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Abstract

Subunit a in the membrane traversing Fg sector of Escherichia coli ATP synthase is known to fold
with five transmembrane helices (TMHS) with residue 218 in TMH IV packing close to residue 248
in TMH V. In this study, we have introduced a spin label probe at Cys residues substituted at positions
222 or 223 and measured the effects on the Trp eNH indole NMR signals of the seven Trp residues
in the protein. The protein was purified and NMR experiments carried out in a chloroform-methanol-
H>0 (4:4:1) solvent mixture. The spin label at positions 222 or 223 proved to broaden the signals of
W231, W232, W235 and W241 located at the periplasmic ends of TMH 1V and TMH V and the
connecting loop between these helices. The broadening of W241 would require that the loop residues
fold back on themselves in a hairpin like structure much like it is predicted to fold in the native
membrane. Placement of the spin label probe at several other positions also proved to have broadening
effects on some of these Trp residues and provided additional constraints on folding of TMH IV and
TMH V. The effects of the 223 probe on backbone amide resonances of subunit a was also measured
by an HNCO experiment and the results are consistent with the two helices folding back on
themselves in this solvent mixture. When Cys and Trp were substituted at residues 206 and 254 at
the cytoplasmic ends of TMHs IV and V respectively, the W254 resonance was not broadened by
the spin label at position 206. We conclude that the helices fold back on themselves in this solvent
system and then pack at an angle such that the cytoplasmic ends of the polypeptide backbone are
significantly displaced from each other.

1. Introduction

The F1Fg ATP synthases of oxidative phosphorylation utilize the energy of a transmembrane
electrochemical gradient of H* or Na* to mechanically drive the synthesis of ATP via two
coupled rotary motors in the Fq and Fq sectors of the enzyme [1-3]. In the intact enzyme, ATP
synthesis or hydrolysis takes place in the F1 sector at the surface of the membrane, synthesis
being coupled to H* or Na* transport through the transmembrane Fq sector. Homologous
enzymes are found in mitochondria, chloroplasts and many bacteria [4]. In Escherichia coli
and other eubacteria, F1 consists of five subunits in an o3B3y161€1 Stoichiometry [4]. Fq is
composed of three subunits in a likely ratio of a;b,c1q in E. coli and thermophilic Bacillus
PS3, or ajbycyq in the Na* translocating llyobacter tartaricus ATP synthase [3,5-7]. A 3.9 A
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resolution crystal structure of a yeast mitochondrial F1-c19 complex depicts 10 ¢ subunits
arranged in a ring-like structure [8]. Other bacterial c-rings may have as many as 15 ¢ subunits
[9]. Subunit ¢ spans the membrane as a hairpin of two transmembrane helices (TMHSs) with
the first TMH on the inside and the second TMH on the outside of the c-ring [7,10,11]. Helical
hairpin-like structures resembling that predicted for the membrane have been solved by NMR
using chloroform-methanol solvent mixtures [12-14]. A high resolution X-ray structure of the
I. tartaricus cq;-ring that differs significantly from the NMR structures has revealed the Na*
binding site at the periphery of the ring with the chelating groups to the Na* ion extending
from two interacting subunits [7]. In the H*-transporting E. coli enzyme, Asp61 at the center
of the second TMH is thought to undergo protonation and deprotonation as each subunit of the
¢ ring moves past a stationary subunit a. In the complete membranous enzyme, the rotation of
the c ring is proposed to be driven by H* transport at the subunit a/c interface, with c-ring
rotation being coupled to rotation of subunit y within the asp3 hexamer of F; to cause
conformational changes in the catalytic sites leading to synthesis and release of ATP [1-3].

Subunit a is thought to provide access channels to the proton-binding Asp61 residue in the c-
ring, and candidate residues lining a possible aqueous access pathway were tentatively
identified [15-18]. Subunit a is known to fold with 5 TMHs [19-21] with TMH IV packing
next to the second TMH of subunit ¢ [22], i.e. the helix in which Asp61 is anchored. Interaction
of the conserved Arg210 residue in aTMH IV with cTMH 11 is thought to be critical during
the deprotonation-protonation cycle of cAsp61 [13,15,23-25]. Cross-linking of Cys residues
introduced into subunits a and ¢, or b and c, support the positioning of subunit a and the two
b subunits at the periphery of the ¢ ring [22,26,27]. Little is known about the structure or three
dimensional arrangement of the TMHSs in subunit a. Several sets of second site suppressor
mutations in one TMH to a primary mutation in a second TMH had suggested possible helix-
helix interactions [19,23,28]. More recently, we have introduced pairs of Cys residues into
putatively interacting TMHSs and tested for cross-linking of the Cys thiol groups with resultant
disulfide bond formation. Cross-links were found with eight different Cys pairs and define a
juxtaposition of TMHSs I-I11, 1=V, 1I-V, HI-IV, I1I-V and IV-V in a four helix bundle
[29]. The water accessible residues identified previously in helices Il, 111, IV and V were
proposed to form aqueous half channels to each side of the membrane [16-18,30].

Subunit a is 271 amino acids long and is proposed to fold in the membrane as shown in Fig.
1. The NMR spectra of subunita in a chloroform-methanol-water (4:4:1) solvent mixture shows
good chemical shift resolution and dispersion, suggesting a mono-disperse and folded protein
structure [31]. Nearly complete backbone chemical shift assignments in this solvent system
were reported [32], and the single set of backbone resonances supports sample mono-dispersity.
The location of a-helical segments in the subunit a sequence determined from secondary
chemical shift values was generally consistent with the a priori predictions and biochemical
data [19,33]. Here we used site-directed paramagnetic spin labeling to study the tertiary folding
of subunit a in chloroform-methanol-water solvent. The large magnetic moment of an unpaired
electron causes rapid relaxation of NMR signals of nuclei located in the proximity of the spin
label. This effect can be used to identify the reporter groups located within 15-20 A of the spin
label [34-36]. The initial intent of this study was to probe the interactions of TMHs IV and V
in this solvent system. TMHSs IV and V can be cross-linked in native membranes via disulfide
bond formation when cysteines are introduced at positions 218 and 248 [29], and residues in
this region are proposed to interact to form parts of the periplasmic H* half-channel located
within Fq [16-18]. Initially we studied the effect of a site-specific 1-oxyl-2,2,5,5-
tetramethylpyrrolidin-3-yl (PROXYL) spin label attached to cysteines on the indole resonances
of tryptophan residues in this region. After finding evidence for folding and interaction of TMH
IV and V, we extended the study by use of backbone amides as reporter groups. We conclude
that the 1VV-V loop forms much like it is predicted to do so in the membrane and that the TMHs
then pack at an angle over their extended length in this solvent system.
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2. Materials and methods

2.1. Protein Purification

Subunit a variants were purified from strain OM202 transformed with derivatives of plasmid
pBWU13 [37] carrying appropriate substitutions in the atpB gene encoding subunit a. Strain
OM202 has a deletion of the complete atp operon. The pPBWU13 plasmid is derived from
pBR322 and contains the entire atp operon. The atpB gene coding for subunit a was modified
in pBWU13 to include a hexahistidine tag immediately after the N-terminal methionine. This
plasmid variant is referred to as pPBWU13NHisg. Mutant variants of subunit a were produced
by site-directed mutagenesis using plasmid pDF163 as a template [38]. Site-specific mutations
were generated by a two-step PCR reaction with two wild type primers and an oligonucleotide
containing the desired codon substitution [39]. Fragments containing these mutations were
then cloned into pBWU13NHisg plasmid using convenient restriction sites. For example, to
generate tryptophan to alanine mutants for assigning the NMR signals of tryptophan indole
groups, the PCR products were cloned into the pCP1200 plasmid [40], a pBR322 derived
plasmid containing a fragment of atp operon (base pairs 870-1976) [41], using BamHI
restriction sites (for the W39A and W111A mutants) or Pstl and BsrGl restriction sites (for the
W186A, W231A, W232A, W235A, W241A). The DNA fragments containing the mutant
atpB genes were then cloned into the pPBWU13NHisg plasmid using PfIMI and BsrGl
restriction sites.

Subunit a was purified from the cells grown on a minimal medium enriched either with 1°N
or a mixture of 15N, 13C and 2H isotopes as described [31,32]. Protein was extracted from
whole cells into a mixture of chloroform, methanol and water [31]. The His-tagged variants of
subunit a used in most of the experiments were purified by Ni-affinity chromatography [31].
In the initial experiments, an untagged version of 1223C subunit a was purified by acetone
fractionation and ion-exchange chromatography [31]. Dithiothreitol at a concentration of 1
mM was included in all column chromatography solutions during the purification of the
cysteine containing subunit a variants.

2.2 Spin label attachment and sample preparation

In initial experiments, subunit a with a single cysteine substitution of 1223C was used for site-
specific attachment of the PROXYL spin label using PROXY L-maleimide (Sigma). The
purified subunit a eluting from the chromatographic column was precipitated with 90% acetone
as described [31] and redissolved in CDCI3CD30H:H,0 (4:4:1) containing 25 mM
CD3COONa, pH 5.5 (AdCMW-NaAc) at a protein concentration of approximately 40 uM. The
PROXY L-maleimide solution in dCMW-NaAc was added to the protein to a final
concentration of 0.2mM. The protein solution was incubated at 4°C for 12 hrs. Protein was
precipitated in 90% CD3COCD3 and redissolved in 0.6 ml dCMW-NaAc for NMR.

In the subsequent experiments, PROXY L-methyl methane thiosulfonate (MTS) (Toronto
Research Chemicals) was used for attaching the spin label to the single-cysteine variants of
subunit a. Purified subunit a eluting from the chromographic column was precipitated with
90% acetone and redissolved in dCMW-NaAc at a protein concentration of approximately 0.1
mM. The pH was adjusted to 7.0 and a 50 mM PROXYL-MTS solution in dCMW-NaAc was
added to the protein to a final concentration of 1 mM. The protein solution was incubated at
room temperature for 5 min; additional PROXYL-MTS was then added to a final concentration
of 2 mM and the protein was incubated for 5 min. Protein was precipitated in 90%
CD3COCD3 and redissolved in 0.6 ml dCMW-NaAc. The sample was then passed through a
Sephadex LH-20 spin column [42] pre-equilibrated with AdCMW-NaAc to remove the rest of
protonated solvent and unreacted labeling compound. The extent of modification was
determined by EPR from the ratio of peak integrals of the doubly integrated spectra of the
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modified protein and a sample of unreacted spin label of known concentration. The extent of
spin label modification for the samples used in the NMR experiments varied in the range of
80-100%.

2.3 NMR experiments

In order to identify residues affected by the spin-label, a 2D H, 1°N- transverse relaxation-
optimized spectroscopy (TROSY) spectrum of the 15N-isotope enriched, spin-labeled sample
was recorded on a 750 MHz or 600 MHz Bruker spectrometer equipped with pulse-field
gradients [43]. The spin label was then reduced by the addition of phenylhydrazine to a final
concentration of 1 mM and a spectrum of the reduced sample was recorded. To assign the side
chain Trp signals, 2D 1H, 1°N-TROSY spectra of seven mutant proteins carrying different
W—A substitutions were compared to the wild type protein and the missing Trp e-imino signal
identified by overlaying the mutant and wild type spectra. Additional peaks produced by Trp
residues introduced at positions 216 or 254 were also easily assigned in this way. In a three-
dimensional variation of the experiment, HNCO spectra of the spin-labeled and reduced
samples were recorded with 13C, 15N, 2H-isotopically enriched protein [44].

2.4 Structure Calculation

A structural model of the helix IV — helix V segment of subunit a (residues 200-271) was
calculated using CNS [45]. Based upon a backbone chemical shift analysis in TALOS [32,
46] and a priori prediction of secondary structure and TMHs
(http://www.predictprotein.org), residues 204—233 and 238-267 were initially constrained to
an a-helical conformation by imposing the dihedral angle and hydrogen bond constraints.
Long-range distance restraints were derived from the spin-label experiments. Although
distances estimates in the range up to about 25-30 A can be calculated from the extent of NMR
line-broadening, such calculations strongly depend on the accuracy of fitting the NMR line
shapes and correctness of assumptions regarding correlation time for electron-nuclear
relaxation. We chose a simpler all-or-nothing approach where only strong effects were taken
into account and a single constraint value was used. If the ratio of peak volumes of the reporter
group signal in the spin-labeled and the reduced samples was <0.5, we assumed a maximal
distance of 14 A between the oxyl oxygen of the PROXYL spin label and the reporter proton
[35,36]. Taking into account the geometry of the PROXY L-modified cysteine side chain, this
corresponds to the maximal distance of 21 A between the Cp of the modified cysteine and the
reporter proton. For the spin label introduced at G218C, the long-range restraints were set to
23 A from the C,, of residue 218 to the reporter e-imino Trp proton. To assign the W231 and
W232 signals, structure calculations were performed with the alternative assignments. The
lowest energy ensemble was obtained with the assignment shown in Fig 2A. Structures were
displayed and analyzed in MOLMOL [47].

3. Results

3.1 NMR signal assignment

Subunitais 271 residues long and appears to fold in a mostly a-helical conformation. Although
the backbone chemical shift assignments of subunit a have been reported [32], chemical shift
degeneracy and extensive overlap in the 2D spectra limit the number of easily identifiable
signals. A three-dimensional HNCO experiment largely overcomes this limitation. However,
the expense of triple isotope labeling makes HNCO experiments impractical for probing
multiple samples with spin labels attached at different positions.

We chose to use the e-imino groups of the seven Trp residues of subunit a as reporter groups
to estimate the distances from the spin label introduced at the specific sites in the protein
sequence. The seven indole groups produce intense, well separated signals and are well suited
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for this purpose. The side chain signals of the seven Trp in the wild type subunit a were assigned
by sequentially replacing each Trp with Ala. The 1H, 1°N-TROSY spectra of the W—A
substituted and wild type proteins were then compared. The resonances of W39, W111, W186
and W241 were easily assigned by loss of a single e-imino resonance in the singly W—A
substituted proteins (Fig. 2). Although the W186 and W241 resonances consistently showed
some spectral overlap, their assignment was apparent from comparison of the wild type and
mutant spectra. Other Trp resonances were not significantly perturbed for each of these W—A
mutant proteins. The assignments of W231, W232 and W235 were more problematic since the
W—A substitutions in this loop region of the protein caused significant perturbation of
neighboring resonances. The assignment of W235 was obvious from the loss on an intense
resonance, but the spectrum from the W235A mutant protein also showed small shifts in the
W231 or W232 resonances of approximately 0.05 ppm in the H dimension. We were unable
to distinguish the signals of W231 and W232 from these experiments because the spectra of
W231A and W232A mutant proteins differed significantly from the wild type protein (not
shown). Since W231 and W232 are sequential, this uncertainty did not have a major effect on
the structural interpretation of spin-label induced broadening of these resonances. The tentative
assignment of resonances to W231 and W232, as indicated in Fig. 2 and Table 1, is based upon
molecular modeling.

3.2 Spin-label induced quenching of Trp signals in helix IV and helix V

A PROXYL spin label attached at position 223 broadened the signals of W231, W232, W235
and W241 and resulted in the apparent disappearance of these peaks (see Fig. 3A & B). The
indole resonances of W39, W111 and W186 were unaffected. Because the signals of W186
and W241 partially overlap in the spectrum shown in Fig 3A, we used a W186F substituted
protein to eliminate the W186 signal and obtain a more accurate measurement of W241 signal
broadening. In the spectrum of this subunit a variant, the W241 side chain signal is well
separated and the loss of signal intensity caused by the spin-label induced line broadening was
determined to be more than 90% (Fig. 3C). The broadening of the W231 and W232 signals
was expected from the proximity of these residues to position 223 in the primary sequence of
the protein. However, broadening of the W241 signal would require folding of the C-terminal
end of the predicted periplasmic loop that connects helices IV and V in the direction of residue
223. Residues 223 and 241 are predicted to be in a-helical regions of the protein in this solvent
system based upon backbone secondary chemical shift analysis [32]. Residues 204-224 and
239-260 are also predicted to lie within membrane traversing helices by biochemical criteria
[29]. Folding of these two a-helices into a hairpin-like structure would explain the line
broadening of the W241 signal from a spin label at position 223. A hairpin turn in this region
of the native protein is predicted by the cross-link formed between Cys residues introduced at
position 218 and 248 in the membrane [29].

The folding of helices IV and V was investigated in greater detail by introducing the PROXYL
spin label at several positions in both helices (see Fig. 4 and Table 1). A spin label at positions
218, 222 and 249 caused line broadening of the signals of some or all of the Trp residues located
in the proximity of the loop connecting TMHSs IV and V, i.e. W231, W232, W235, and W241
(Fig. 5, Table 1). As was the case for residue 223, spin labeling at position 222 significantly
broadened all four of these Trp resonances. Spin labeling a position 218 significantly broadened
the W231 resonance without affecting W232 or W235. The broadening of resonance W241 in
this sample was obscured by spectral overlap with W186. However, the measurement of the
combined peak volumes in the oxidized versus the reduced sample does not support a
significant loss of the W241 signal (Table 1). Spin labeling at position 249 significantly
broadened W231 and W235 with little effect on W232. The expected broadening of the W241
resonance in this sample could not be calculated due to spectral overlap with W186, but the
comparison of combined peak volumes supports at least partial quenching of the W241 signal.
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Overall, the pattern is consistent with a structure where helices IV and V are folded back on
themselves such that regions adjacent to the connecting loop are in close contact.

To probe the folding of helices IV and V farther away from the periplasmic connecting loop
region we introduced the spin label at positions 254 and 256 in helix V, i.e. at a position more
towards the predicted center of the membrane. No quenching of Trp signals in the IV-V loop
region was observed. To test whether helices 1V and V folded together in a hairpin-like
structure, as modeled in earlier work [12,25], we introduced a Trp residue at position 216 in
helix 1V and probed the effect of PROXYL spin label located at residue 248 in helix V. The
new W216 signal was only slightly perturbed by the PROXYL probe at position 248 (Table
1). In addition, the backbone amide signals of G208, G213 and G218 in helix IV were not
affected by spin labels at either position 248 or 254 of helix V (data not shown), which supports
the idea that these regions of the helices are not proximal. [Notably, the signals of G213 and
G218 were broadened by the spin label at position 223 as would be expected from the linear
proximity of these sites in the sequence of the protein.]

The PROXYL spin labels introduced into helices 1V and V did not cause major decreases in
the signals of W39 or W111, which are predicted to lie in TMHs | and 1l respectively (see Fig.
1 in Introduction). Similarly, spin label introduced at positions 118 and 123 at the periplasmic
end of TMH |1 did not perturb the signals of Trp residues located in the loop region and
periplasmic ends of TMHSs IV and V or the backbone amide signals of G213 and G218. The
spin probe at position 118 almost completely quenched the resonance of Trp111 as would be
expected for a spin label located two turns away in an a-helix structure. These regions of TMH
Il and IV do not appear to be proximal to each other in the chloroform-methanol-water solvent
system used in this study.

3.3 Backbone resonances perturbed by spin labeling at position 223

Additional information on the folding of TMHSs IV and V was obtained from a three-
dimensional spin-label difference HNCO experiment. The MTS-PROXYL spin label was
attached at position 223 of a 2H, 1°N, 13C-labeled protein sample. The previously reported
backbone chemical shift assignments [32] were used to identify amide groups of the residues
affected by the spin label. Most backbone amide signals were resolved in the HNCO spectrum,
although a number of signals were slightly shifted (for examples, see Fig. 6). We have observed
pronounced line broadening of the amide signals of residues 218-231 located close to the spin
label at position 223 on helix IV and of residues 239-247, 252 and 255 on helix V (Fig. 6 &
7). The pattern of line broadening suggests an obvious proximity for the periplasmic ends of
TMH IV and TMH V in this solvent system (Fig. 7).

In the 1223C spin-label HNCO experiment, we also observed loss of signal intensity for 9 other
tentatively assigned resonances in the N-terminal 200 residues of subunit a [data not shown].
Three of these residues (121, 146 and 147) lie toward the periplasmic side of the suggested
TMHs Il and 111 (see Fig. 1) and may indicate a proximity of packing of these regions with the
periplasmic end of TMH IV in this solvent system. On the other hand, six of the broadened
resonances lie in residues tentatively assigned to the cytoplasmic side of TMH Il or to
cytoplasmic domains, i.e. positions 6, 16,57, 109, 111 and 167. The broadening of these signals
cannot be explained by a consistent structural model. Changes in chemical shifts brought about
by the spin labeling or secondary chemical reactions with the phenylhydrazine reductant may
lead to minor perturbations of structure and occasional erroneous assignment of resonances.
In the N-terminal 200 residues, spin-label resonance ratios were not calculated for 55 residues
due to spectral shifts, signal overlap and other ambiguities. For several residues, peak volume
actually significantly decreased after the addition of reducing agent. A clustering of broadened
resonances in a small region of the protein is clearly required to confidently conclude that a
residue is close to the probe.
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Long-range distance constraints derived from the spin-label induced quenching of the Trp and
amide backbone signals, dihedral angle constraints derived from backbone secondary chemical
shifts [32] and a priori secondary structure prediction were used to model the structure of the
helix V=V region of the subunit a (residues 200-271). The a priori secondary structure
prediction (http://www.predictprotein.org) and a semi-empirical secondary chemical analysis
by TALOS [32] both suggest that most of the region of residues 204-267 is {-helical, with the
connecting loop between the TMH 1V and TMH V being very short. The exact location of the
connecting loop is not certain from this analysis. The TALOS data suggest that the (-helix may
be interrupted at residues 237-240, whereas the a priori structure prediction places the
connecting loop at residues 234-237. Both possibilities were investigated by molecular
modeling. Placement of the connecting loop at residues 237—240 resulted in violation of several
distance restraints derived from the spin-label experiments, whereas all the constraints were
consistent with the model where the connecting loop was located at residues 234-237. Based
on these results, the secondary structure was constrained to an a-helical conformation for
residues 204-233 and 238-267. The spin-label induced signal broadening data obtained in the
two- and three-dimensional NMR experiments was used to derive long-range distance
restraints as described under the materials and methods. The structure calculated from these
constraints (Fig. 8 & 9) shows helices IV and V oriented at an approximately 30° angle to each
other with a connecting turn centered at residues 234-239.

4. Discussion

Subunit a folds in the membrane with five TMHs and four connnecting loops. The key
observation made in this study is that TMHSs IV and V fold back on themselves in chloroform-
methanol-water solvent in a manner consistent with that predicted in the membrane. The
predicted IV-V loop, centered at residues 234-239, is relatively short and the compact packing
of hydrophobic side chains here may force the two helices to fold back on themselves. Short
loops are also observed in the structures of subunit ¢ where the two helices fold back on
themselves in a tight helical hairpin, as determined by NMR in chloroform-methanol solvent
[12-14] and by X-ray diffraction for the I. tartaricus c-ring [7]. The loop structures of fragments
of other polytopic transmembrane proteins, determined in a variety of solvent systems, are
often longer than the loop of subunit ¢ or the structure shown here, with loop stabilities being
attributed to both packing interactions within the loop and to forces promoting strong TMH-
TMH interactions [48-51].

In the calculated structure of the helix IV-V fragment, the two helices do not fold in parallel
over their extended length as predicted in earlier models [13,25]. Instead, the helices are
positioned at approximately a 30° angle to each other with the distance between helices
increasing for residues more distant from the loop (Fig. 8 & 9). This orientation of the helices
is consistent with the absence of line broadening effects by PROXYL at positions 248, 254
and 255 on G208, G213 and G218, which are located 4-7 helical turns away from the
connecting loop. In the ensemble of model structures the distances between the ring carbons
of F254 and the backbone amides of G208, G213 and G218 vary in the range 17-40 A, 15-32
Aand 17-31 A respectively, i.e. arange of distances in which significant line broadening would
not be expected. The wide range of variation reflects the absence of distance constraints in this
region combined with the flexibility of the (-helices in molecular dynamics structure
calculations. The distances between the ring of Y216 and the side chain of 1248 are in the range
16-38 A, which is consistent with only minor line-broadening of W216 by PROXYL label
attached at position 248 (Table 1).

The observed cross-linking of cysteine residues G218C and 1248C in the membrane indicates
that the a-carbons of these residues should lie within a proximity of 8 A based upon the average
a-carbon distances in other proteins with natural disulfide bridges [52]. The a carbon distances
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calculated from the structures shown in Fig. 9 range from 12-22 A. The structure may simply
be more flexible in chloroform-methanol-water solvent, or alternatively, cross-linking in the
membrane may be facilitated by thermal movements of the helices over the time course of the
reaction. Such movements could relate to the mechanism of gating of aqueous access channels
at the center of the predicted four helix bundle of TMH I1-V and the associated movement of
the essential Arg210 residue, which in turn facilitates the change in the protonation state of
Asp61 of subunit ¢ [17,18]. A swiveling and repositioning of the interacting faces of TMHs
IV and V was previously envisioned as a mechanism of gating. The packing of helices at an
angle to each other as suggested in Figure 8 and Figure 9, rather than in parallel, might facilitate
such movements and realignment of helical faces with subunit c.

A second conclusion from this study is that other helix-helix interactions predicted for the
membrane inserted form of subunit a are not easily verified in chloroform-methanol-water
solvent. Residues 120 in TMH Il and 246 in TMH V are predicted to be proximal to each other
based upon Cys-Cys cross-linking between these positions in the membrane [29]. In the two
experiments done here, PROXYL labeling at positions 118 and 123 in TMH 11 had no effect
on the Trp241 e-imino resonance in TMH V. The lack of an effect might be explained if the
PROXYL group and Trp indole rings are packed on the sides of helices opposite to each other.
However, the introduction of the PROXYL label at positions 118 and 123 also failed to perturb
the backbone amide resonances of Gly213 and Gly218 in TMH IV. Cys-Cys cross-links are
formed between the residue pairs 119/218 and 120/218 in the membrane [29], and hence an
effect of the PROXYL probes on the Gly218 resonance would have been expected.

In summary, in the chloroform-methanol-water solvent mixture used in this study, subunit a
folds in the region of the loop linking TMHs IV and V as it is predicted to fold in the membrane.
However, TMH IV-V interactions at residues toward the center of the membrane could not be
detected and suggest that the helices may not pack in parallel. Further, in limited experiments
we were unable to detect interactions between TMHSs Il and IV and Il and V that are predicted
to occur in the membrane. We conclude that subunit a may fold only partially in a native-like
structure in chloroform-methanol-water solvent and that some helix-helix interactions are
likely to be perturbed. To resolve the apparent discrepancy between the Cys-Cys cross-link
analysis in the membrane and the NMR data in chloroform-methanol-water solvent, we are
now investigating folding of subunit a by NMR in aqueous detergent solution.
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Fig. 1.

Topological model for folding of subunit a in E. coli inner membrane. The biochemical
evidence for the insertion of the five TMHSs is discussed in the text. The depth of placement of
the helices in the membrane is based upon cross-linking studies as described elsewhere [29].
The positions of the seven Trp residues in the wild type protein are highlighted. The helical
segments shown in regions peripheral to the lipid bilayer were predicted by backbone chemical
shift analysis for the protein dissolved in chloroform-methanol-water solvent [32].
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Examples of the assignment of the e-imino indole signal of Trp residues by comparing the
spectra of wild type and single W—A substituted mutants. The positions of Trp signals in the
spectrum of wild type protein are indicated by the labeled arrows.
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Fig. 3.

Line broadening of Trp e-imino indole signals by PROXYL spin label attached at Cys223 of
the subunit a. (A) Control spectrum of wild type protein recorded after reducing the PROXYL
spin label with phenylhydrazine. Resonance assignments are indicated by the arrows. (B)
PROXYL labeled wild type sample showing loss of W231, W232, W235 and W241
resonances. (C) Overlay of the spectra of the spin-labeled W186F variant of subunit a (black)
and of the phenylhydrazine reduced sample [red].
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Fig. 4.

Spin label sites [magenta] tested using Trp e-imino indole signals as reporter groups. The
structure shown is a representative conformer from the ensemble of ten lowest energy structures
calculated from the results in this paper. Side chains of Trp residues in the wild type protein
are shown in blue. Trp residues introduced by mutagenesis are shown in gray.
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Fig. 5.

Line broadening of Trp e-imino indole signals by PROXYL spin label attached at positions

218 (A,B), 222 (C,D) and 249 (E,F) of subunit a. Spectra of the spin labeled proteins are shown
on the left (A,C,E) and the control spectra of the samples reduced with phenylhydrzine on the
right (B,D,F). Resonance assignments are indicated by the arrows.
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labeled protein (left, A,C) and with the same sample after phenylhydrazine reduction (right,

B,D). The upper pair of slices (A,B) is taken at the 1°N shift of 121.5 p.p.m. and the lower pair
(C,D) at 118.7 p.p.m. Assigned resonances are labeled.
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Effect of PROXYL spin labeling at Cys223 on backbone amide signals in HNCO spectrum
for the C-terminal 71 residues of subunit a. The ratio of peak volumes (Vox/V eq) before and
after reduction of the spin label with phenylhydrazine is plotted versus residue number. The
peak volumes of residues marked X could not be calculated confidently because of signal
overlap, peak splitting, or significant chemical shift changes caused by the addition of
phenylhydrazine. The ratio of peak volumes for residue 264 was 1.98 as indicated by the *.
The brackets indicate the TMHSs predicted in Fig. 1.
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Vox/Vred >0.7 >0.5 >0.2 <0.2 n.c.

Fig. 8.

Residues in TMHSs IV and V showing significant backbone amide broadening in the HNCO
and 2D 1H, 15N-TROSY experiments with PROXYL labeled 1223C subunit a. The structure
shown is a representative conformation from the ensemble of ten lowest structures calculated.
Residues are color coded based upon the ratio of amide signal in the spin-labeled versus reduced
sample. Oxidized/reduced ratios (Vox/Veq) and color code are: red = <0.2, orange = 0.2-0.5,
yellow= 0.5-0.7, cyan > 0.7. Ratios for the gray residues could not be calculated.
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271 202

Fig. 9.

Modeled structure of the helix IV=helix V segment of subunit a showing ensemble of the 10
lowest energy structures. The r.m.s.d. for the backbone atoms of residues 206—267 fit to a mean
structure is 3.6 A.
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