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Structural Analysis of Synthetic Peptide Fragments from EmrE, a Multidrug
Resistance Protein, in a Membrane-Mimetic Environrhent
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ABSTRACT: EmrE, a multidrug resistance protein fragscherichia colirenders the bacterium resistant to

a variety of cytotoxic drugs by active translocation out of the cell. The 110-residue sequence of EmrE
limits the number of structural possibilities that can be envisioned for this membrane protein. Four helix
bundle models have been considered [Yerushalmi, H., Lebendiker, M., and Schuldiner, S.J(1396)

Chem. 27131044-31048]. The validity of EmrE structural models has been probed experimentally by
investigations on overlapping peptides (ranging in length from 19 to 27 residues), derived from the sequence
of EmrE. The choice of peptides was made to provide sequences of two complete, predicted transmembrane
helices (peptide$il and H3) and two helix-loop—helix motifs (peptidesA and B). Peptide B) also
corresponds to a putative hairpin in a speculgtivearrel model, with the “Pro-Thr-Gly” segment forming

a turn. Structure determination in SDS micelles using NMR indicates pepild® be predominantly
helical, with helix boundaries in the micellar environment corroborating predicted helical limits. Peptide
A adopts a helixloop—helix structure in SDS micelles, and peptBlevas also largely helical in micellar
environments. An analogue peptidg, in which the central “Pro-Thr-Gly” was replaced byPro-Gly”

displays local turn conformation at tf#Pro-Gly segment, but neither a continuous helical stretch nor
B-hairpin formation was observed. This study implies that the constraints of membrane and micellar
environments largely direct the structure of transmembrane peptides and proteins and study of judiciously
selected peptide fragments can prove useful in the structural elucidation of membrane proteins.

Multidrug resistance pumps (MDRs)are membrane determination techniques. The availability of the mini-
translocases that have the ability to extrude a variety of TEXANs, which are small, yet possess similar function,
unrelated cytotoxic drugs from the cell{4). MDRs are makes them ideal model systems to base studies on multidrug
present in a wide range of organisms and are mostly very resistance. Of all the mini-TEXANs, EmrE is the best studied
large proteins ranging between 400 and 1500 amino acidsto date (8). EmrE also has the unique property of being
in length @), for example, the ABC (ATP binding cassette) not only soluble in mixtures of organic solvents, such as
transporters§—7), and the TEXAN family of bacterial and  chloroform and methanol, but also functionally active when
fungal antiporters 3, 4, 8). There also exists a family of  reconstituted from such solvents3( 19).

MDRs represented by very small proteins (+a20 amino Atomic resolution structures of membrane proteins are
acids), which perform functions analogous to their larger gcarce There exist only 33 unique examples of membrane
cousins §—10). This unique family, called Smr (small  ygtein crystal structures in the PDB, of which 21 possess a
multidrug resistance proteins) or mini-TEXANs, renders aiical bundle topology and 12 afebarrels (webpage of
bacteria resistant to a wide variety of toxic, lipophilic cations Stephen White, University of California at Irvine, as of 25
and has three main members: EmrE fréischerichia coli - o,qust 2001. URL:  http://blanco.biomol.uci.edu/Mem-

(11-13), Smr (4-16), and QacE17) from Staphylococcus ) ane proteins_xtal.edu). Alternate techniques of exploring

aureus . _ structure such as NMR20—21) and cryo-electron micros-
The cI|nlcaI_ rel_eva_nce of the MDR proteins makes thelr_ copy 22—23) have seen some success, but have not resulted
structure elucidation important and desirable. However, their j;, very many more examples. Topological clues obtained
large size limits the application of traditional structure o sequence analysis, mutagenesis, labeling experiments,
and spectroscopic techniques such as FTIR or circular
T This work was supported by the Department of Biotechnology dichroism have often been used as the basis for the
under program support for the area “Drug and Molecular Design”.  construction of three-dimensional mode?d{32). Structural
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peptide A transmembrane helices [the transmembrane segments (TMS)
F TR g 1 and 3: peptidesil andH3] and two helix-turn—helix
) motifs (TMS1-loop—TMS2, peptideA and TMS2-turn—
TMSS, peptideB) (Figure 1, top). One such helixurn—
helix peptide B) also happened to correspond to hairpin 6
in the 5-barrel model (Figure 1, bottom). PeptiBecontains
a “PTG” motif predicted to form the turn segment. An
analogue peptideg, in which PTG was replaced byPG”,
was also synthesizedPPro-Xxx” motifs have often been
utilized for the nucleation g8-hairpin structures as they form
tight type I or II' -turns 65—56). PeptideC could act as
a control peptide to assay any incipient beta structure in
peptideB. Additional “GR” segments were appended to the
=l . N- and C-termini of peptideB andC to enhance solubility

— i = coo and discourage lateral aggregation in the evert-bairpin
formation. In peptideéd, the penultimate lle residue present
in the original protein sequence was mutated to a Trp residue
to provide a fluorophore that can be potentially positioned
at a membrane interface. The existing Trp residue in the
sequence was hence replaced conservatively by Phe. The
protein sequence corresponding to peptitBecontains two
Trp residues (Figure 1); Trp(76) (EmrE numbering) was
changed to an lle residue in the synthesized pepti@eo
ensure the presence of a unique fluorophore. The following
Y sequences were synthesized and characterized:

H1 (24 residues): Ac-NPYIYLGGAILAEVIGTTLMKFSE-
NH

H3 (27 residues): IAYAIWSGVGIVLISLLSIGFFGQRLD-
NH

A (24 residues): VIGTTLMKFSEGFTRLFPSVGTWI-
NH

H1

=1
¥

1

M |
} 7 o B (19 residues): RGQYLAYIPTGIAYAIWGR-COOH
Mg Ty ¢ FolamqL)® C (18 residues): RGQYLAYAPGIAYAIWGR-COOH
T G @ wv PeptideH1 was acetylated at the N-terminus, and peptides
G

@ @ H1, H3, andA were amidated at the C-terminus.

Ficure 1: (Top) Schematic representation of the helical bundle  High-resolution NMR experiments, performed in membrane-

model for EmrE 19, 49) with the location of synthetic peptides  mjimetic environments such as SDS micelles, have permitted

marked on the protein sequence by arrows. (Bottom) The division structural analysis of peptidétL, A, B, andC. The studies

of the EmrE sequence into 11 strands connected by 10 tight turns. . : S . .

The constituent hairpins are labelee 10. descrlbt_ad here e;stat_)llsh that t_he synthetlc peptlde_s are
predominantly helical in nature, with experimentally derived
helix boundaries agreeing with predicted helix limits in the

model and apg-barrel model, whose validity could be helical bundle model. Th8Pro-Gly motif is unsuccessful

experimentally ratified by the study of synthetic peptides in nucleating-hairpin conformations in peptid€ in a

chosen from appropriate regions of the protein. EmrE has membrane-mimetic environment, although formation of a

been popularly modeled as a four helix bundle (Figure 1, local -turn is observed.

top) in the literatureZ0, 49), and recent structural investiga-

tions on the protein by other groups provide some support \JATERIALS AND METHODS

for a predominantly helical structur8@-51), which func-

tions as an oligomerl@). Also, construction of a stere- Materials. Chemicals used in solid-phase synthetic pro-

ochemically acceptable 11-strandgebarrel model itself cedures were obtained from Novabiochem (Nottingham,

revealed that the resultant barrel height is insufficient to UK), Bachem (Bubendorf, Switzerland), or Sigma (St. Louis,

traverse the membrane bilayer without resulting in energeti- MO). Trifluoroacetic acid (TFA) and piperidine were pur-

cally unfavorable effects such as membrane dimpling chased from Chem-Impex International Inc. (Wood Dale, IL),

(52-53). and the resins used in peptide synthesis (PAL-PEG-PS and
It is pertinent to note that the structural investigations thus PR500) from PerSeptive Biosystems (Hertford, UK) and
far performed, FTIR §0), multidimensional NMR in mix- Novabiochem (Nottingham, UK), respectively. Sodium dodec-

tures of organic solvent$1), and cryo-electron microscopy  Vl-dys sulfate utilized in NMR experiments was purchased
(54), have failed to provide a three-dimensional model for from Cambridge Isotope Laboratories (Andover, MA). All
the protein. In the absence of such a structure, we presenbther chemicals used were from local manufacturers such
studies on overlapping, synthetic peptide fragments derivedas Ranbaxy and E. Merck, India.

from the sequence of EmrE. The choice of peptides was Peptide Synthesis and PurificatioReptidedH1, H3, A,
made to provide sequences of two complete, predictedB, and C were synthesized on a LKB-Biolynx 4175
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semiautomatic peptide synthesizer using standard Fmoc (9- 80
fluorenylmethyloxycarbonyl) chemistry. PeptidBsand C

were assembled on PAC-PEG-PS resin, and peptitles

H3, andA were synthesized on a Fmoc derivatized poly-
dimethyl acrylamide resin, PR500. Following complete
synthesis, the N-terminus &f1 was acetylated by standing

in an equimolar mixture of acetic anhydride/acetic acid for
5 h. Peptide® andC were simultaneously cleaved off the
resin and deprotected using a cleavage cocktail containing
trifluoroacetic acid (TFA), 5% anisole, and 1% ethane dithiol
(EDT). PeptideH1, H3, andA were cleaved off the resin
and deprotected in two successive steps: cleavage was
achieved by treating the resin with a solution of 10% TFA
in dichloromethane (DCM) for 1.5 h. The resin was then 40 ; ‘ '

filtered off, the TFA/DCM mixture was evaporated in vacuo, 20 20 20

and a deprotection cocktail of 94% TFA, 5% anisole and Wave'?"gm fom)

1% EDT was added. Peptides assembled on the PR500 resify'SURE 2: CD spectra of peptideldl (@), A (O), B (4), andC
(H1, H3, andA) were obtained as their acid amides, while 4) in 10 mM SDS (313 K).

peptidesB and C are free acids. Following complete
deprotection, the peptides were precipitated using ether an
purified by reverse-phase high performance liquid chroma-

tography (HPLC) on a ¢ column (5-10u, 7.8 x 250 mm) A isually classified i i d K
using water/acetonitrile/TFA gradients. The purified peptides spectra were visually classilied as strong, medium, and wea
and used to derive upper and lower distance constraints

were characterized using matrix-assisted laser desorpuon[strong: 2.0-2.5 A, medium 2.53.5 A, weak: 3.5-4.5 A).

ionization mass spectrometry (MALDI-MS) on a Kratos Hvd h ) s for th £ obtaini
Analytical (UK) Kompact Seq model, which uses a 337 nm . ydrogen exchange experiments for the purpose ot obtaining
information about hydrogen bonded residue pairs were not

nitrogen laser for laser desorption and 1.7 nm linear flight :
path. The instrument was calibrated over the low mass rangeperformed as amide protons are protected from H/D exchange
by both peptide structure and the SDS micelle, and it is

of 300—5000 Da using standard samples of known molecular ~7... P . X
weights. H1: Meae= 2643.1Mops= 2642.6 (MH'), 2664.1 difficult to distinguish between their relative effects. Hence,

“A- _ _ hydrogen bonding constraints were not used in structure
(M + Na"), 2683.4 (M+ K*): A: Mcaic = 2688.1,Mgps = : . :
2689.6 (MH): B: Mogc = 2107.4,Mops = 2108 (MH"), calculations. A total of 218, 216, and 172 distance constraints

2130.6 (M+ Na), 2146.1 (M+ K*): C: Meuxe = 2006.3, were applied to structure calculgtions performed for peptides
Mope = 2(007 1%\/)”_”] ( ) cale H1, A, andB, respectively, using DYANA 1.560). Ten
obs — . .

Circular Dichroism. Circular dichroism spectra were structures .With the Iowest energy, showing least _v_iolation
recorded on a JASCO J-715 CD spectropolarimeter. Spectramc constraints, were picked out, and a superposition was
were recorded between 250 and 195 nm (0.1 cm cell, pemidecalcum(Ed using MOLMOL &1).
concentration~100 M) at 0.1-nm intervals with a.time RESULTS
constant 64 s at 313 K and acan speed of 20 nm/min and
averaged over four separate scans. The spectra obtained were EmrE-derived peptides demonstrated poor solubility in
baseline corrected and smoothed. Peptide concentrations weraater and a range of organic solvents following lyophiliza-
determined using the molar extinction coefficient of Tyr tion. Indeed, purification of peptide3 was not possible as
(~1420 Mt cmY)/Trp (~5600 cm?). the peptide was insoluble in water and all organic solvents
NMR SpectroscopyH NMR experiments were carried compatible with HPLC, and was hence not studied further.
out on a Bruker DRX500 spectrometer. One-dimensional However, peptidesil, A, B, andC were soluble in fluoro
experiments were acquired using 32K data points and alcohols (such as trifluoroethanol (TFE)) and detergent
processed with 1 Hz line broadening. 2D experiments were solutions (such as SDS). They were hence studied in SDS
performed in the phase sensitive mode with time proportional micelles at a peptide/SDS ratio of 1:100. This ratio was
phase incrementation. The sodium salt of trimethylsilylpro- chosen to ensure that a single peptide molecule was present
pionate (TSP) in water was used to reference chemical shifts.per micelle; the aggregation number of SDS is close to 70

s
=3
L

o

[e],, x 10" [deg.cm®.dmol™)

Oapplied prior to Fourier transform in both the dimensions
and zero-filling to 2K points was applied to data in f1.
Structure Calculation.NOEs obtained from NOESY

Peptides, at a concentration of 1 mM in 10%290%H0 (62). In all studies, the concentration of SDS was above its
(pH ~ 3.0) containing 100 equiv of SDS, were subjected to critical micellar concentratior~7 mM).
TOCSY (7), NOESY £8), and DQFCOSY (9) experi- Molecular Structure of H1The far UV CD spectrum of

ments at 313 K. Mixing times of 104 and 300 ms, H1 in SDS micelles (Figure 2) is indicative of a classical
respectively, were used for TOCSY and NOESY experi- helical pattern§3) with spectral minima at 222 and 208 nm.
ments. All 2D experiments were performed by collecting 2 The CD bands are characterized by high intensity and hence
K data points in f2 and 512 data points in f1 using a spectral suggestive of a large population of structured molecules. The
width of 6009.6 Hz. Solvent suppression was achieved using helical CD pattern is consistent with the observation of many
watergate sequences with standard pulse sequences availablmide and € proton resonances at high field positions in
in the Bruker library. NMR data were processed using Bruker the one-dimensionalH NMR spectrum ofH1 (data not
XWINNMR software on a Silicon Graphics Indy work-  shown). The line-widths in the 1D spectrumldi in SDS
station. A shifted £/2) sine-squared window function was micelles are rather broad, a feature consistent with the fact
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Ficure 5: (@) Superposition of 10 best structures calculated from
NMR-derived distance constraints. (b) Ribbon representation of the

4.9 ONI v mean structure oH1. Note the continuous helix from residues
50 erreer e r eSS S 2—20. (c) Ball and stick model of the mean structureHif with
87 .6 85 84 83 €2 81 80 7.9 7.8 7.7 7.6 pm observed long-range NOEs marked [black®HINi+sH NOEs,
FicURre 3: Partial expansion of the NOESY spectrumHs with green: NH/Nj:.H NOEs]. @ atoms are not explicitly illustrated
many key GH/NH NOESs highlighted. in panel c; red arrows between two backbortea®ms represent

C%4H/CPi3H NOEs.

ppm
7.5 The establishment of long-range order is necessarily ac-
, companied by interactions between residues that are not
-6

adjacent in sequence. In helical structures, residues separated
by a single turn of the helix are brought into close structural
proximity, resulting in interactions involving both backbone
and backbone and side chain atoms. Indeed, mafiy/C
Ci+s’H NOEs [G8/L11, A9/A12, I10/E13, A12/I15, 115/T18]

and an almost continuous stretch of#/N;+sH NOEs [P2/

Y5, Y3/L6, 14/G7, Y5/G8, L6/A9, G7/110, G8/L11, A9/A12,

8.1 !
0 ;u w0 - I10/E13, A12/115, E13/G16, V14/T17, 115/T18, T17/M20,

827 0 612’" T18/K21] are observed (Figures 3 and 5c), establishing the

8.3 M‘ . .14/13 " presence of a substantial stretch of helixH.

8.4 0 r% The sequence of peptidél has a proline residue at the

. 7 ons | 1920 position 2. Strong @H(Asn(1))-C°H(Pro(2)) NOEs indicate

’ e the Asn-Pro bond to be in the trans conformation. The

8.6- 15714 o ° ’ ) obseryation of a_medium ir.1tensit.y Prot2)yr(5) QH/Ni+3H _

8.7- o6 1517 15113 NOE is supportive of the inclusion of Pro(2) in the peptide

helix.

S s s4 sz so 75 7% o The 109 observed NOEs were translated into distance
FIGURE 4: Portion of the NOESY spectrum ¢f1 illustrating a constraints for structure calculations, and DYANSO( was
continuous stretch of NH/N;H NOEs from residues-320. employed to obtain an ensemble of NMR-derived structures

for H1. Figure 5a displays the superposition [RMSD 0.84
that the system under observation corresponds to a mass faf+ 0.25) A] of 10 best structures calculated using DYANA,
exceeding that of the free peptide. The average SDS micelleand Figure 5b illustrates the mean structure obtained from
is expected to be comprised of over -6I0 detergent the superposition.
molecules §2), resulting in a large complex, slower tumbling The low value of RMSD is a reflection of the extensive
rates and hence broad lines. However, the spectrum is wellnetwork of NOEs defining protonproton interactions in the
dispersed with little overlap, enabling complete NMR sequence oH1. H1 is a continuous helix from residues
analysis of the peptide. A combination of TOCSY, NOESY, 2-20, with helical conformation initiating at Pro(2). The
and DQF-COSY experiments were utilized to obtain N—C* torsion angleg, of the-Pro residue is restricted to
sequence-specific assignments for all experimentally ob- —60° (- 20°), and as a consequence, the local conformations
served protons. of LPro are largely limited tay ~ —30° (& 20°) [ag] Or ¥

Spectra obtained from NOESY experiments revealed ~ +120° (+ 30°) [polyproline conformation]-Pro, in the
various features consistent with helical structure, such as¢ = —60° (& 20°), y = +120° (4 20°) conformation results
significantly more intense intraresidug*8/N;H NOEs as in helix termination (64). HowevetPro, in thep = —60°
compared to the corresponding interresid4ell;+;H NOE (£ 20°), p = —30° (£ 20°) conformation, is compatible
(Figure 3). In addition, a continuous stretch of sequential with helical structure, and hence, it is not surprising that
NH/NH NOEs (Figure 4), from residues-20 [Tyr(3)—Met- forms an extended helix ranging from residues Pro{@gt-
(20)] were observed, as well as manyH\WN;...H NOEs [A9/ (20).

L11, E13/115, 115/T17, T17/L19 AND L19/K21], strongly The experimentally obtained helix limits ¢f1 (Figure
indicating local helical ¢g] conformations at these residues. 5) correlate remarkably well with the predicted helix
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Ficure 6: Partial expansion of the NOESY spectrum/Aofwith
several key @H/N;+sH NOEs marked. 8.3
boundaries of TMS1 in EmrE (Figure 1, top). While the
hydrophobic stretch comprising residuesZD of peptide s.s#

H1 is expected to insert into the micelle core and, as a 8.5 8.4 8.3 8.2 8.1 8.0 7.9 7.8 7.7 7.6 ppm
consequence, adopt helical conformation, such an observaficure 7: Portion of the NOESY spectrum & illustrating the
tion, nevertheless, corroborates the application of membranepresence of NH/N4H NOEs.

mimetic environments such as detergents to the study of
transmembrane peptides and proteins.

Solution Conformation of Peptide Athe sequence of
peptideA corresponds to the upper half of TMS1, the long
loop succeeding it, and the upper half of TMS2 (Figure 1),
forming a potential helixloop—helix motif. This is reflected
in the far-UV CD ofA, which is very similar to that oH1
(Figure 2), and displays an intense helical signature.

(a} (b)

High-resolution NMR techniques were applied to the r@
structure determination of peptidd in SDS micelles. \&*ﬂ\;}x

Sequence-specific residue assignments were obtained from
TOCSY, NOESY, and DQFCOSY experiments. As in the /r,gé
case oH1, the NOESY spectrum ok reveals strong CH/ Ficure 8: (a) Superposition of 10 best structures obtained from
NiH, weaker ¢*H/Ni1H (Figure 6), and many strong NH/ structure calculatignspusing DYAN/AQ). (b) Ribbon representation
Ni+sH NOEs [G3/T4, T4/T5, L6/M7, M7/K8, K8/F9, F9/ of the mean structure f&k. Note the presence of two distinct helical
S10, G12/F13, F13/T14, T14/R15, R15/L16, L16/F17, S19/ segments interspersed by an unstructured region. (c) Backbone of
V20, V20/G21, G21/T22, T22/W23, W23/124] (Figure 7), peptideA with observed NOEs marked [black:%€/N;+sH NOEs,
signifying the presence of local helical conformations. red: CiH/C/iisH NOEs]. Again, @ atoms are not explicitly
Observation of many @H/NissH [G3/L6, T4/M7, T5/Kg,  llustrated in panel c.
L6/F9, M7/S10, S10/F13, E11/T14, F13/L16, T14/F17, L16/ E11, F9/G12, G12/R15], and*®l/Cis’H [K8/E11, F9/G12]
S19, F17/V20, P18/G21, S19/T22, V20/W23, G21/124] and NOEs (Figure 8c), implying residues—82 to be less
Ci*H/Ci15’H [T4/M7, T5/K8, L6/F9, M7/S10, S10/F13, G12/  structured than the rest of the peptide.
R15, F13/L16, T14/F17, R15/P18, L16/S19, F17/V20, V20/  Figure 8c is a schematic representation of observed NOEs;
W23] NOEs throughout the peptide sequence further attestsnote the clustering of long-range NOEs in N- and C-terminal
to peptideA possessing a long stretch of helix (Figure 8c). segments oA with a less well-defined internal stretch. This

The sequence of peptid@ contains a Pro residue at is reflected in the collection of structures calculated Aor
position 18. Strong Trp(17)E&/Pro(18)CH NOEs confirm using DYANA (60): Figure 8a (a superposition of 10 best
that the Trp-Pro bond is in the trans conformation. The structures, RMSD 1.3H{ 0.59) A for residues 1:322) and
observation of long range, weak Arg(15)/Pro(18yH2 Figure 8b display two distinct helical segments (residues 3
Ci+5’H and Pro(18)/Gly(21) @H/Ni+sH NOEs establish that  and 13-22) separated by a less structured region (residues
the proline residue is accommodated in the helix. The 8—12)—a helix-loop—helix motif. It is pertinent to note that
incorporation of Pro into transmembrane helices is wide- the extreme residue redundancy in the sequence of EmrE,
spread and has previously been observed in many integraland hence the synthetic peptides, precludes the reliable
membrane proteinsp). assignment of long-range side chaside chain NOEs

A combination of NH/NyH, C®H/Ni+sH, and G*H/ involving residues in the N- and C-terminal helical segments.
Ci+H NOEs are essential to accurately determine the In the absence of such defining interactions, the structure of
perpetuation of helicity along the entire peptide sequence. peptideA does not converge into a helical hairpin as desired
Scrutiny of the NOESY spectrum #f disclosed the absence in the context of the protein structure and must merely be
of several key NH/NH [S10/E11, E11/G12]*B/N;sH [K8/ characterized as a helibtoop—helix motif.
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Comparison of the experimentally derived structures of
peptidesH1 and A with the predicted helices of EmrE
indicate many interesting correlations. The sequence motif
-VIGTTLMKFSE- is common to peptidesll and A, and
strikingly, this sequence adopts similar conformations in both
synthetic peptides: the -GTTLM- segment is helical, while
-KFSE- is unstructured in both cases. While the above

3.
ER
3.
3.

structural demarcations are perhaps not entirely unexpected **

4.3

in the case ofH1, the observation of a centrally located

unstructured region connecting two helical segments augurs **

4.5

well for the application of synthetic peptide studies for the

deduction of protein structure and suggests that, as predicted,

TMS1 terminates at residue M(21) [protein numbering]
(Figure 1, top). However, the C-terminal helical segment of

i

n Y A
h L

4.0

4.1
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A (residues 1322) (peptideA numbering, Figure 8) does
not agree with the boundaries of TMS2 as predicted in the
helical bundle model (Figure 5.1, top); the peptide helix
extends N-terminally to four more residues than predicted ppm
for TMS2. This could be because the positively charged , ,_
Arg(15) residue interacts favorably with the negatively
charged surface of the micelle, inducing local helical 7
conformation and extending the peptide helix to Phe(13). 4.
However, a longer transmembrane segment 2 is hardly
incompatible with the four helix bundle model and merely
requires this segment to be tilted at a greater angle to the 7.
membrane normal to accommodate more residues in the
hydrophobic bilayer and to permit the arginine residue
(Arg(29), EmrE numbering) to interact with the negatively
charged head of the phospholipid groups. In the absence of
experiments such as the effect of micelle-incorporated spin
labels on signal broadening, which directly assay the
positioning of various residues in the detergent micelle (in
the hydrophobic core, at the surface or in bulk solved)(

67), such an interpretation must merely remain a hypothesis.

NMR Determined Structures of Peptides B and C in SDS 8-
Micelles.The sequence of synthetic peptB¢dRGQYLAY- ..
IPTGIAYAIWGR] is designed to correspond to the lower
portion of TMS2, the tight PTG turn, and the lower portion Ficure 10: Portion of the NOESY spectrum &fillustrating the
of TMS3 in the four helix bundle model, and to putative Presence of sequential NH/NH NOEs.
hairpin 6 in thes-barrel model. Peptid€ [RGQYLAYIP-
PGIAYAIWGR], which differs from B only in the turn
segment (the PTG motif has been substituted W), can
serve as a control peptide in structure determination studies.
Analysis of the CD spectra @ andC indicates peptid®&
to be in helical conformation, although with greatly reduced
signal intensities as compared to peptitdsandA (Figure
2). The CD signature o€ is very similar to that ofB,
although careful inspection reveals contributions from an
additional band between 215 and 220 nm (Figure 2), i
suggesting the presence @turn conformations. ' i

NMR analysis (Figures 9 and 10) & again resulted in
the observation of many NOEs consistent with helical
structure [intense €H/NH, weak G*H/N;+1H, and many
continuous NH/N.;H NOEs]. Medium and weak intensity
Ci“H/Ni+sH and G*H/Ci+#H NOEs (Figure 11c) confirm
the helical nature of peptid®. Structure calculations resulted
in an ensemble of structures for peptBl¢Figure 11), with

FiIGURE 9: Portion of the NOESY spectrum & illustrating the
various CH/NH correlations observed.
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Ficure 11: (a) Superposition of 10 best structures of pepide
calculated using DYANA §0). (b) Structure of peptidd. (c)
Schematic diagram of the peptide backbone with observed NOEs
marked [black: @H/Ni+sH NOEs, red: @H/CFi.3H NOES].

Comparison of the NOESY spectra of peptidandC
reveals many differences of structural significance: (a) The
pattern of strong intraresidug®&/N;H and weak interresidue
residues lle(8)lle(16) forming a continuous helix (RMSD  Ci*H/N;+1H NOEs observed in the NOESY spectrumbf
0.79 @ 0.22) A). Pro(9) is again accommodated in the (Figure 9) is absent in peptidg (Figure 12). Indeed, the
helical segment, as evinced by the observation of a weakcorresponding correlations are of almost equal intensity. (b)
Pro(9)/1le(12) G*H/Ni+sH NOE. ThePPro(9)-Gly(10) G*H/Ni;+1H (Figure 12) and Gly(10)/
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Ficure 13: NH/NH region of the NOESY spectrum of pepti@e
Presence of many NH/NH NOEs indicates local helical conforma-

tion.

lle(11) NH/NH correlations irC (Figure 13) are significantly
intense, suggesting the formation of a type/turn. The
correspondingPro(9)-Thr(10) NOE inB (Figure 9) is weak

in intensity. (c) The structurally relevant,°€i/N;,sH and
Ci“H/Ci+#"H NOEs which are a feature of the NOESY
spectrum ofB (Figure 11c) are conspicuously absent in the
spectrum of peptid€. This suggests that while much local
helical conformation is imposed on the residue€afue to

prm
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Ficure 14: The four helix bundle model with predicted helix
boundaries of TMS 1, 2, 3, and 4 colored blue, red, green, and
violet, respectively. The sequences of synthetic peptidiesand

H3 are highlighted as bold residues on the protein sequence, while
those of A and B are demarcated by arrows. Experimentally
observed peptide structures are arranged on the right to match the
four helix bundle model, with predicted helix limits superposed as
colored boxes.

studies, with helical conformation observed between residues
8—16. The desired structure for peptiBe as suggested by
the four helix bundle model (Figure 1, top), is a helbarn—
helix motif, with helical stretches involving residues
GIn(3)—Ile(8) and lle(12)-Trp(17). The observed structure
for peptide B incorporates the PTG motif in the single
calculated helix. It is possible that the presence of N- and
C-terminal arginine residues may prevent the insertioB of
into the SDS micelle in the desired hetiturn—helix
conformation and hinder accurate determination of helix
termini.

DISCUSSION

The studies presented here suggest that the structural
analysis of synthetic peptide fragments of membrane proteins
in membrane-mimetic environments can be utilized to
provide information about protein structure. NMR studies
of peptides derived from EmrE in membrane-mimetic
micellar environments show that peptidd$, A, andB are
clearly helical and have resulted in strong indications of helix
boundaries. Hence, mapping of the NMR derived structures
of the synthetic peptides onto the sequence of EmrE permits
the partial reconstruction of protein structure (Figure 14),
indicating that the synthesis of the entire EmrE sequence as
a series of overlapping peptides might indeed result in a
three-dimensional model. Such an approach may, however,
be limited by the insoluble nature of chosen fragments.
Indeed, in the present study, we were unable to structurally
characterize peptidel3 because of its total insolubility.

PeptideH1 bears a centrally located glutamic acid residue
(Glu(13),H1 numbering), which has been implicated in the
functioning of EmrE 10, 68). Indeed, it is the only charged

the hydrophobic core of the detergent micelle (attested to residue predicted in the entire protein sequence to be present

by the many NH/NH NOEs, Figure 13), tR@ro—Gly motif

interrupts the formation of a continuous helix.

Unlike its L-counterpart, thBPro residue with its positive
value of ¢ cannot be accommodated in the peptide helix.
However, in peptideC, it has not succeeded in translating
the localp-turn conformation into a full fledgegd-hairpin,

wholly in the hydrophobic core of the membrar&s); H1
forms an extended helical structure from Pro{R)et(20)

and the highly nonpolar nature of the sequence implies that
this stretch traverses the core of the SDS micelle, exposing
Glu(13) to the interior of the micelle. However, the accom-
modation of a charged residue in the membrane interior is

suggesting that the constraints of the micellar environment energetically unfavorable, and it has been suggested that in

overwhelmingly dictate the formation of helical structure.

the functional EmrE oligomer1Q) this residue (Glul4,

Also, correlation of the experimentally observed boundaries protein numbering) is present in the lumen of the translocase
for peptideB with the predicted structure is not as easily pore.

achieved as for peptidddl and A. PeptideB is certainly

It is pertinent to note that characterization of secondary

helical in the SDS micellar environment utilized for structural structure in membrane-mimetic environments can lead to
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