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EmrE is anEscherichia colimultidrug transport protein that confers resistance to a wide range of
toxicants by active transport across the bacterial cell membrane. The highly hydrophobic polytopic integ-
ral membrane protein has been purified and studied in its full-length form by high-resolution NMR
spectroscopy in a mixture of chloroform/methanol/water (8;®y vol.). Full activity is maintained after
reconstitution of the protein into proteoliposomes from this solvent mixture. A series of heteronuclear
("H-"*N) two- and three-dimensional experiments, as well as triple resonance experiments, were applied
to the 110-residue protein and led to the assignment of'the'*N and a large part of th€C backbone
resonances as well as many of the sidechain resonances. A preliminary analysis of the secondary structure,
based on sequential NOE connectivities, deviation of chemical shifts from random coil valugh,and
coupling constants supports a model where the protein forms ddelices between residues-26
(TM1), 32—-53 (TM2), 58-76 (TM3) and 85-106 (TM4). For the residues of helices TM2 and TM3 a
significant line broadening occurs due to slow conformational processes.
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Transporters are essential for creating and maintaining the tion of multiple conformations is needed for proper translocation
different composition of the cell interior relative to the exteriorof substrates by transport proteins, a phenomenon which is not
They are essential in sustaining life and for adaptation to easily accessible to X-ray crystallography.
changes in the environment. In humans their malfunction results The introduction of NMR spectroscopy as an alternative
in diseases, e.g. cystic fibrosis and cystinuria and they can also method for protein structure determination at atomic resolutior
be responsible for the failures in drug therapy, e.g. multidrugas led to a significant increase in the number of known protein
transporters can be responsible for the difficulties encountered structjrés Jaddition to providing structural information,
in cancer chemotherapy and for resistance of microorganismsNMR has emerged as a powerful method for the study of protein
antibiotics. dynamics, an understanding of which is valuable in attempting

The next crucial step in the study of the function of sucko correlate structure with function. Three- and four-dimensional
transporters requires high-resolution structural information heteronuclear NMR spectroscopy of isotopically labeled
which is, as yet, not available. Elucidation of their structures arshmples make it possible to study proteins of molecular masses
relating structural and functional information presents a major up to 30 kDa and more (for reviews see [2, 3]). However, to
challenge to the biochemist and the structural biologist and is déte it has only been possible to subject a few integral mem-
utmost importance for the development of transport inhibitors  brane proteins to NMR analysis, e.g. the suburit, AoPF
for clinical applications. There are inherent problems in growtlynthase [4 7], bacteriophage IKe major coat protein [8] and
of crystals from membrane proteins as they are often only solu- fragments of bacteriorhodop8]n\®ry few membrane pro-
ble in detergent solution. The detergent covers the hydrophol@ns can be studied by high-resolution NMR, partly because of
regions of the membrane protein surface, while the polar re- their size, but above all because of the size of the detergen
gions, needed for the proteiiprotein contacts which establish micelles needed for solubilization (for reviews ség,[12]). The
a three-dimensional crystal lattice, are small and also partly cov-  optimization of solvent conditions also presents a major chal-
ered by detergent. In addition, it has been suggested that adigmge [13]. Another attempt is to study membrane proteins under
- anisotropic conditions like oriented lipid bilayert?], 14, 15] or
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Escherichia colimultidrug resistance protein E; HSQC, heteronuclede protein from.the organic splvents into proteoliposomés [2
single-quantum coherencd;, transverse relaxation time; TM, putative AN NMR study in a very similar solvent system has been re-
transmembrane helix; MyGroPCho, dimyristoylglycerophosphocho- cently carried out with subunit ¢ of the i, ATPase [4-7]. The
line; solvent A, chloroform/methanol (1, by vol.). F, complex, which provides a translocation pathway for, ks
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a heterooligomer composed of two other polypeptides (subunits  previously descrihedd added. To 30 ml membrane sus-
a and b) and about0—12 copies of subunit c. The structure ofpension,120 ul membranes containing®S]JEmrE (3.4ug pro-
monomeric subunit ¢ has been determined in organic solvents tein/ml, 28000l )cwae added. Extraction was performed by
as two antiparallek-helices [7] and it was shown that the pro-addition of 500 ml chloroform/methanoli {1; solvent A) in a
tein was folded in a way which retains biochemical properties 2-1 separatory funnel. After thorough mixing, the suspension
observed in the native,;feomplex [5]. was kept for15 min at 4°C, an additional aliquot oftl00 ml
EmrE is a homooligomer that confers resistance to a wide water was added and kept for &daother Finally 250 ml
variety of toxicants by actively removing them from the celkolvent A were added, followed by mixing and by an additional
in exchange for protons [2022]. It is a highly hydrophobic  aliquot of 50 ml water. The mixture was incubated at room tem-
12-kDa protein which has been purified taking advantage of ifgerature until the organic lower phase became completely clear.
unigue solubility profile in organic solvents. Hydrophobicity The lower phase (about 400 ml), containing partially purified
analysis of the sequence yielded four putative transmembragmrE, was collected and stored at room temperature.
domains of similar sizes [20]. Results from transmission Fou- Purification of EmrE on hydroxyapatite. To allow for
rier-transform infrared measurements agree well with this hpinding of EmrE to the resin, methanol (0.5 vol.) was added to
pothesis and yielded-helical estimates of 78% and 80% for the extract. The hydroxyapatite column was prepared from about
EmrE in chloroform/methanol and dimyristoylglycerophos5 g resin (High resolution, Calbiochem) which results in a
phocholine (MysGroPCho), respectively [23]. Furthermore, the  20-ml column (2.5 cm width). The column was washed with
fact that most of the amide groups in the membrane-bound prbvol. of each of the following solvents: chloroform/methanol/
tein do not undergo amide proton H/D exchange implies that water (3;3ure methanol; pure chloroform; chloroform/
most =80%) of the residues are embedded in the bilayer. methanol (21); chloroform/methanol 1:2). The extract was
Here we report the overexpression and purification of EmrE  loaded on the column at low flow rate, and the column was
and the assignment of thél, '*°N and a large part of th€C immediately washed with 2 vol. chloroform/methantiZ, then
backbone resonances as well as many of the sidechain resat, finzily 1:2). EmrE was eluted with 3 vol. chloroform/meth-
nances from a series 61C or *N edited 3D spectra. The analy-anol/water (3:31). Fractions were collected and radioactivity
sis of the secondary structure is based on the NOE pattern of was measured. Appropriate fractions were pooled and kept «
the® N NOESY-HSQC spectra, HN, & Ca and G=0 chemical —70°C.
shifts and®Jun.w. coupling constants. Delipidation on a Sephadex LH20 size-exclusion column.
About 80 g LH-20 lipophilic Sephadex (Pharmacia Biotech)
were resuspended and washed with solvent A. The resin was

MATERIALS AND METHODS used in a reusable 400-ml column (9835 cm). The column
was kept in solvent A and reequilibrated witH solvent prior

Cell growth, induction and preparation of membranes. to use. The pool from the hydroxyapatite column (up to 20 ml)
Escherichia coliTA15 I? cells bearing plasmid pKK56 2 was loaded on the Sephadex LH-20 and eluted with solvent A at
were grown in minimal medium A supplemented with thiamira flow rate of 2 ml/min. As estimated from radioactivity, EmrE
(2.5pg/ml), ampicillin (01 mg/ml) and glycerol (0.5%) in typically eluted in the fractions betwédf—180 ml. Phospho-

12-1 batches. These cells are auxotrophs in wheioirEis under lipids were qualitatively estimated using Primulin (Sigma Chem-
control of thetac promoter in an ¢ background. Cells were icals Co.) for detection on TLC plates with dioleascero-
grown at 37C to anAsy . Of @about 0.7-0.9 and isopropyf- phosphoethanolamine as a standard. The main phospholipid
D-thiogalactopyranoside was then added to a final concentration  peak started to elute at around 300 ml but a small amount (abot
of 0.5 mM. After 2 h, cells were collected by centrifugation an&% of the total lipid) always eluted with EmrE. The proper frac-
washed in lysis buffer (250 mM sucroskh0 mM choline chlo-  tions were pooled and kept-af0°C until further processing.
ride, 10 mM Tris/HCI pH 7.5, 0.5 mM dithiothreitol and 2.5 mM For drying, the sample was kept in a<®@water bath and dried
MgSQ,). At this stage the cell pellets can be kept-af0°C  with a gentle stream of argon to about 9ol. If turbidity devel-

until further processing. For preparation of membrane vesiclesped during drying, a few drops of chloroform were added. At
the cells were thawed and resuspended in lysis buffer (6 ml/g this stage the sample was transiebred Bppendorf tubes
wet mass) containing DNase | 8 pg/ml. The cells were bro- and the drying process was continued, adding chloroform as
ken up by two passages through a French pre$8@&MPa. The needed to prevent turbidity. The final 0.5 ml was dried on a
membrane vesicles (together with a small percentage of unbspeedvac to complete dryness. The sample was kep7@tC.

ken cells and cell debris) were then sedimented by centrifugation SDS/PAGE. For analysis of EmrE in SDS/PAGE, the

at 2100009 for 90 min at £C. The pellet was resuspended irsolvent was dried and the protein was resuspended in sample
lysis buffer to a concentration of0 mg protein/ml (approxi- buffer and analyzed6% gels as described [24].

mately 1.5 ml/g wet cells). The membrane suspension can be Protein determination. This was performed essentially as
kept at—70°C till further processing. described in [25].

For 'N-labeling of EmrE the ammonium sulfate in the NMR experiments. All 3D NMR experiments were per-
growth medium was replaced with*lllammonium sulfate formed at 300 K on a four-channel Bruker DMX750 spectrome-
(Sigma Chemical Co.) at 0.29 g/l. For labeling also witl, ter, equipped with pulsed-field gradient accessory and a triple
glycerol was replaced with-['*Cg]glucose (Martek Biosciences resonance probe. Some spectra for optimizing sample conditions
Co.) at 0.9 g/l. When labeling with deuterium, the medium wasere recorded on a similarly equipped Bruker DMX600. Proton
prepared in 75% deuterated water (Martek Biosciences Co.). chemical shifts were referenced to internal tetramethylsilane, ni
Cell growth was half that in unlabeled medium and the yield dfogen and carbon chemical shifts in terms of the frequency ra-
EmrE also about half. ti@ [26]. Carrier positions used wete6.5 (°N), 175.0 (3C=

Extraction of EmrE with chloroform/methanol. For selec- O), 56.0 (3Ca), 41.0 (**Ca/f) and 4.75 ppm'H). In all 2D and
tive extraction of EmrE, the membranes were extracted with a 3D experiments with amide proton detection, pulsed-field gradi-
mixture of chloroform and methanol. To allow for rapid detecents were used for coherence pathway selection with sensitivity
tion of EmrE in the various fractions, tracer amounts of enhancement [27, 28] using the echo/antiecho technique [29,
[®*S]methionine-labeled EmrE, prepared from cells labeled &9]. The numbers of complex points and sweep widths in the
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Fig. 1. Purification of EmrE. (A) Hydroxyapatite column. After loading the extract, the column was washed Midhml| of various mixtures of
chloroform and methanol as described under Materials and Methods. At this point elution was performed with a mixture of chloroform/methanol/
water (3:31). The three fractions with the highest radioactivity were pooled. The shoulder with abétitof the radioactivity was discarded
because of the impurities it contained. (B) Sephadex LH20: The lipophilic Sephadex was used to delipidate EmrE. The peak of the lipids in this
column was detected starting 880 ml. (C) SDS/PAGE analysis of different stages of purification. Lane A, total membrafesgy (protein) after
induction with isopropyls-p-thiogalactopyranoside ; lane B, chloroform/methanol extract of above membranes contaigiegmrE as estimated

from radioactivity levels; lane C, EmrH (1g) after purification on hydroxyapatite (the small amount of polypeptide with a larger apparent molecular
mass is a dimer of EmrE, as judged from the fact that it is also labeled #&hjethionine; this aggregation in SDS/PAGE is typical of membrane
proteins and is increased if the sample is boiled); lane D, Ermiigj after delipidation on a Sephadex LH20 column. (D) Transport‘@f]fethyl

viologen: Proteoliposomes containingl®M NH,CI and reconstituted with purified EmrE (270 ng/reaction) were diluted into an ammonium-free
medium and assayed as previously describedl [2

amide dimensions were13 points12.0 ppm for'H and 46 corded with an unlabeled protein samipe(F,) 925 points/

points/25.0 ppm for'*N (unless otherwise noted). Quadratured2 ppm;'H (F,) 2048 pointsi2 ppm (128 transients)>3Jy..u.

detection in the other indirectly detected dimension was accom-  coupling constants were determined from the HNHA spectrum

plished using the States-TPPI method [33]. Tfé dimension as described in [37].

in the HNCA, HNCO, H(CCO)NH and C(CCO)NH experiments Heteronuch®d{'H} NOEs were measured using the pulse

was recorded in a constant-time mannet][3 sequence of Barbato et al. [44]. In this set of experiments one
The following numbers of complex points and sweep widths  spectrum was acquired with 3-s proton presaturation (i.e. no

were employed in the experiments used in the present stud$iN{'H}-NOE build-up) and another spectrum was acquired

2D 'H-*N-HSQC with water flipback [32]!°N (F,) 256 points/  without proton presaturation for reference. Both experiments

25.0ppm, NH F,) 512 pointsi2.0 ppm (6 transients); were repeated and the results were averaged to reduce the exper-

TOCSY-HSQC [33] with a 60-ms DIPSI-2 mixing period [34], imental error. NMR spectra were processed using the programs

H (F,) 72 pointsi2.0 ppm (6 transients) ; NOESY-HSQC with UXNMR and AURELIA (Bruker) and the software package SY-

mixing times of 40 ms and00 ms [35, 36],'H (F,) 100 points/ BYL (Tripos Associates, Inc.). For the indirect dimensions linear

12.0 ppm (6 transients); HNHA [37],"*N (F,) 20 points/ prediction, zero filling to the next power of 2 and apodization

25.0 ppm,'H (F,) 90 pointsi2.0 ppm (32 transients); HNHB with a 98hifted squared sine bell were used. In the direct

[38], 'H (F;) 40 pointsi2.0 ppm (32 transients). All of these dimension zero filling to1024 points, apodization with a 80

experiments were recorded on uniforniiN-labeled samples, shifted squared sine bell and baseline correction were applied.

whereas uniformly3C/**N-labeled samples were used for: CT-

HNCA [39], **C (F,) 56 points/26 ppm 16 transients); CT-

HNCO [39] *C (F,) 76 pointsi6 ppm (8 transients); HCCH- RESULTS

TOCSY [40], '3C (F,) 56 points/36.5 ppm!H (F,) 74 points/

5.5 ppm'H (Fs) 512 points/7.0 ppm (32 transients). A 75% deu-Overproduction and purification of EmrE. The overproduc-

terated uniformly'*C/**N-labeled protein sample was used tdion step and the selective extraction with organic solvents are

record a C(CCO)NH [4] experiment [°C (F,) 45 points/60 ppm  crucial for purification of EmrE to homogeneity. As with most,

(64 transients)] and an H(CCO)NH [42] experimenit] [(F,) if not all, membrane proteins, overproduction of EmrE inhibits

48 pointsi2 ppm (64 transients)]. Additionally a 2D NOESY cell growth. Therefore, a tightly regulated expression system has

spectrum with WATERGATE [43] water suppression was rebeen used. This system is based on tdeepromoter in a cell
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Fig. 2. 750-MHz *H-**N-HSQC spectrum of EmrE. A 1-mM solution of [U-*N]JEmrE in CDCKCD;OH/H,O (6:6:1, by vol.) plus 200 mM
ammonium acetate (pH 6.2) at 27 was used. The assignments for the amide prototiogen pairs are indicated. Sidechain amino group signals
are marked by horizontal lines. The highly overlapped region in the center of the spectrum has been enlarged in the dotted zoomed box.

Table 1. Purification of EmrE. The amount of radioactivity in whole cells was estimated after precipitation with ice-cold trichloroacetic acid (5%).
Other detais are explained in the text.

Fraction Volume {*S]Methionine  Protein Specific activity Yield Purification
ml cpm mg cpm/mg protein % -fold

Cells 1.5X10° 3500 428 100 1

Membranes 17.0 1.2X10° 320 3750 80 8.8

Chloroform/methanol extract 340.0 1.0x 10° 12.4 80645 67 188

Hydroxyapatite 16.8 0.9x10° 8.3 108400 60 253

Sephadex LH-20 235 0:810° 7.6 105300 53 245

expressing théac 12 repressor. Under uninduced conditions the  column. Binding to this column was very efficient and EmrE
background expression is very low and the levels of EmrE aveas not released during thorough washings with various chloro-
undetectable [£]. Upon induction, cells stop growing and high  form/methanol mixtures (9. When a small amount of

levels of EmrE are detected after 2 h as visualized on Coomasgater was added to the solvent mixture, a rapid and quantitative
sie-blue stained gels after differential extraction with chloro- elution of EmrE was detected. The main peak was collected but
form/methanol (FigiC, lane B). EmrE is differentially ex- special care was taken not to include the 3% of the peak,

tracted with this solvent mixture and, therefore, highly purified since it contained a number of impurities such as a small peptide
(compare with membranes in FigC, lane A). Using EmrE with an apparent molecular mass of 4 kDa and a polypeptide
specifically labeled withPS]methionine, we have estimated the  with a mobility slightly lower than EmrE. At this stage, EmrE
efficiency of extraction to be approximatly 80% (Talle The is homogeneous and pure as determined from amino-acid se-
total amount of membrane proteins extracted is less than 4% quencing of this preparation and, as will be seen below, from
and, therefore, a purification of more than 20-fold is obtained ianalysis of the NMR spectra. For easier handling of the sample
this step yielding a highly enriched preparation. To remove mi- and to avoid possible interference in the NMR spectra, we re-
nor impurities, EmrE was allowed to bind to a hydroxyapatitenoved the majority of the lipids associated with EmrE. This was
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g - ok H1E samples were used when the old ones deteriorated as judged
1.0 - e N g | from the decrease in the intensity of the signals in'theHSQC
v o | o s AU AR ARET spectrum.
2.0 8 ©é =8 ° @ ¢ @
- : , . 0 ® Special spectral features.The chemical shift dispersion of the
g 30 Yo &9 68 | %a NMR resonances of EmrE is very poor and many signals are
g oo BT |6 o | |¥% 3 highly overlapped. The amide proton resonances, for example,
g 40 % ag o 5@2 % o o i%{ are confined to a spectral region of orlly’ ppm, extending over
- PIHTPSHT T RSH Pl | LT YR 7.3—9.0 ppm. Also, all but one of the Hprotons resonate in
N N e the small spectral range of 3:8.7 ppm. Obtaining the highest
& ’ possible resolution was therefore crucial for success in the NMR
S 60 work, as was a careful optimization of every step in the process-
o ing of the spectra. To achieve a maximum resolution as well as
70 |{Nif | e . sensitivity, we recorded almost all spectra at 750 MHz.
L& TS BT e v Fig. 2 shows the'®N-HSQC spectrum of [USN]EmrE.
80 | O e ©o | G L ;e *&| Many signals overlap, especially in the small regioh8—
LTHY G s GoH" : 121.5 ppm inF, and 7.8-8.5 ppm inF, that contains about 40%

w4 e w6 Le7 Gys Gy9 Aml0 Ie of t'he: bapkbpne qmlde resonances. In addltlon, a substantlal
idue variation in line width and peak intensity is apparent in this
rest spectrum. The broad and very weak NMR signals were later
Fig. 3. Selected strips of thé°N-edited 3D NOESY spectrum, indicat-  assigned to residuest 375 (helices TM2 and TM3), whereas
ing the sequential assignment pathwaySequential peaks are con-the rest of the residues show sharp signals of high intensity. No
nected by lines. The sequential assignment was based mainly pCSY cross-peaks were observed for the residues with weak,

dun(i.i +1) NOEs. In case of ambiguity or overlap, the whole pattern ofy o4 signals and their signal intensity in all other spectra was
sidechain resonances was considered. also very low.

—_

. . . . Assignment strategy.Only 60% of the expected residues were
achieved with a size-exclusion column, Sephadex LH-20, aRghserved in the®N-TOCSY-HSQC spectrum. For most other
the results are shown in FigB. In this step, EmrE eluted very yesidues giving rise to a signal in tH&-HSQC, not even diago-
close to the void volume while the bulk of the phospholipidga| peaks were visible in the 3D-TOCSY. On the other hand,
were retarded enough to allow for separation without significalzcn of the105 amide protons showed several cross-peaks in
loss of material (85% yield in this step, see TableThe peak the 'sN-NOESY-HSQC spectra, although with significantly
containing EmrE was dried down as described under Materiglgyer intensity for those residues which showed no peaks in the
apd Methods tak!ng the precautions described in d'etall Pr®OCSY spectrum. Because of the lack of information, we were
viously [45]. At this stage, purified EmrE was reconstituted it aple to perform the sequential assignment from these two
membrane vesicles and tested f#pH-dependent'{Clmethyl spectra according to the commonly used strategy [46].

viologen uptake. Rates of about 890500 nmol - min' - mg To circumvent these problems, we recorded an HNHA
protein' (at pH 8.5, methyl viologen concentration ofgpectrum, known to be less sensitive to chemical exchange pro-
18.75uM) were observed (for an example see Ri). cesses than experiments based on the TOCSY transfer. The

cross-peak intensity in an HNHA spectrum depends on the
Sample preparation. Our initial NMR experiments were de- 3Jy,., coupling constants which are expected to be compara-
signed to optimize protein solubility at the concentrations and tively low for residues in helices, and on the HSQC peak inten-
temperatures required for recording NMR spectra. Achieving reity. Nevertheless all of the residues of the problematic helices
producible solubility and stability at these concentrations was showed cross-peaks in this spectrum, although some were ver
difficult and required some compromises. Several uniformiyweak. Based on this data, we were able to assign alptdton
*N-labeled samples were prepared to optimize the conditions resonances. Also more than 90% @fptbeols could be
with respect to sample stability, resolution and signal intensigssigned from an HNHB spectrum. Sequence-specific assign-
by recording'>N-HSQC spectra. Various solvent mixtures, pH, ment of spin systems was achieved using interresidual NOEs.
salt composition and concentrations were tested. Finally stalideie to the highly helical nature of the protein, thN-NOESY-
protein concentrations as high # mg/ml have been achieved HSQC spectrum shows a large numtig(ioif+ 1) connectivi-
in a mixture of chloroform/methanol/water (6:6:by vol.) in- ties between sequential amides, although many of them overlap.
cluding 200 mM ammonium acetate pH 6.2. During all sample  Ambiguities due to overlapping or low-intensity signals were
manipulations, we observed a loss of signal intensity fof#Ne reduced by careful inspection of the whole NOE pattern, taking
HSQC peaks with every step, even for samples kept at experi- into account the large numdhg(i,iof 1) and d,(i,i+3)
mental conditions. After a few weeks, NMR signals are noonnectivities as well as NOEs from amide protons to sidechain
longer observable and the sample shows no biological activity, protons of adjacent amino acids, as shown in Fig. 3. Addition-
although no visible precipitation occurs and the protein seemsadly the spin systems and typical chemical shifts of some amino
be completely dissolved. The signals in tAd-HSQC spectrum  acids, such as glycine and alanine, were taken into account in
vanish within several days without changing their shape or posiemparison with their known position in the protein sequence.
tion and without any new resonances appearing. By optimizing Based on this strategy, it was possible to achieve complete se
the sample conditions, we managed to slow down this procegpsential assignment for all residues with exception of proline.
sufficiently to give us almost stable sample conditions for the Assignment of backBBnesonances was attempted in
duration of an NMR experiment. In general, every sample coutatder to allow comparison of £and G=O chemical shifts to
be used for recording NMR spectra for a term of one or two random coil values. In addition, assignment of both backbone
weeks. This is quite a short time for an NMR structure determand sidechairi*C resonances would allow the analysis'&E-
nation, but it is sufficient to record 2D and 3D spectra. Fresh edited NOESY spectra. Such spectra would be very helpful for
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Fig. 4. Summary of the sequential and medium-range NOE connectivities antly,.., coupling constants for EmrE. NOE signals typical for
a-helical proteins are shown®() 3Jy..n. <4.5Hz; ©O) *Juwnn. > 4.5 Hz. The results of the hydrophobicity analysis are also listed, and position of
the helices determined in this study marked asiHMM4. The previously predicted helical regions do not completely match the helical assignments
based upon our NMR results, especially for helix TMvhich has an additional amphipathic part.

achieving additional structural information, especially for eval-  sler, H., unpublished results). The deviation of chemical shift for
uation of interhelical long-range contacts. In order to achieve dne HN, Hx, Ca resonances for EmrE from these values is shown
assignment for the backbon® resonances, we recorded a 3D in Fig. 5. As@random coil shifts were not determined in
HNCO and a 3D HNCA experiment with a uniformi§C/'"®N-  this study, we show a comparison with the shift values from [38]
labeled sample. Unfortunately, in these spectra again we ob- in this figure. Amide pret@afd especially €resonances
served only very weak signals for residues of the helices TMite shifted upfield, whereasarotons are shifted downfield
and TM3. We were therefore able to assign only approximately  almost throughout the entire sequence, indicating a helical struc:
80% of the backbon&C resonances, mainly for the residues ofure. The chemical shift values approach the random coil values
helices TM and TM4. The HNCA additionally allowed us to  at the end of the sequence and in the areas where loops or turns
confirm the sequential assignments in cases where an interresidtween the helices are expected.
ual and a sequentialddeak were visible. AdditiondH as well The exact positions of the beginnings and ends of the helices
as a partial'*C sidechain assignment was achieved from acould be determined only from a combination of sequential
HCCH-TOCSY experiment, recorded with a uniformC/'*N- NOEs, chemical shift information, coupling constants and an
labeled sample and from an H(CCO)NH and a C(CCO)NIdxtensive consideration of all available NOE connectivities. The
spectrum, recorded with a 75% deuterated and unifori@y first residue of helix TM cannot be determined precisely from
*N-labeled sample. sequential and medium-range NOE connectivities alone. Due to
the extremely high overlap of thed+esidues of Tyr4, Leu7,
Evaluation of secondary structure.Information about second- Gly8, Gly9 and Al40 it is not possible to assign typical sequen-
ary structure from NMR data can be obtained from a qualitatiigal and medium-range NOE connectivities for these residues.
analysis of NOE interactions afd\y., coupling constants [46]. The first sequentiati,(i,i+3) NOE that could be assigned un-
Fig. 4 summarises the observed NOE connectivities and casmbiguously was from Il to Gly8. Although residues 46
pling constants for EmrE. A specific pattern of sequential anshow comparatively high coupling constants, inconsistent with
medium-range NOE cross-peaks and coupling constant charggrelical secondary structure, the chemical shift deviation clearly
teristic of a-helices is observed, i.e. strodgy(i,i+1), d.u(i,i+3) indicates that they are part of the helix. Chemical shift devia-
and in some cased,(i,i+3) andd,y(i,i+4) NOEs and®Jy,w. tions also show a disruption in the helix for Gly8 and Gly9, not
coupling constants below 4.5 Hz. This pattern defines four hekurprisingly as sequential Gly residues are not likely to partici-
ces of approximately equal length, and can be established geate in an ideak-helix. Thus it seems likely that the first helix
spite the overlap of many signals. In fact, more problems wetggins at Tyr4, although it may be irregular in nature over its
encountered in characterising the loop or turn regions betwefist four residues.
the helices. Thr28 is the last residue of TMIt showsd,(i,i +3) connec-
Secondary structure elements are commonly confirmed liyities to the preceding turn of the helix, especially to Glu25,
characteristic deviations of backborte and '*C chemical shifts whereas such signals are missing for the following two residues.
from their random coil values [47, 48]. However, available ranfM2 begins at or just after Pro32 as establisheddhyfi,i+3)
dom coil chemical shifts have been obtained from reference pegennectivities. The determination of the position of the loop be-
tides and proteins dissolved in water. As chemical shifts strongiween the helices TM2 and TM3 was difficult, although it is
depend on solvent conditions, we developed our own shift refer-  clear that helix TM2 reaches at least to Tyr53. Because of high
ence measuring the peptides (Boc-Gly-Gly-Xaa-Leu-Gly-Me) in  spectral overlap it was not possible to decide if lle54 is the last
chloroform/methanol1(: 1) (Schwaiger, M., Riemer, C. and Kes-residue of this helix or if it is part of the small loop region
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Backbone dynamics.The dynamic behaviour of a protein can
be probed by means of heteronucl&t{ 'H}-NOE and T, and
T, relaxation experiments. While precise relaxation measure-
ments are still in progress, we present here a preliminary discus-
sion of motional behavior based upon a qualitative analysis of
®N heteronuclear NOE measurements at 76/Hz >N fre-
guency, shown in Fig. 6.

As shown the>N{'H}-NOE approaches its theoretical maxi-
mum value for all transmembrane helices (T#4), indicating
that these secondary structure elements are not flexible on a time
scale faster than 2 ns. Although signal intensities for TM2 and
TM3 generally are very low and the deriv&iN{'H}-NOE val-
ues are consequently subject to rather high errors, Fig. 6 still
shows that they cannot lie far below their theoretical maximum
value. In contrast, thé’N{'H}-NOE drops significantly in the
loop between TM3 and TM4 and even becomes negative
towards the C- and N-terminal residues, indicating motional
C=0 flexibility for these regions on an intermediate time scale be-

T tween 2 ns and the extreme narrowing limit of aroui0@ ps.

random coil shift differences (ppm)

DISCUSSION

Solvent system.First, some remarks should be made on the
choice of solubilization medium. In general two alternatives are
given for studying membrane proteins in an isotropic environ-
ment for obtaining high-resolution NMR spectra: detergent mi-
celles and organic solvents$1]]. Detergent micelles are clearly
Fig.5. Chemical shift deviations for backbone HN, Hr, Ca reso- the more favoured media from a biological point of view and
nances from random coil shifts as determined for peptides Boc-Gly- they have been applied sucessfully to small membrane-bound
Gly-Xaa-Leu-Gly-Me in chloroform/methanol. For the G=0 chemi-  proteins and peptides (for examples see [8, 50). However,

cal shifts, the deviation from random coil shifts in water is given, as t detergents of the micelle largely increase the effective size of
corresponding values were not determined for the peptides mentiorﬁ:I protein, leading to longer molecular correlation times. This

4

above. . . .
restricts the use of detergents to comparatively small proteins,
as the largely increased transvefisgelaxation diminishes sen-
sitivity of multidimensional NMR experiments.
between TM2 and TM3. The firstl,\(i,i+3) connectivity as- The use of organic solvents as a membrane mimetic circum-
signed unambiguously to establish the beginning of TM3 is from  vents these problems and allows an investigation of somewhat
Tyr60 to Gly57. larger proteins by well known solution NMR methods. Though

Helix TM3 shows an NOE pattern typical for arhelix up  this approach has been used successfully in studies of peptide
to residue Trp76. However, Gly77 seems to initiate the transitiaequences of bacteriorhodopsin [9] and on subunit ¢ef ATP
between a regulae-helix and a looser helical turn, which is  synthase-§}, their use is still controversial. It is well known
connected to a flexible loop region between Gly80 and Asp8that solvent systems like trifluoroethanol/water can induce or
The residues in this region show some NOEs that are strong stabilize helices [52], disturb tertiary contacts and induce nonna
indicators for helices, i.e. d,(i,i+3) NOE between Trp76 and tive conformations [53] under unfavourable conditions. The use
Phe79, whereas others, also expected foradrelix such as of organic solvent systems will therefore not be generally appli-
d.n(1,i+3) connectivities between Ser75 and Phe78 and betweesible to all integral membrane proteins, especially in cases
Leu74 and Gly77, are missing. The last helix is clearly defined where substantial hydrophilic domains are present in addition to
and begins at residue Leu85 and ends at residud6eim sum- the apolar transmembrane sequences, and solvent conditions
marizing, the four helices can be described as follows2@ have to be adjusted very carefully3]. However, mixtures of
(TM1), 32—53 (TM2), 58-76 (TM3) and 85-106 (TM4). chloroform/methanol, especially if they contain some water, and
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certain mixtures of trifluoroethanol/water, seem to provide a sufficiently to allow the acquisition of multidimensional NMR
proper environment for a native-like folding of some membranespectra without significant changes in sample conditions during
bound peptides and proteins. Very similar structures were ob- one experiment. This was ensured by recotthihg 2QC
served in some comparative studies [9, 54, 55] and for subusjtectra before and after every longer experiment and comparing
¢ of FF, ATPase it was shown that the protein is folded in a signal intensities and chemical shift values.
way which retains biochemical properties observed in the native EmrE was expected to have a predominaatlyelical struc-
F, complex [5]. ture [23]. Additionally, due to the highly hydrophobic character
We recently studied the properties of chloroform/methanalf the transmembrane helices, the protein has more hydrophobic
mixtures by extensive molecular dynamics calculations [56] and less polar, charged or aromatic residues than typical water.
which exhibited dynamic clustering of the individual solventssoluble proteins. The low dispersion of chemical shifts and the
Clusters of aboutlO A are formed at room temperatures and extremely high spectral overlap observed for EmrE are there-
amphiphilic molecules are specifically solvated. The analysis édre, for a protein of uniform amino acid composition and sec-
the molecular dynamics trajecory showed that polar groups are ondary structure, not very surprising. Assignment problems ar
statistically more surrounded by methanol and lipophilic grougsarticularly difficult for methyl groups. As they play a crucial
by chloroform. These properties of the solvent can explain the role in forming the tertiary contacts between the helices, their
solvation of transmembrane proteins. Such solvent mixtures aassignment would be highly desirable for determination of long-
for a membrane protein, far more realistic than studies in water range constraints necessary for a proper structure calculatior
and the structure can correspond to the biologically function@he amino-acid composition of EmrE is very rich in a small
molecule as long as there is no specific requirement for an aniso-  subset of residue types (Leu, lle, Val, and Ala), each of then
tropic environment with polarity separated by nonpolar envirorcontaining one or two methyl groups, leading to a total number
ment of the thickness of a membrane. of 92 methyl groups. As they all resonate in a very small spectral
However, it is, in principle, impossible to test the activityrange, it was impossible to resolve their signals in a conven-
of a transport protein in an isotropic environment and therefore titi@ledited spectrum. Multiquantum filtering techniques
provide definite evidence about how well the determined solurhich select only methyl group resonances allow the detection
tion conformation represents the protein’s native and active of a smaller spectral range with a much higher resolution and
form. However, there are some indications for the relevance tiferefore seemed to provide a solution for this problem. There-
the conformation of EmrE in the current solvent system. a) The fore we developed new pulse sequences for a selective detectio
protein retains biological activity after reconstitution into protecef NOEs from methyl groups [58]. Although these experiments
liposomes and therefore is not irreversibly denatured. Real dena-  are optimized to achieve highest spectral resolution and provid
turation of EmrE, which easily occurs with unfavourable solverd valuable tool for obtaining structural data for methyl groups
conditions, high temperature and sample aging, on the other in other proteins, it was still impossible to resolve the extremely
hand, is an irreversible process. b) The chemical shift values @ferlapped methyl resonances of EmrE.
the backbone protons and carbons show significant and charac- Another problem was that the amide protons of residue
teristic deviations from the random coil shifts, indicatingan TM2 and TM3 show very weak and broad resonances. Possible
helical secondary structure. Also a high numberdgf(i,i+3) reasons for line broadening could either be a very long molecu-
anddy.(i,i+4) NOEs, as well as small..-. coupling constants lar rotational correlation time due to protein oligomerisation or
confirm the existence of a folded protein. c) It was shown by contributions to the transversal relaxation time due to conforma-
transmission Fourier-transform infrared experiments that thi®nal exchange processes. If the line broadening is due to con-
protein adopts the same highly helical secondary structure both  formational exchange processes, then the line width should de
in Myr,GroPCho vesicles and in the organic solvent mixtur@end on the magnetic field strength. This was not observed, nor
[23]. did we see any improvement upon using HSQC experiments
These points emphasize that the protein retains at least thesigned to suppress exchange processes [59]. Also the fact that
secondary structure present in the native state. Indications that peaks were observed in COSY-type experiments like the HNH/
these secondary structure elements are bound together in a cand the HNHB, but not in TOCSY-type experiments argues
pact tertiary structure could be given from long-range NOE con-  against conformational exchange broadening. We therefore sus
tacts or from distance measurements from paramagnetic spiect that the line broadening is dueTprelaxation, although to
labeling experiments, as was done for subunit c frgi, RTP  date we cannot explain the big differences in relaxation proper-
synthase [5]. Because of the extremly high spectral overlap,tigés between the particular helices. Up to now accufatmea-
has not yet been possible to assign unambiguously such long- surements are not available, but big diffefemeksation
range contacts between the helices from the NOESY spectra émuld be possible only if overall motions of the molecule are
EmrE. considerably anisotropic. These issues are currently being
studied in more detail by relaxation time measurements in vari-
Sample conditions and special spectral featureg\lthough the ous fields.
solvent system seems to provide a feasable environment for At this point it is interesting to note that similar processes
proper protein folding, no long-term sample stability wasvere observed for the residues of a four-helical bundle of bacte-
achieved over more than one week. As the NMR signals slowly  riorhodopsin dissolved in methanol/chlodofgrm & previ-
disappear without changing their position and without any neaus study {0] and seem to be an intrinsic property of membrane
signals appearing, the degenerated protein must form a confor-  proteins dissolved in organic solvents.
mation that is invisible to NMR spectroscopy, but soluble in the
solvent mixture. It is well known from the literature that mem-Secondary structure.Hydrophobicity calculations and theoreti-
brane proteins can aggregate under unfavorable conditions &adiconsiderations suggest that EmrE consists of four transmem-
also on sample aging by formation of extensive solybkheet brane helices (residue 21, 32—52, 58-79, and 85-106). The
aggregates [57]. This leads to disappearance of the NMR signedsults of secondary structure analysis presented in this work are
as the resonances of the large aggregates are too broad to be in a general agreement with these predictions, although so
seen due to the extremely shdktrelaxation times{1]. Despite significant differences occur, especially for TMThis helix ap-
these problems, we were at least able to stabilize the samples pears to be longer than predicted, extending to residue 26. It
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