (Figure 5), systematic comparison of nitrogen-15
(**N) chemical shifts and)CHa values in both solvents
shows that they were almost identical (Figure 8B; Supporting
Information tables). The amide NH proton chemical shifts
in both solvents reveal only minor differences (Figure 8C). 5
These similarities allow us to conclude that the conformation

of the E3-M7-24-T40 peptide in TFEA® and CDCY/CDs-
OH/H,O will be very close. Unlike TFE/BD mixtures,

CDCIy/CDsOH/H,0 has not been considered to be a helix- 6.

inducing medium. Indeed, a high-resolution structure of the
E. coli EmrE transport protein in CDgID;OH/H,O (6:6:
1) has been taken to represent the native structure of this

molecule 70). Therefore, we believe that the structural 8.

preferences for the 73-residue domain of Ste2p determined
in this paper may be relevant to the functional state of this

GPCR. The ability to measure well-dispersed and highly 9.

resolved spectra of E3-M7-24-T40 in detergents (Figure 6)
and organie-aqueous media (Figure 5) and the ability to
model its structure should permit comparison of high-
resolution structures of this multidomain peptide under a
broad spectrum of conditions. Such structures will provide
further insights into the biological relevance of studies in
organic-aqueous media.

In conclusion the successful biosynthesis of an isotopically
labeled 73-residue multidomain peptide from a GPCR on a
10 mg scale has been achieved. The results show that
biosynthesis of peptide fragments of membrane receptors

needs to be optimized to obtain efficient synthesis and that 14.

no one expression system or CNBr release condition will
likely be useful with all receptor domains. The multidomain
peptide we studied exhibited well-dispersed HSQC spectra
in several membrane mimetic solvents, including a variety
of detergents at high detergent/peptide ratios. The NMR
results in TFE/HO and in CDCYCD3;OH/H,0 indicate that
residues in the cytosolic tail region of Ste2p may have helical
tendencies. We suggest that these helical tendencies may play
a role in proteir-protein interactions involved in the
desensitization of this GPCR.

19.
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