844 Biochemistry1998,37, 844—853
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ABSTRACT. Mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) give rise to
cystic fibrosis (CF), the most common genetic disease in the Caucasian population. CFTR is organized
into five putative domains, including two that are predicted to be transmembrane and consist of six
membrane-spanning segments each. CFTR mediates regulated anion transport across the apical membrane
of epithelial cells. The pore through which CFTR transports its solutes is thought to be formed by some
combination of the amino-terminal membrane-spanning segments. Although these sequences are predicted
to bea-helical in secondary structure, to date, no direct structural evidence has been presented testing
this hypothesis. Here, we present the biophysical characterization of six peptidem@hiepresenting

the predicted amino-terminal membrane-spanning domain of CFTR. The peptides can be incorporated
into liposomes and are soluble in SDS micelles and trifluoroethanol (TFE). FTIR and CD spectroscopy
indicate all six peptides adopt a stable, predominamthelical secondary structure in these environments.

In contrast, peptide m6 undergoes a shift fromhelix to S-sheet when dissolved in 20% methanol.
Additionally, the peptides show an increasesisheet in TFE, a known inducer ofhelices, relative to

that seen in the nativelike environments. These results have implications for the folding of this complex
membrane protein and suggest that the possible functional role of m6 is manifested through a shift in
secondary structure.

Cystic fibrosis (CP) is an autosomal recessive disorder has been presented implicating the protein as having a role
that affects about 1 in 2000 Caucasians and results fromin ATP release {) and as a regulator of other channels
mutations in the gene for the cystic fibrosis transmembrane including ENaC, ROMK, and ORCC {810).

conductance regulator (CFTR])( CFTR is a 169 kDa, CFTR is a member of the traffic-ATPase or ATP-binding
CAMP-dependent protein kinase (PKA) regulated anion cassette (ABC) supergene family of membrane transporters.
channel found in the apical membranes of epithelial cells oyer a hundred members of this family have been identified
(2,3). Anumber of studies indicate CFTR directly mediates tg date including active, ATP-driven transporters for anions
chloride tranSlocat|0n4(_6). In addltlon, recent evidence (bacteria| phosphate and arsenate transporter Systems), pte-
ridines(Drosophila melanogastevhite), lipids (MDR2), and
" This work was supported by research grants from the National Peptides $accharomyces cernsiae STEG,Escherichia coli
Institutes of Health-NIDDK (DK49835), the Cystic Fibrosis Founda- OppD, and class 1 MHETAP1 and -2) {1). CFTR
tion (Thomas95GO0), and the American Cancer Society (IRG-142L). consists of 1480 amino acids organized into functional
’ ?‘;EESF’O%%%’ ?Uthor: Teo: (2(114) 648-8723; Fax (214) 648-9268; 4, ains common to this class of proteifis (It is predicted
email omas utsw.swmea.edu.
* Department of Physiology. from primary structure and hydropathy analysis that CFTR
§ Present address: Department of Medicine, College of Physicians includes two membrane-spanning domains, TMD1 and
a”ﬁ'DS“rgeons of Columbia University, New York, NY 10032. ~  TMD2, each containing six transmembrane segments des-
epartment of Biochemistry and The Howard Hughes Medical . . . .
Institute. ignated m+m12, and two nucleotide binding domains,
! Abbreviations: CF, cystic fibrosis; CFTR, cystic fibrosis trans- NBD1 and NBD2 (). In addition, CFTR contains a

membrane conductance regulator; TMD, transmembrane domain; NBD, cytoplasmic regulatory domain, R, which is required, in part,
nucleotide binding domain; R, regulatory domain; kDa, kilodalton; for the PKA itivity of ch | fi
cAMP, adenosine'F-cyclic monophosphate; PKA, adenosiries3 or the sensitivity of channel gatind.).

cyclic monophosphate-dependent protein kinase; ATP, adenosine 5 Not only is channel gating regulated by PKA-catalyzed

triphosphate; PC, 1-palmitoyl-2-oleogtrglycero-3-phosphocholine; . : . . ) . .
PS, 1-palmitoyl-2-oleoybnglycero-3-[phospha-serine]: MEKE, mi- phosphorylation of serine residues in the R-domain, but it

cellar electrokinetic electrophoresis; HPLC, high-performance liquid depends upon ATP binding and hydrolysis at the nucleotide-
chromatography; UV, ultraviolet; CD, circular dichroism; ATR-FTIR,  binding domains13—18). This nucleotide hydrolysis may

attenuated total reflectance Fourier transform infrared; TFE, 2,2,2- i i i ;
trifluoroethanol; HFIP, 1,1,1,3,3,3-hexafluoro-2-propapedG, octyl- SatI.SN energy reguwements aSS.OCIated n.Ot only W.Ith .C.hannel
p-p-glucopyranoside; TFA, trifluoroacetic acid; SDS, sodium dodecyl 9ating but possibly other crucial, functionally significant

sulfate; dd-HO, deionized/distilled water. conformation changes. Although the predicted transmem-
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brane domains have been less well characterized than thosside (3-OG) was from Calbiochem (La Jolla, CA). All other
domains residing in the cytosol, recent studies addressingreagents were of the highest quality commercially available.
the topology of membrane-integrated CFTIR)(support the Peptide SynthesisSynthetic peptides corresponding to the
initial identification of the TMD sequenceg)( Mutational six putative membrane-spanning regions of TMD1 were
analyses have provided compelling evidence that portionsgenerated on a Rainin Symphony multiplex peptide synthe-
of these putative membrane-spanning sequences are requiresizer using (fluorenylmethoxy)carbonyl (Fmoc) chemistry.
for channel function and ion selectivity,(5, 20). In Fmoc-protected amino acids were used with EiN-
addition, truncation mutations of the C-terminal TMD from dimethylformamide (DMF) solvent system. Amino acids
CFTR indicate only the first six transmembrane-spanning were activated with a mixture of 100 mM HBTU [2-(1-
sequences are required to form a functional €lannel 21). benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-
Additional insight into the structure of the channel is phosphate] and 0.4 M 4-methylmorpholine in DMF. Suitable
provided by substituted-cysteine accessibility studies, which side-chain protecting groups that were easily removed during
are consistent witki-helical secondary structure for m1, both  cleavage with a solution containing 86% (v/v) trifluoroacetic
o-helical and extended structure for m6, and a channel acid (TFA), 4.5% (v/v) water, 4.5% (v/v) anisole, and 4.5%
diameter 66 A (6, 22). (v/v) thioanisole were selected. The synthesized peptides

In contrast to the large body of mutational data, little direct Were stored lyophilized and desiccated as TFA saltsl
structural information pertinent to CFTR and the other ABC °C prior to use.
transporters exists. This is due, in part, to the lack of Mass SpectrometrySynthetic peptides were analyzed by
availability of these proteins in quantities sufficient for direct negative ion fast atom bombardment mass spectrometry and
biophysical investigations of structure and function. Thus, €lectrospray mass spectrometry using &2380 quadrupole
predictions of secondary structure and their possible implica- Of Quattro Il triple quadrupole instrument (Micromass,
tions for the roles of CFTR membrane-spanning segmentsAltrincham, England).
have yet to be experimentally tested. An understanding of ~Micellar Electrokinetic Capillary ElectrophoresisPurity

these structures would appear essential to the developmen®f the synthetic peptides was assessed by MEKE using an
of testable models of CETR structure. Applied Biosystems Model 270A-HT capillary electrophore-

Model transmembrane peptides have been used to invesS!S Instrument. Synthetic peptides were dissolved (290

tigate structure and function in several integral membrane mL) in 0.01% HFIP, 20 mM sodium borate, pH 9.0, and 25

proteins 23—29). Peptides representing the transmembrane mM SDS. Each peptide _solution (BL) was injected
regions of the voltage-gated sodium channel have beenhydrodynamlcally and monitored by absorption at 220 nm.

shown to adopt:-helical structures in detergent micelles and Is_ocratic High-Pgrformance Liquid Chromatographgyn— .
TFE (29). Studies of peptide models of the membrane- thetic peptide purity was further assessed under isocratic

spanning sequences of bacteriorhodopsd, (25), and  conditions on a Beckman 4.6 mm 150 mm Sum C-18

glycophorin A @6—28), membrane proteins of known three- column. Peptides were dissolved in 100% formic acid (FA)
. . . . . 1 o 1 0, -

dimensional structure, indicate that the fold of these proteins 21d then diluted 10-fold with 55% 2 prgpanol (IE’A) to a

is largely dictated by interactions within the membrane and fmal concentration of 1 mg/mL in 10% FNSOA’ lPA_“

can occur in the absense of the remainder of the protein.Aliquots (10 uL) were chromatographed using a mobile

Recently, peptides corresponding to two of the CFTR amino- Phase of 10% FA/50% IPA at a flow rate of 0.5 mL/min.
terminal transmembrane sequences have been shown tg’eak detection was at 270 nm, due to th_e lack qf tryptophan
spontaneously insert into bilayers and form anion-selective N S0me of the peptides and to avoid interfering formate

channels 30). These and other studies have demonstrated 22SOrption. _ ,
that transmembrane sequences can assume membrane- |'iCiné~SDS-Polyacrylamide Gel ElectrophoresisThe

integrated conformations and even form nativelike interpep- PUrity and oligomeric state of synthetic peptides dissolved
tide interactions, yielding functional model structures. In N SDS was investigated by gel electrophoresis. The buffer

order to characterize the transmembrane domains of CFTR,SYStem of Schgger and von Jagow3(), was empl(())yed
the structures of chemically synthesized peptides correspond €XCept that the SDS concentration in the gel was 0.5%, above

ing to each of the six predicted transmembrane segments ofiN€ critical micellar concentration. Briefly, peptides dis-
the amino-terminal transmembrane domain were studiedSO!V€d in 0.5% (17 mM) SDS and 5 mM phosphate buffer,
spectroscopically. Here we report an extensive biophysical PH 7-2, were diluted 2-fold with 2 SDS loading buffer

investigation of the secondary structures of these six peptidescontaining the tracking dye Serva Blue G. Samples were
(m1-mé6), as well as a possible structural role for mé either loaded directly or boiled 5 min and then loaded onto

manifested through a conformational shift. a 16.5% polyacrylamideTricine—SDS gel and then sepa-
rated at a constant 120 V. Due to their small sizes, peptides

EXPERIMENTAL PROCEDURES were fixed in the gel by soaking in a solution containing
50% methanol and 40% glacial acetic acid for 30 min prior
Materials Synthetic peptides were generated by the to staining. Protein was visualized by staining with either
UTSW-Howard Hughes Medical Institute Biopolymers Coomassie blue or silver.
Facility. Protein concentration was determined using assay Reconstitution of Peptides into SDS Micellda order to
reagents from Bio-Rad. 2,2,2-Trifluoroethanol (TFE) was mimic the native environment of the membrane-spanning
from Fisher Biotech (Fair Lawn, NJ). 1,1,1,3,3,3-Hexafluoro- segments, each synthetic peptide was reconstituted into SDS
2-propanol (HFIP) was from Aldrich (Milwaukee, WI). micelles. Briefly, approximately 0.5 mg of lyophilized
Phospholipids were obtained from Avanti Polar Lipids, Inc. peptide was dissolved in 0.4 mL of 5.0% SDS and 50 mM
(Birmingham, AL). Reagent grade octgtp-glucopyrano- sodium phosphate, pH 7.2. This solution was sonicated three
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times at 50% duty cycle fo5 s each at a low to moderate
power setting using a Branson sonifier, Model 450, fitted
with a microtip probe. The resulting solution was stored at
room temperature while complete solubilization took place,
within 72—96 h with periodic vortexing. The peptide/SDS
solution was then diluted 10-fold with deionized distilled
water (dd-HO) to a final concentration of 12kg/mL of
peptide in 0.5% SDS and 5 mM sodium phosphate, pH 7.2.
The final SDS concentration is 17 mM, which is greater than
its critical micellar concentration of 8.2 mM at this temper-
ature.

Liposome Preparation and Peptide IncorporatioRrotein-
reconstituted liposomes were prepared by#@G dilution—
dialysis method as previously described®,(33) with the
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Ficure 1: Organization and predicted secondary structures of
CFTR TMD1 subdomains. A schematic representing the five

following changes. Samples were prepared in a liposome domains of CFTR and the six putative transmembrane subdomains

buffer containing 10 mM Tris-HCI, 1 mM EDTA, and 1 mM
dithiothreitol, pH 7.4. A lipid stock solution containing 30%
1-palmitoyl-2-oleoyl-sn-glycero-3-[phospheserine] (PS)

(m1—m6) of TMD1 is presented. Results from each of five
secondary structure prediction algorithms are shown below the
enlarged TMD1 graphic. (Regions predicted to asswateslical
conformations are indicated by ovals, and those predicted to assume

and 70% 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine s-sheet conformations are indicated by arrowR9st and Sander

(PC) was prepared in chloroform. Ten micromoles of lipid

(38, 39). "Garnier et al. §7). °Chou and Fasmam(). Solovyev

stock was dried under nitrogen and subsequently lyophilizedand Salamov g8). *Kneller et al. 69) and McClelland and

for 2 h. Lyophilized peptide (0.2mol) was added, followed
by 1.0 mL of liposome buffer supplemented with 60 mM
-0OG, yielding a proteirlipid molar ratio of 1:50. The
resulting mixed micelles were bath-sonicated for 5 min and
stored under nitrogen at room temperature. Periodic vor-
texing over the next 72 h was followed by dilution with
liposome buffer to @-OG concentration of 10 mM (below
the 3-OG cmc). Solutions were next exhaustively dialyzed
to remove theS-OG monomer from the aqueous phase.
Concentration of liposome solutions to a final volume of
about 1 mL was performed using Centricon-10 ultrafiltration
units. Finally, liposomes were supplemented with N&iN
1 mM and stored at room temperature prior to analysis.
Negatve-Staining Electron MicroscopyLiposome prepa-
rations diluted to 1 mM with liposome buffer were applied
to 200-mesh copper grids indd aliquots, where they were
allowed to fix for 1 min. Grids were washed twice with
dd-H,O and then stained with 1.0% uranyl acetate. After
staining, grids were washed twice with ddéand allowed

Rumelhart 70).

continuously purged with the boil-off from a liquid nitrogen
dewar to reduce water vapor. All spectra collected were the
average of 250 interferograms and were corrected for solvent
signals by the subtraction of a solvent blank (without peptide)
spectrum. Accuracy of solvent subtractions was monitored
by minimization of the water absorbance peak at 2125'cm
No additional water vapor absorbances were subtracted.
Spectra were collected at a resolution of 4.0"€msing
Happ—Genzel apodization, which resulted in no appreciable
loss of resolution. Data processing and analysis of the amide
| region of the ATR-FTIR spectra was performed without
smoothing using the OMNIC software package, version 3.1a,
provided by the instrument manufacturer.

RESULTS

Peptide Design and Synthesi$he domain organization
and the predicted secondary structures of the putative TMD1

to dry. Liposomes were examined and photographed usingtransmembrane segments can be seen at the top of Figure 1.

a Jeol 100SX electron microscope (data not shown).
Ultraviolet Spectroscopy UV absorbance spectra were

collected using a Shimadzu UV-2101PC scanning spectro-

photometer at 28C from 320 to 190 nm. Absorbance was
determined every 0.5 nm with a band pass of 2.0 nm. For
peptide quantification by UV absorption, molar extinction
coefficients were calculated as previously descriti4. (
Circular Dichroism Spectroscopy CD spectra were
collected on an Aviv 62DS wlit a 3 saveraging time and a

According to the CFTR model proposed by Riordan and co-
workers (), TMD1 was predicted to span the membrane
six times with NBD1 residing in the cytoplasm. In the
present study, sequence boundaries for the six model
synthetic peptides were selected according to consensus
sequences between the predictions of Eisenbary 1),
PHDhtm @8, 39), and Engelman, Steitz, and Goldma6)
Peptides (Table 1) were designed to include all residues
predicted by a consensus of algorithms to be in the membrane

band pass of 1.5 nm. All spectra are the smoothed averageas well as flanking charged residues that might aid in
of three consecutive runs scanning wavelengths from 260synthesis and solubility and anchor the peptides in the

to 190 nm. Sample spectra were obtained in a 0.1 cm
Suprasil cuvette at 25C. Fractional helicities were calcu-
lated as described (35) assumirf]2f, for 0% and 100%
o-helix content are 2000 and 30 000 aem?/dmol, respec-
tively (36).

Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy ATR-FTIR spectra were collected at 268
utilizing a Nicolet Protge460 FTIR spectrometer equipped
with a ZnSe ATR crystal from SpectraTech and a liquid
nitrogen-cooled MCT detector. The optical bench was

membrane environments. These are extremely hydrophobic
peptides with average hydrophobicities ranging from 0.8 to
as high as about 2 (Table 1).

We have applied several secondary structure prediction
algorithms to the six peptide sequences and the results are
graphically summarized in Figure 1. The apparent lack of
consensus among results generated by these programs is not
surprising as they use very different criteria for their
predictions, often relying on structural basis sets lacking
representative membrane protein contributions. However,



Secondary Structure of CFTR-TMD1 Biochemistry, Vol. 37, No. 3, 199847

Table 1
. ) . synthetic
predicted transmembrane amino acids peptide molecular

ID  Eisenberg PHDhtm Engelman residues peptide sequentes mass (Da) P (o8
ml 81-102 78-92 82-100 80-104 RFMFYGIFLYLGEVTKAVQPLLLGR 2933 9.77 0.818
m2  118-138 122-137 125-143 117138 RSIAIYLGIGLCLLFIVRTLLL 2461 9.37 1.968
m3  195-215 198-212 198-218 193-216 EGLALAHFVWIAPLQVALLMGLIW 2663 5.36 1.462
m4  221-241 2206-239 218-239 220-242 QASAFCGLGFLIVLALFQAGLGR 2353 8.25 1.386
m5  308-328 307332 308-330 30%#331 SSAFFFSGFFVVFLSVLPYALIKGI 2758 8.86 1.458
m6  330-350 335-350 334-350 329-350 KGIILRKIFTTISFCIVLRMAYV 2523 11.06 1.404

aUnderlined amino acids in the peptide sequences represent predicted transmembrane residues with confirmed missense mutations giving rise
to cystic fibrosis.? Isoelectric point® Average hydrophobicity.

there does appear to be at least partial agreement with regard 100 2932.00

to the secondary structure peptides m3 and mé6 are predicted A

to assume. Four of the five algorithms predichelix for

m3, with the fifth @0) predicting a partiaé.-helix. Likewise,

all the programs predig-sheet for m6 with the exception

of PHDsec 88, 39), which predicts botlf-sheet and-helix.
Characterization of Synthetic PeptidesAs seen for

peptide ml in Figure 2, peptides were characterized by

%

electrospray mass spectrometry, MEKE, and isocratic HPLC.

Mass spectrometry confirmed the identity of each of the

model synthetic peptides, as all six peptides had the expected o L N

mass values within experimental error. The synthetic 2500 2700 2900 3160 3300

peptides were also analyzed by fast atom bombardment mass mass

spectrometry with similar results (data not shown). Purity
of the model peptides was characterized by MEKE (Figure B [= 0.001
2B). One major peak was obtained for each peptide under
the conditions described. The purity of each peptide was
estimated to be greater than 90%. The peptides were also
estimated to be greater than 90% pure by isocratic HPLC
(Figure 2C). Again, one major peak was obtained for each

peptide by monitoring absorbance of eluate from a C-18
column at 270 nm.

Oligomeric State of Peptides in SD®&s seen in Figure " ) w0
3, peptides dissolved in SDS were separated by Tricine minutes
SDS-PAGE. Although a significant amount of band
broadening took place as expected with these small synthetic C
peptides, the monomeric form of each peptide is visible near
the bottom of their corresponding lanes with the exception
of m2. The peptides m1 and m3 are easily discernable at
molecular weights indicative of their presence only in
monomeric states. Peptide m2 runs almost entirely at a
molecular weight consistent with the formation of a dimeric
species with a slight amount of apparently nonspecific
aggregation present at higher molecular weights. However, ) ] - ; :
the band present at the apparently dimeric molecular weight z0 40 &0 80 100

may correspond to an m2 monomer which runs anomalously _ . Minutes _ _ _
under micelle-forming conditions. FIGURE 2: Characterization of synthetic peptides. The six synthetic

. . . peptides representing the predicted transmembrane spans of TMD1
In addition, peptides m6 and, to a slightly lesser extent, were characterized by a series of analytical techniques as described

m5 also appear to self-associate and form specific higherin Experimental Procedures. Data from the characterization of

molecular weight multimers. Peptide m5 runs primarily as peptide ml is presented as a representative example and includes

an apparent 10-mer and mé is detected at a molecular weight”) electrospray mass spectroscopy; (B) micellar electrokinetic

S : - . . .2 "electrophoresis; and (C) isocratic high-performance liquid chro-

that would indicate an oligomeric species containing in matography.

excess of 20 peptides. Peptide m6 also forms a species

whose molecular weight is in agreement with formation of ~ Spectroscopic lrestigation of Peptide Secondary Struc-

a homodimer, but at a level much less than the apparenttures Several spectroscopic techniques were employed to

monomer or the much higher molecular weight oligomer. study the secondary structures of each of the model trans-

Although m4 is detected as a monomer, a portion of the membrane peptides. The far-ultraviolet absorption spectrum

peptide appears to aggregate nonspecifically in a mannercontains several features that can be used to distinguish

similar to that of m2. conformations of proteins4(). Specifically, a red shift of

absorbance

002 003 0.04
i " L

absorbance

0.01

0.00
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Std m1 m2 m3 m4 m5 mé 195 nm. As summarized in Table 2, the helicity was
%_ ? - calculated to be 50% or greater for all the peptides in both
£9.0— J .' environments, with a range between 51% and 87%. In
18.4— - general, the peptides assume structures characterized by
143- higher helical content in SDS micelles as opposed to 40%
6.2- TFE/10% HFIP.

3.0- .' n ' As seen in Figure 6, assessment of peptide secondary
. structures by ATR-FTIR in SDS micelles and 40% TFE/

. . . ~ 10% HFIP reveals a predominant secondary structural motif
FiGure 3: Tricine SDS-PAGE of synthetic peptides. The six  for each peptide consistent with that originally predicted by

synthetic peptides were further characterized by electrophoresisy. . -
through an SDS16.5% polyacrylamide gel utilizing a tricine buffer R|_ordan et al. .1) and in agreement V.V'th the .CD datr;_t.
system. The peptides, dissolved in 0.5% SDS and 5 mM phosphateBriefly, the dominant absorbance band in the amide | region

buffer (pH 7.2), were diluted with an equal volume of loading buffer of a protein FTIR spectrum associated wittelix formation

and electrophoresed as described in Experimental Procedures. Eacls found between 1654 and 1658 tin Absorbance bands
iane (mk-mp) represents 12y of the corresponding peptide except - at 1624, 1627, 1632, 1638, and 1642 ¢nare associated
ane m4, where 3@g was loaded. with 5-sheet and extended structures. An absorbance band

L
the main observable peptide bond absorbance is associate?t 1649-1651 cnt?indicates unordered or random structures

with o to 5 secondary structure transitions. The ultraviolet
absorption spectra of each of the TMD1 peptides dissolved When integrated into detergent micelles, each of the
in 0.5% SDS are shown in Figure 4. Each of the spectra peptides, with the exception of m2, appears to be predomi-
contain features consistent with the presence of polypeptideshantly a-helical. Peptide m2 has aw-helical component
in solution. It is intriguing to note that there is a red shiftin as well as a significant-sheet contribution. In 40% TFE/
the maximal intensity of the peptide bond absorbance of 10% HFIP, however, the peptides all assume conformations
peptides m2 and m6, from 197 to 202 nm, relative to that of With significantly higher contributions ¢f-sheet secondary
the other peptides_ Peptide m3 exhibits a |arge unique structure. These data correlate well with the CD % helicities

absorbance shoulder at about 228 nm not seen in the othefummarized in Table 2. Peptides m2 and m6, having the
peptides. highest % helicities by CD, appear to have the highest
The six TMD1 peptides were analyzed by CD spectros- @-helical content by ATR-FTIR. Likewise, peptide m5 has

copy in both SDS micelles and in 40% TFE/10% HFIP. CD the mostB-sheet absorbance band contributions to its FTIR
spectra for all peptides (mIm6) in both environments are ~ spectrum and also the lowest helicity by CD.

presented in Figure 5. All of the spectra contain the classical To assess the structures of Arh6 in a lipid membrane,
characteristics ofr-helical secondary structure with two peptides were incorporated into PS/PC liposomes. To
minima, 209 and 222 nm, and a single maximum at about confirm the integrity of the liposomes, preparations were

3 3
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Ficure 4: UV absorbance spectroscopy of synthetic peptides. Peptidesn®ivere analyzed by UV spectroscopy from 190 to 320 nm.
Peptides were dissolved in 0.5% SDS and 5 mM phosphate (pH 7.2) to 0.5 mg/mL and an absorbance spectrum was collected for an aliquot
of each as described in Experimental Procedures. The entire UV spectrum collected of each peptide is shown in the small panels to the right
as indicated. An enlarged portion of each spectrum from 190 to 240 nm is also presented in the large panel. (The symbols used to represent
each peptide are as follows: ml,m2, ®; m3,®; m4,O; m5, —; m6, A).
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Ficure 5: CD spectroscopy of synthetic peptides. The secondary structures of the six synthetic peptide{mere analyzed by CD
spectroscopy as described in Experimental Procedures. In each of the six panels, the solid line represents the indicated peptide dissolved
in 0.5% SDS and 5 mM phosphate (pH 7.2) and the dashed line represents the peptide dissolved in 10% HFIP and 40% TFE. Each
spectrum represent the smoothed average of three scans.

Table 2 methanol in water. The CD spectrum of m6 in 20%
- ATRFTIR methanol (Flgurg 7A) contains features gene_rally mdpatwe
of B-sheet protein secondary structure: a single minimum
. 0.5% A0%TFE/10% 0.5% 40%TFE/10% gt 218 nm and a maximum at about 195 nm, both of which
peptide SDS HFIP liposomes SDS HFIP are of a reduced magnitude relativeoténelices. Therefore,
mi 73 63 o o o m6 assumes A-sheet conformation in methanol. This is in
mg gg gé z g-ﬁ g: contrast to its conformation in the other three environments
m4 78 59 o o o- examined.
m5 85 51 o o a-BB This conformation was confirmed by ATR-FTIR of m6
mé 87 3 o o o in 20% methanol (Figure 7B). Intensity of the peak at 1624

aPeptide percent helicities were calculated from the mean molar per cm™, indicative of 5 secondary structure, is significantly
residue ellipticities at 222 nm as described under Experimental jntensified relative to the data in polyfluorinated alcohol

Procedures. A purely qualitative assessment of the predominant peptid ; ; i
secondary structural contributions is presented for the ATR-FTIR data.aSOIVentS and detergent or liposome solutions. In aadition,

(The symbolism is as followso. denotes predominantiy-helix; a-43 two strong absorbances representative of tu#® @re
denotesa-helix with significants-sheet and other contributions: present at 1680 and 1690 ci Finally, the very low
denotesa-helix with strongp-sheet and other contributions.) absorbance observed at 1650 ¢érndicates that the unor-

dered or random structural contribution to the IR spectrum

negatively stained with 1.0% uranyl acetate and visualized is minimal. The amplified signals at 1624, 1680, and 1690
by electron microscopy as described under Experimentalcm™* are consistent with the presence of a highly ordered
Procedures. Uniformly shaped liposomes were observed inarray of -strands that form a large sheet of mé peptides.
both peptide-reconstituted and peptide-minus controls. No-
tably, peptide solubilization required the presence of lipo- DISCUSSION
somes, consistent with peptide incorporation. The sizes of Several lines of evidence suggest that important structural
the resulting liposomes ranged from between about 75 andinformation, currently obscure to more traditional approaches,
100 nm in diameter (data not shown). regarding transmembrane regions may be obtained by

We were unable to obtain UV or CD spectra for the studying the structures and interactions of model peptides.
peptides reconstituted into liposomes due to excessive lightSynthetic peptides modeling transmembrane segments of the
scattering at the required concentrations. However, as lightintegral membrane protein bacteriorhodopsin fold into native
scattering is not a concern with ATR-FTIR, we employed conformationsZ4). In addition, membrane-spanning peptide
this method to obtain additional information about the lipid- sequences from glycophorin A form stable dimers in both
reconstituted peptides. All six peptides assume predomi- detergent micelles and lipid bilayer2g, 27). In another
nantly a-helical structures when reconstituted into liposomes example, several segments from the hydrophobic core of the
(Figure 6). Shaker K channel were modeled by synthetic peptid&3 (

CD and ATR-FTIR of m6 in MethanolPeptide m6 is  that interact specifically with one another but not with a
soluble in 100% methanol and in dilutions as low as 20% homologous segment of another channel. These observations
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elucidating these possible helikelix interactions within the
membrane.

Of course in the cell the situation is more complex.
Recently, evidence has been reported indicating that the
translocon may play a critical role in presenting these
spanning segments to the membra#® @6). In addition,
the ribosome may participate in membrane integration
through a transmembrane domain recognition and subsequent
translocon signaling pathway{, 48).

Synthetic model peptides have also been used to address
functional questions about multipass transmembrane regions.
In addition to their ability to assume native conformations,
fragments corresponding to the transmembrane segments of
bacteriorhodopsin were shown to associate and form func-
tional proton pumps49). The relative orientations of these
peptides were not constrained by the extramembrane con-
necting loops, thus supporting the idea of transmembrane
sequence determination of conformation and interactions
within the bilayer. In CFTR, peptides representing the
second and sixth membrane-spanning segments of TMD1
are able to form anion-specific channels, and apparently
interact, after spontaneous insertion into membraBes (

We therefore predicted that peptides corresponding to
putative transmembrane segments of CFTR would be a
suitable model system of TMD folding and structure in the
o o - o membrane. An additional advantage of this system is the
1800 1750 1700 1650 1600 1550 1500 1450 1800 1750 1700 1650 1600 1550 1500 1450 Iarge number of mutations that have been introduced into

wavenumbers (cm’™) wavenumbers (cm™) TMD1 by nature, allowing the investigation of a variety of
FIGURE 6: ATR-FTIR spectroscopy of synthetic peptides. The structure and function relationships associated with the CF
secondary structures of the six synthetic peptides{m@) were pathology. We decided to focus on the first transmembrane
analyzed by ATR-FTIR spectroscopy as described in Experimental Jomain of CFTR, containing peptides mm6, for the

Procedures. In each of the six panels, the solid line represents th ; ; ; : :
indicated peptide dissolved in 0.5% SDS and 5 mM phosphate (pHestudles described herein. It was assumed that this region

7.2), the dashed line represents the peptide dissolved in 10% HFIpcontained the putative CFTR channel pore-forming segments
and 40% TFE, and the dotted line represents the peptide incorpo-because expression of the amino-terminal half of CFTR
rated into synthetic phospholipid vesicles. Each spectrum is the alone, truncated between the R domain and TMD?2, is

at 1650 cm?! dividing the a-helical (1654-1658 cntl) and channel 1) ' P

extended?-sheet absorbance regions (162442 cntl) is included . .
as a visual aid to the reader. Several of the peptides apparently form higher molecular

weight oligomers when solubilized in SDS. The tricine

demonstrate that at least some of the information necessarySDS-polyacrylamide gel presented in Figure 3 shows
for the formation of native conformations as well as higher- Peptides m1 and m3 present only in forms consistent with
order structures in membranes is contained in the modelMonomers. Experiments involving mixing and gel electro-
peptide sequences. Synthetic peptides are therefore usefuphoresis of all possible combinatorial pairs of micelle

to investigate not only structure, but also assembly and @ssociated peptides had no discernible effect on the apparent
folding of organized membrane regions of proteins. mqlecular WelghtS.Of t'he species observed (data n_o_tshown).
. . . This observation indicates that, under the conditions de-
The problem Of, studying mgmbrane protgm fold'lng and scribed here, there is no evidence for interactions at quite
structure can, qt |t§ most basic level, be distilled into twp high peptide concentrations (2281) in detergent micelles.
stages: determination of the secondary structure of spanningrpe apparently oligomeric species formed under these

sequences and subsequent description_of their tWO'dim_e”'conditions by peptides m2, m5, and mé are of well-defined
sional arrangement in the plane of the bilayer. The studies mojecylar masses and differ significantly from the nonspe-
described herein support this two-stage model of membranegific aggregation that is present at higher molecular weights
protein folding @4). In the first stage, individual transmem- 35 3 smear at the top of lanes m2 and m4. In addition, this
brane helices are formed followed by insertion into the apparent multimerization phenomenon appears to persist at
bilayer. Significantly, each of the model peptides forms a even lower concentrations. Dilution by as much as 10-fold
stable structure in three different environments in the absencehas no apparent effect on the multimer formation (data not
of the remainder of the protein. Only as additional helices shown).

enter the bilayer does the second stage of helix association Equal amounts of protein were loaded into each lane in
occur. Evidence indicates that, once in the bilayer, helical Figure 3 with the exception of m4, which was loaded at
associations are stabilized by tight packing of the interface 3-fold higher concentration due to poor staining. Staining
resulting in favorable van der Waals contad, £8). Using with Coomassie blue is not necessarily proportional to protein
the system established here, further studies will focus on concentration; a similar staining differential was also ob-
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Ficure 7: CD and ATR-FTIR of peptide m6 in 20% methanol. Synthetic peptide m6, dissolved in 20% methanol to 0.5 mg/mL, was
analyzed by (A) CD spectroscopy and (B) ATR-FTIR spectroscopy as described in Experimental Procedures. The maximum spectral
absorbance frequency at 1624 ¢his indicated by an arrow. The vertical line is included as in the legend to Figure 6.

served between the and S subunits of the F ATPase, to bea-helical in four of five with partiake-character in the
yielding stain intensity ratios as high as 4 to 1 even after fifth), m6 (predicted to be @-strand in four of five with
normalization for differences in molecular weigidj. partial -character in the fifth), and to some extent m5

Two significant spectral features are apparent in the UV (predicted to be primarily in conformation).
absorption spectra of the peptides in SDS micelles (Figure One of the most widely used prediction methods, that of
4). First, the red shift of 5 nm in the peptide bond absorbance Chou and Fasmart(), which predicts secondary structure
maxima of m2 and m6 indicates the presence of an increasecased upon statistically calculated propensities of residues
proportion of g-structure in these peptidedl), perhaps in soluble proteins to form a particular structure, predicts
related to the tendency of these peptides to self-associate irall of the peptides to adogt secondary structure with the
solution. Recall that m2 and m6 are the two peptides that lone exception being m3, predicted tod@&. This is not a
form anion-specific channels in planar lipid bilayers which surprise, as it has been clearly demonstrated that the
has been taken to indicate that these regions may form parthydrophobicity of the individual residue defines the prob-
of the CFTR channel30). Moreover, cysteine scanning ability of adoptinga-helical conformations in hydrophobic
suggests @&-strand-like labeling pattern in the terminal end environments such as the membrane-mimetic SDS micelle
of m6 (6). Second, the absorbance shoulder at about 228(24, 56). The current findings further support these observa-
nm seen in the spectrum of m3 is characteristic of ring-chargetions. In direct comparisons with experimental results
interactions %1), perhaps involving one of the two tryptophan presented in the current study, the predictions of PHDsec
residues present in this 24 amino acid peptide. Thus, m3(38, 39)(Figure 1) correlate most closely to our experimen-
may not form a simple helix. It is interesting to note that tally determined TMD1 secondary structures (Table 2).
m3 contains a central proline residue, which would introduce  As predicted, all six peptides are primariyhelical in
a bend or kink into its transmembrane-helix (52). polyfluorinated organic solvents, membrane-mimetic deter-
Mutational analysis of proline residues in the lutropin/ gent micelles, and phospholipid membranes as demonstrated
choriogonadotropin receptor transmembrane helices demon-by both CD and ATR-FTIR (Figures 5 and 6, Table 2). These
strated the importance of these intramembrane proteins forexperimental data agree well with the predictions of trans-
both hormone binding and cell surface expressks).(The membrane helices made in the working model proposed by
bend at proline 205 may bring one or both m3 Trp residues Riordan et al. ) and during the design stage of this project,
proximal to a charged residue. The critical importance of a summary of which is presented in Table 1. However, the
this intramembrane residue to CFTR structure is highlighted similarities between secondary structures of the peptides in
by the CF-causing mutation of proline 205 to seribd)( membrane-mimetic detergent micelles and in liposomes when
which prevents proper folding and processing of CFBB) ( contrasted with the increasefirsheet contributions observed
and causes a form of cystic fibrosis similar to other in the polyfluorinated alcohol solvent system underscore the
misprocessing mutants such as A455E and P5&HH ( importance and influence of the environment on the structure

One question we hoped to address was the validity andof transmembrane sequences. These results are consistent
applicability of several secondary structure prediction meth- with the notion that the structures in polyfluorinated alcohols
ods toward structures in various environments. It is interest- reflect the propensity of a sequence to assume a secondary
ing to compare these predictions with experimental secondarystructure and the structure, in membranes or membranelike
structural evaluations. In Figure 1, schematics representingenvironments reflects the relevant native secondary structure
predictions of secondary structure made using several widely (57, 58).
available prediction routines are presented. Notably, there This has implications for the effects of environment on
appears to be very little consensus among the five predictionthe secondary structure of proteins. For example, the
methods employed here except with regard to m3 (predictedphospholipid phosphatidylethanolamine has recently been
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shown to be a required chaperone in the assembly of lactose
permeaseq9). Lipid-mediated effects on structure may also
have implications for regulation of function, perhaps through
the formation of homogeneous microdomains or highly
concentrated lipid “rafts”. Interactions between protein and
phospholipids in these “rafts” have been implicated in the
activation of ARF1 by a guanine nucleotide exchange factor
(60). In addition, the formation of dioleoylglycerol-rich
membrane domains has been suggested to activate protein
kinase C 61).

In this regard, the ability of peptide m6 to assume multiple
stable environmentally dependent secondary structures may
have relevance and is not without precedent. One example
involves the conformational shift of the-helical normal
cellular prion protein (Prf into the infectious scrapie prion
(PrP9, which is highly5-sheet in secondary structure and
is responsible for prion propagatior6d). In another
example, studies suggest the peppdd4, derived from the
inappropriate proteolysis of a membrane-spanning region of
the Alzheimer’s precursor protein, adopts an antiparallel
f-sheet secondary structui@3(-65). The observation that
m6 is primarily 5-sheet in 20% methanol (Figure 7) rather
thana-helical as observed in the membrane-mimetic deter-
gent and polyfluorinated alcohol organic environments may
have many important implications for the folding of CFTR.

Evidence has been reported supporting the hypothesis that
m6 forms a portion of the channel lining. For example,
mutational data demonstrated that the substitution of glutamic
acid for lysine 335 alters channel permeability of CF®R (
and mutation of arginine 347 to histidine gives rise to pH-
dependent ion selectivity of the channé6). Thus, the
residue R347 may act as an anion selectivity filter. Substi-
tuted cysteine accessibility studies conducted on the sixth
transmembrane-spanning region identified several solvent-
exposed residues, including R347, implicating them as
forming a portion of the lining of the CFTR poré)( The
pattern of residues modified indicated bathhelical and
extended structure in the m6 transmembrane region. There-
fore, a change of the conformation in this crucial region of
CFTR, such as an-helix to 5-sheet, could play a direct
role in anion selectivity or even act as a switch for gating of
the channel. In any case, it is important to consider these
and other possibilities for this highly environmentally sensi-
tive membrane-spanning segment.
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