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ABSTRACT. To explore the spatial organization and functional dynamics of the citrate transport protein
(CTP), a nitroxide scan was carried out along 22 consecutive residues within the fourth transmembrane
domain (TMDIV). This domain has been implicated as being of unique importance to the CTP mechanism
due to (i) the presence of two intramembranous positive charges that are essential for CTP function and
(ii) the existence of a transmembrane aqueous surface within this domain which likely corresponds to a
portion of the citrate translocation pathway. The sequence-specific variation in the mobilities of the
introduced nitroxides and their accessibilities to molecularé®eal ano-helical conformation along the
sequence. The accessibilities to NIEDDA are out of phase with accessibilites tod@ating that one

face of the helix is solvated by the lipid bilayer while the other is solvated by an aqueous environment.
A gradient of NIEDDA accessibility is observed along the helix surface facing the agueous phase, and
the EPR spectral line shapes at these sites indicate considerable motional restriction. In the context of the
model where TMDIV lines the translocation pathway, these data suggest a barrier to passive diffusion
through the pathway. This paper reports the first use of site-directed spin labeling to study mitochondrial
transporter structure.

The mitochondrial citrate transport protein (i.e., CTP) Recently, we identified the yeast homologue of the higher
from higher eukaryotic organisms catalyzes the efflux of eukaryotic CTP 12). An advantage afforded by the yeast
tricarboxylates plus a proton across the mitochondrial inner carrier is that, following overexpression and subsequent
membrane in exchange for either another tricarboxylate-H purification, its function can be reconstituted in a liposomal
a dicarboxylate (i.e., malate, succinate), or phosphoenolpyru-system with high specific activity. Thus, the yeast CTP
vate (). Following diffusion through a pore protein (i.e., represents ideal material for a comprehensive structure/
VDAQC) in the outer mitochondrial membrane, the resulting function analysis. To this end, we have embarked upon an
cytoplasmic citrate provides carbon fuel for the sterol and extensive program of site-directed mutagenesis combined
the fatty acid biosynthetic pathways, as well as a supply of with the use of biochemical and biophysical approaches in
NAD™ (via the sequential action of ATP-citrate lyase and order to probe the structural basis underlying CTP function.
malate dehydrogenase) for glycolysi—6). The function A Cys-less CTP which displays functional properties nearly
of CTP has been shown to be altered in type 1 diabées ( identical to those of the wild-type CTP has been constructed
in a manner that can be corrected via administration of (13). Moreover, we have demonstrated that both the wild-
exogenous insulin7). Because of the central role of CTP type and the Cys-less CTPs exist as homodimers of a 32.2
in intermediary metabolism, it has been extensively studied kDa subunit {4). Hydropathy analysis indicates that each
using genetic and biochemical approach#s1). monomer is likely to contain six membrane-spanning do-
mains. However, little is known concerning the spatial
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a sulfhydryl-specific spin label. EPR analysis of the spin Scheme 1
labeled mutant protein results in a set of conformationally o Protei
dependent parameters that describe the environment at the \é\\— rotein
site of attachment. The nitroxide mobility and its solvent S o /s
accessibility allow the structural classification of the site. + Protein-SH —
The sequence-specific variations in these parameters allow o I
the determination of secondary structure and protein topog- ... - -
raphy. The relative orientation of secondary structure is then Spin Label | Side Chain R1
determined from internitroxide distance measurements in
doubly labeled mutants. The efficacy of this approach has purified fractions were pooled and applied to a Sephacryl
been demonstrated in both water-soluble proteid &nd S-300 (26/60) column equilibrated in Buffer B (10 mM Tris-
membrane proteins such as rhodopsif) @and the lactose ~ HCI, pH 7.6, 150 mM NaCl, 0.3% sarkosyl). The CTP eluted
permeasel(9, 20. in a single symmetrical peak with an elution volume of
Within the CTP, transmembrane domain IV (i.e., TMDIV), approximately 150 mL. The CTP was then concentrated in
comprising residues 173 through 194, is of particular interest & Millipore filter and stored at-80 °C.
for several reasons. First, it contains two arginines which ~ Spin Labeling of CTP MutantSingle-Cys CTP mutants
provide positive charge that is essential for CTP function (approximately 1525 nmol) were desalted using Micro Bio-
(13). Second, using cysteine scanning mutagenesis in com-Spin Columns (BioRad) which had been preequilibrated in
bination with chemical modification of single-Cys CTP 30 mM Hepes, 12.5 mM NaCl, 0.25 mM EDTA, 0.3%
variants with hydrophilic MTS reagents, we have demon- sarkosyl, pH 7.1. The CTP mutants were then incubated with
strated that modification of most of the engineered cysteines@ 10-fold molar excess of spin label | to generate side-chain
causes inhibition of transpor2{). This finding demonstrates R1 as shown in Scheme 1. The reaction was allowed to
the importance of TMDIV in the substrate translocation Proceed fo 2 h at room temperature in the dark. An
mechanism, probably via its participation in the formation additional 5-fold molar excess of label was then added and

of a portion of the aqueous translocation pathway through the reaction allowed to proceed for 3 more h. Each reaction
the CTP. mix was desalted twice on the Biospin columns, and the CTP
In the present investigation we have utilized site-directed Was incorporated into phospholipid vesicles via the freeze
spin labeling to obtain a structural perspective on the role thaw—sonication technique as previously describ@dl).
of TMDIV. The mobility of nitroxide side chains introduced ~ Following a probe sonication step, the liposomes were
at 22 consecutive residues in TMDIV and their accessibility chromatographed on Dowex in Buffer C (120 mM Hepes,
to molecular @ and NiEDDA were measured. Our results 90 mM NaCl, 1 mM EDTA, pH 6.9), diluted in Buffer C
indicate that TMDIV exists in am-helical conformation.  (PH 7.1), and pelleted by ultracentrifugation at 314§(@@ax)
One face of the helix is solvated by the lipid bilayer while for 45 min at 6°C. The pellet was rinsed in Buffer C (pH
the other face is in contact with an aqueous medium that 7.1), subjected to another ultracentrifugation, and then
allows accessibility of the nitroxides to NiEDDA. If the resuspended by gentle mixing in a minimal volume of Buffer
water-accessible crevice formed by TMDIV in fact lines the C. Samples were stored at 4 prior to spectroscopic
translocation pathway, as has been suggested based oahalysis.
previous functional studies and accessibility d&8,(then EPR Measurement&PR spectra were recorded at room
the presence of a gradient of decreased accessibility totemperature on a Varian 102 spectrometer fitted with a loop-
NiEDDA is reflective of a barrier to passive diffusion. gap resonator using 2 m\W incident microwave power and
Consistent with such a model, EPR line shapes near thel.6 G field modulation. Power saturation measurements were
middle of the helix are immobilized, reflecting steric ~carried out under a nitrogen atmosphere, in the presence of

constraints on the nitroxide mobility. O in equilibrium with air and in the presence of 70 mM
NIiEDDA in equilibrium with nitrogen. The data were
EXPERIMENTAL PROCEDURES analyzed to obtain the EPR accessibility parameter as

Overexpression and Purification of Single-Cys CTP previously described2@).
Mutants.Single-Cys CTP mutants were constructed utilizing ~ MiscellaneousSDS-polyacrylamide gel electrophoresis
the Strategene QuikChange mutagenesis kit as previouslywas performed in precast 14% polyacrylamide Fggycine
described?1). The Cys-less CTP gene in pET-23(served gels, and protein was stained with Coomassie Blue according
as the starting template. Each CTP mutant was overexpressetP the manufacturer's (Novex) instructions. Protein was quan-
in E. coli, and the inclusion body fraction was isolated as tified utilizing the Amido Black method of Kaplan and Peder-
previously detailedX1, 12. Mutant CTPs were solubilized ~Sen @3). Reconstituted BTC-sensitive"C]citrate/citrate
from the inclusion body fraction with 1.2% sarkosyi?). exchange was determined exactly as described previously
Following ultracentrifugation, the CTP mutants were stored (21).
at —80 °C. Each mutant was then purified as follows.
Approximately 2.0 mL of thawed inclusion body extract was RESULTS AND DISCUSSION
adsorbed to a MonoQ HR 5/5 column equilibrated with ~ Characterization of the Mutant$igure 1 shows a two-
Buffer A (10 mM Tris-HCI, pH 7.6+ 0.3% sarkosyl). The  dimensional model of the CTP depicting the six transmem-
column was sequentially washed in Buffer A and in Buffer brane segments predicted from hydropathy analysis. Trans-
A + 460 mM NacCl, and the CTP was then eluted in a membrane domain IV, the subject of the present investigation,
shallow gradient of Buffer A+ 460—550 mM NaCl. The is highlighted. We have previously demonstrat@d) (that
eluate was analyzed by SB®AGE, and the most highly  upon overexpression B. coli, solubilization, and subsequent
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Ficure 1: Schematic representation of the proposed membrane topology of the Cys-less yeast mitochondrial citrate transport protein monomer.
Transmembrane domain IV, the subject of the present investigations, is highlighted. Positively charged residues (Arg, Lys, His) are depicted
in blue and negatively charged residues (Asp, Glu) in red. Residues1PZBwere spin labeled as described in the text.

-

incorporation into liposomes, all cysteine variants of TMDIV k 6 7 8 9101112

retained significant BTC-sensitive citrate transport activity
(i.e., the defining function of the mitochondrial citrate
carrier), with the exception of the R181C and R189C
mutants. Interestingly, chemical modification of the latter
two mutants with MTSEA, a reagent that restores positive
charge at these sites, partially restored CTP functid@). (

In summary, our previous work verifies that, with the
possible exception of the R181C and R189C mutants, the
structural and functional integrity of the CTP is preserved
in this panel of single-Cys mutants.

In the present study, a nitroxide was introduced at each
of 22 sites within transmembrane domain IV encompassing
residues 173194, Figure 2 depicts an SB®AGE profile
of the Cys-less CTP and a representative set of single-Cys
CTP mutants after reaction with spin label | (see Scheme 1) Ficure 2: Coomassie-stained SB®olyacrylamide gel depicting
and subsequent desalting steps, immediately prior to incor-the purity of the Cys-less and single-Cys CTP mutants following

poration into phospholipid vesicles. The gel lanes are purification, and labeling with spin label I. Proteins were electro-
overloaded with protein in order to reveal purity. As is phoresed on a precast 14% polyacrylamide gel (Novex) using the
p purity. Tris—glycine buffer system. Lane 1, /& of Bio-Rad prestained

evident from Figure 2, the labeling is carried out with highly Sps-PAGE standards: phosphorylase B (106 000), bovine serum
purified preparations of each CTP variant. Densitometric albumin (77 000), ovalbumin (50 800), carbonic anhydrase (35 600),
analysis (of gels loaded with more moderate quantities of Soybean trypsin inhibitor (28 100), and lysozyme (20 900). Lane

each preparation) indicates a mean purity of 98%% (SD). f/i163%%01‘(5?8%5-,?1'5{353%?\]fgggs_ giég!ég ‘Kl\é%ésc\}lsé@cén q

Following attachment of R1, the reconstituted citrate L190C single-Cys CTP variants, respectively. Each CTP variant
transport activities obtained with the same subset of mutantswas purified, labeled with spin label |, and desalted prior to the
are reported in Table 1. Based on hydropathy analysis, thiselectrophoresis, as described under Experimental Procedures.
representative set includes residues on both faces of the
putative helix. For comparison, previously reported values face the aqueous translocation pathway and/or other portions
(21) obtained in the absence of labeling are included. It is of the protein (e.g., see Figure 5). We postulate that the
noteworthy that the introduction of R1 at sites 178, 182, 185, inhibition is a consequence of a direct steric block of the
and 186 completely block transport. Based on both our citrate translocation pathway by the spin label, thereby
previous MTS reactivity studie®l) as well as the present preventing substrate permeation. Consistent with this hy-
EPR studies described below, these residues are thought t@othesis is the finding that the molecular dimensions of R1
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Table 1: Effect of Spin Labeling on Reconstituted Function of
Single-Cys CTP Mutants

reconstituted specific transport activity

prior to following

mutation spin labeling (94) spin labeling (%)
Cys-less 100 100
V178C 109 1
S179C 166 82
M180C 23 22
Q182C 3 1
A183C 129 71
N185C 60 1
Q186C 16 2
A187C 163 53
Vv188C 68 26
L190C 43 18

aQOverexpressed, solubilized, single-Cys CTP mutants were incor-
porated into phospholipid vesicles. Transport incubations were con-
ducted at room temperature, and the BTC-sensifit@]¢itrate/citrate
exchange was measured. Percentages were calculated by comparison
to the Cys-less CTP valuedData were recalculated from refl. In
the absence of labeling with spin label I, the Cys-less CTP displayed
a reconstituted specific transport activity of 758 nmol niimg of
proteiny®. ¢ Following labeling with spin label |1 and subsequent
desalting, the reconstituted Cys-less CTP displayed a specific transport
activity of 633 nmol min* (mg of proteinj™.

are slightly greater than those of citrate (e.g., the van der ggyre 3: Room-temperature EPR spectra of R1-labeled single-
Waals surface of R1 can be contained in a cylinder with a Cys CTP mutants along TMDIV. The background spectral com-
length of 9.3 A and a diameter of 9.0 A; the comparable ponentis indicated by the arrow and the “F” in the 185R1 spectrum.
dimensions for citrate are 10.4 A 7.2 A). It is interesting The vertical dashed lines are to mark the location of the outer
that spin labeling of position 190, a site that is thought to hyperfine extrema.
face the translocation pathway, only partially inhibits trans-
port. It is possible that as the external surface of the bilayer The line shapes in the spectra of the mutants report on
is approached, greater conformational flexibility exists, such dynamic modes that average the anisotrépandg tensors.
that the steric block by the spin label is less pronounced. The largest contribution for side-chain R1 arises from
In contrast, R1 substitution at sites which, based on MTS rotational isomerization around the last two bonds that tether
reactivity studies, are thought to face the lipid bilayer (i.e., the nitroxide ring to the linking arm2@). Large-amplitude,
179, 180, 183, 187, 188) is much less disruptive of CTP local backbone fluctuations, particularly at exposed sites in
function. This is not unexpected considering the relative loops, have also been proposed to contribute to the averaging
hydrophobicity of R1 and its high helical propensi®4( of the magnetic tensors of R2§, 29. The mobility of the
25). Furthermore, this result suggests that the loss of function side-chain R1 is a general term that refers to the effectiveness
detected at the water-exposed face of the helix is not aof the various dynamic modes in averaging the tensors.
consequence of a structural perturbation intrinsic to the Measures of mobilities include the rotational correlation time
nitroxide side-chain itself, but instead likely originates from (30), the width of the central line, and the spectral second
the steric mechanism described above. In fact, previousmoment 28). While these measurements are coarse and
studies with bacteriorhodopsin, rhodopsin, and lac permeasephenomenological, they allow the classification of the
suggest that R1 can be introduced at membrane-exposed helistructural class of each site, and their sequence-specific
surfaces with minimal destabilization of the structui®,( variation can be used to identify secondary structural
19, 26, 27. Itis noted that charged MTS reagents completely elements Z8).
abolished transport activity when introduced at the same sites Three distinct types of structural classes can be assigned
in CTP 21). based on mobilityZ8). The first class consists of sites where
Mobility of R1 along TMDIV Figure 3 shows the room the spectral line shape indicates rapid and large-amplitude
temperature EPR spectra of side-chain R1 at sites 173motions. These sites occur generally in loops or at the
through 194 in the fourth transmembrane segment of the solvent-exposed surfaces of helices where R1 is not in contact
CTP. In all the spectra, a sharp component, indicated by anwith the protein tertiary structure. Qualitative analysis of the
arrow and labeled “F” in the spectrum of 185, is observed. spectra in Figure 3 indicates that residues 176, 179, 180,
This component was observed in a control preparation of 183, 187, 188, and 192 belong to this class. In contrast, the
the Cys-less CTP and presumably is due to contaminantline shapes at residues in the second category, consisting of
proteins comprising approximately 5% of the Sephacryl- residues 177, 178, 181, 185, 186, 189, and 193, are
purified CTP. Experiments performed with the sarkosyl- characterized by the presence of resolved outer splittings
solubilized Cys-less CTP indicate that on a spin basis this indicating partial averaging of th& tensor. The broad central
signal is at least 5-fold smaller than the signal obtained from line is also consistent with partial averaging of theensor.
an equivalent amount of single cysteine mutants. These spectral characteristics are indicative of extensive
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contacts of R1 in the tertiary structure. EPR spectral line 0.4 —
shapes of the first and second type occur periodically along
the sequence every third or fourth residue, suggesting a .
helical structure. An intermediate degree of averaging occurs .,
at sites in the third category consisting of residues 173, 174, @, —
175, 182, 184, 190, 191, and 194. The line shapes at these =
residues are characterized by increased intensities between -
the low-field peak and the central line and an inside shift in
the position of the outer extrema. This type of two- R e e HNLAN B s o s e o B B
component spectrum can also occur for R1 at exposed sites. 170 175 180 185 190 195
There are two means to resolve this degeneracy. The firstis 067 b)
the use of nitroxide side chains with different linking arms
(31). The second is to determine the accessibility of R1 at <
these sites to polar and nonpolar reagents. g
Another notable feature in the spectral set is the absence E
=

a)

of evidence of spifrspin interactions. While the presence
of background signal can obscure an intermediate level of
spin—spin interactions, if TMDIV was along the dimer
interface, short-range spirspin interactions would have L N L B B L I B B L L B L |
resulted in a distinct spectral feature flanking the low-field 170 175 180 185 190 195
extremum 82). 207 )

Accessibility and Secondary Structure of TMDIVo
further investigate the secondary structure and topography
of TMDIV, the accessibility of R1 at each site along the
segment to molecular Oand 70 mM NIEDDA was
determined. @is a nonpolar molecule that is preferentially
soluble in the lipid phase while the polar NIEDDA is almost
exclusively localized in the aqueous phase. Both reagents
are excluded from packed protein regions. Ina segmentof 2 [Trrrryrrrrrrrr T T
secondary structure with anisotropic solvation, the acces- 170 175 180 185 190 195
sibility to either reagent is periodic with a periodicity that Residue Number
reflects the type of secondary structufes) FicurRe 4: Accessibility parameter§I(O,) (panel a) andIl-

Figure 4a shows the sequence-specific variatiof (@) (NIEDDA) (panel b) and the depth parametbr(panel c) versus
along TMDIV. Consistent with am-helical configuration residue number. The gray trace in panels a and b is a sinusoid with
of the backbone, a periodicity of 3.6 is observed as a period of 3.6.
demonstrated from the superimposed sinusoid. The oscilla- Figure 5 depicts a graphical representation of transmem-
tory behavior continues uninterrupted along the sequencebrane domain IV, colored on the basis of thed@cessibility
although a shift in the phase is detected near the last turn.data. Thus, one face is exposed to the lipid bilayer (colored
Residues where R1 has the highest mobility correspond toin blue), and the other face is oriented toward water (e.g.,
local maxima inII(O,). Thus, one face of the helix is perhaps the aqueous translocation pathway) and/or other
solvated by the bilayer. portions of the protein (colored in red). It should be noted

The opposite face of the helix has a complicated pattern that this model, which is based on the EPR data, (i) is in
of accessibility to NIEDDA. While a periodic pattern is full agreement with our earlier predictions based on charged
observed in the 173182 region, the periodicity is larger MTS reagent reactivity dat®{) and (ii) permits extension
than 3.6. This might be the result of multiple protein contacts of the a-helical structure to residue 173.
along the helix and implies a shift in the helix surface  Topography of TMDIV.For a transmembrane helical
exposed to NiIEDDA. Furthermore, a gradient of decreased segment, the periodic variations in accessibility to NIEDDA
accessibility is superimposed on the variation§linAlong and Q are expected to be 180ut-of-phase as observed in
this stretch, the maxima in accessibility to NIEDDA occur Figure 4. Furthermore, the depth of selected sites should
near the minima of accessibility to0Oindicating that this increase linearly toward the center of the bilayer. One
face of the helix is partly exposed to an aqueous environment.approach to measure the depth of a nitroxide side chain is
Between residues 182 and 189, the contrast is shallow, ando calculate the parametér = In [TI(O,)/TI(NiEDDA)] (33).
the variations in the values difl are within experimental  For reagents of similar size or at highly exposed siess
error, indicating the loss of anisotropic solvation with respect independent of the local structure and is an increasing
to this probe. Because the accessibility is proportional to the function of depth in the membrane.
product of the local concentration and the diffusion coef-  However, thed values of R1 along the segment, shown
ficient, it is possible that the diffusion of NiEDDA is in Figure 4c, did not display the expected linear increase as
restricted. If indeed TMDIV lines the translocation pathway, a function of residue number. In fact, the pattern of Figure
then some sort of physical barrier against passive diffusion 4 can be interpreted to suggest that the helix either lies
is likely to exist. Consistent with this model, the immobilized parallel to the surface or is inserted at a shallow angle. Three
line shape at residues 177, 181, 186, and 189 suggests #ines of evidence argue against a parallel orientation of the
highly packed environment. helix.
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Ficure 5: Transmembrane domain 1V, colored according to thea€xessibility data. Blue indicates residues with highaCcessibility
(interfacing with the lipid bilayer); red indicates low,@ccessibility (interfacing with the aqueous translocation pathway and/or other
domains within the CTP). Panel A: Space-filling representation of the portion of TMDIV which based on the EPR data is postulated to
face the lipid bilayer. Panel B: Space-filling representation of TMDIV, rotated B86und itsy-axis, showing the residues which based

on the EPR data are postulated to face away from the lipid bilayer and toward either an aqueous domain and/or other portions of the
protein. Panel C: Stick figure representation of a side view of TMDIV, with a schematic representation of the lipid bilayer and the aqueous/
protein interfaces included.

The regular decrease in the maxima Q{NIiEDDA) liposomes vectorially reconstituted. Furthermore, their data
provides the first line of evidence for insertion of TMDIV  indicate that residues 181, 185, and 189 are readily accessible
in the membrane. If in fact the helix lies parallel to the to charged reagents with reactivities that arebdorders of
surface, then all residues along one face of the helix shouldmagnitude faster than observed with lipid-exposed residues.
have similar values ofI((NIEDDA). Alternatively, if the This would not be the case if a parallel orientation of the
gradient arises from the docking of a surface helix against helix is assumed with the polar face docked against the rest
the rest of the protein, then the chemical modification of of the protein.
cysteines 181 and 189 with charged moieties would have The accessibility of 181, 185, and 189 to charged reagents
further destabilized the protein rather than restored activity. is not in contradiction with NiEDDA indicating increased
Comparison of the NIEDDA accessibilities of bilayer-facing protein order in that area. In comparing the two results, it is
residues with those of-doxyl-phosphatidylcholines also  important to consider the vastly different time scale of the
provides an indication of depth. Figure 6 shol¥§0,), I1- two experiments and the nature of the molecular event at
(NIEDDA) and @ obtained for 5-, 7-, 10-, and 12-doxyl- the origin of each experimental parametdi(NiEDDA) is
phosphatidylcholine in bilayers containing Cys-less CTP at a measure of collision frequencies on the microsecond time
a lipid-to-protein ratio similar to that used for the R1-labeled scale, while MTS accessibilities are covalent reaction events
mutants. It is noted that the minima IA(NiEDDA) (i.e., occurring on the millisecond time scale.
residues facing the bilayer) along TMDIV have values similar  What accounts for the apparent lack of increased depth
to those of spin-labeled phospholipids at corresponding along the lipid-exposed residues? In general, for a trans-
positions assuming a transmembrane configuration of TM- membrane helical segment, the oxygen accessibility will
DIV and using previously estimated values for the depths display in addition to the 3.6 periodicity a gradient of
of spin labeled lipids 34). Residue 184 has NIiEDDA increasing accessibility that is symmetric with respect to the
accessibility similar to that of 12 spin-labeled phosphatidyl- bilayer center. This is clearly not the case of TMDIV. Rather,
choline (i.e., approximately 16 A). a slight decrease of accessibility is observed in the-180

The second line of evidence supporting a transmembranel90 region, putatively localized near the center of the bilayer.
disposition of this domain originates via comparison with Because the transporter is a dimer, one explanation is that
other inner mitochondrial membrane transport proteins, the spatial organization of the dimer around the helix results
where topography experiments utilizing several biochemical in an excluded volume effect that lowers the diffusion
approaches indicate the homologous domain in other carrierscoefficient of Q. It is noted that the excluded volume is
is transmembranous%—37). predicted to also lowelI(NiEDDA) to a larger extent.

The final and most direct evidence for a transmembrane However, due to the poor solubility of NIiEDDA in the
configuration of TMDIV is obtained from the pattern of bilayer, at the concentrations used in our experiments it may
accessibility of the cysteine mutants to charged MTS not be possible to discern this effect.
reagents. Kaplan et al.2{) found that a gradient of In conclusion, the present investigation demonstrates the
decreasing accessibility is observed when charged MTSfeasibility of the site-directed spin labeling approach to study
reagents are added from one side of the bilayer to proteo-the mobility and accessibility of transmembrane domain
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